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Abstract

A series of well-defined polynorbornenes containing pendent aromatic ether or

aliphatic side chains have been prepared.

Synthesis of the monomeric materials

proceeded via initial cyclopentadienyliron-mediated nucleophilic aromatic substitution
reactions and DCC-mediated condensation reactions, followed by removal of the metal
moiety via photolytic demetallation. Structurai analysis of both the metallated and
nonmetallated compounds was accomplished using homo- and heteronuclear correlation
spectroscopic techniques as well as iR. MS and C.H elemental analysis. Subsequent
ring-opening metathesis polymerization of these building blocks was achieved in the
presence of a mthenium-based catalyst. namely bis(tricyclohexylphosphine)benzylidene
nithenhm (IV) dichloride. which liberated the resulting polymeric materials in high
conversion of the monomer to the polymer. Gel permeation chromatography of each of
the polymers revealed high molecular weights as well as low to narrow polydispersity
indices. Thermal analysis of the aromatic ether functionalized polynorbornenes was
accomplished using differential scanning calorimetry @SC) and thermogravimetric
anal ysis (TGA). These results showed that when the numbw of arornatic groups pendent

to the polymer chain increased (within each polymer repeat unit), a subsequent increase
in the thermal stability was noted. TGA of the aliphatic-bridged systems revealed
decreased thermal stability as the length of the aliphatic flexible spacer increased.
Changing the spacer fiom a purely methylene-bridged system to one containing a
tri(ethy1ene glycol) chah was found to increase the overall thermal propenies of the
resulting polymeric matenal.
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1.O Ring-Opening Metathesis Polymeriution of Highly Stnined

Bicyclo[Z.Z.l~Heptenes

1.1 Introduction

Polynorbomene. (Norsorex). has ben manufactured industrially since 1976 by

CdF Chimie and has found applications in the production of engine mountings. shockproof bumpers and flexiblecouplings.'"' Over the past decade, there have been efforts to
modify the thermal propenies of polynorbomene as the demand for more thermally
stable materials has esca~ated.~" Previous studies have demonstrated that

functionalization of the polynorbornene backbone leads to enhanced thermal propenies
of the resulting polymeric material. 6.

'

As aromatic groups are well known for their

structural stabiIity, efforts have been made to incorporate these groups onto the polyrner
backbone in an attempt to improve the overall thermal stability of the polymer. Of the

many studies reporting the synthesis of fûnctionalized polynorbomenes, only a few focus

on the synthesis of fully aryl substituted polynorbornenes, however. none of them
mention any of the thermal properties of the resulting polyrnefic rnateria~s.'~
Over the past few decades. significant strides have been made in the ring-opening
metat hesis poly rnerizatian (ROMP)of cycloalkenes and bicycloaikenes.

This has

prirnarily been accomplished with advances in the preparation of well-defined
organotransition metal catalysts, beginning with the discovery of the Ziegler-Natta
catalyst in the late 1950's.~Since then, catalysts consisting of Ti. Zr,W, V, Nb. Ta,Cr,

Mo, W. Tc. Re, Ru. Os. Co, Rh and Ir have been prepared and investigated in terms of

their ability to facilitate ROMP.'
ln 1960, Truett and coworkers detaiied the polymerization of norbomene, a highly
strained bicyc1~[2.2.l]hept-2-ene. using catalysts derived from lithium aluminum
tetraalkyls and titanium tetrachloride. as shown in Equation 1.1 . I o An interesting feature
of this new type of polymerization was the formation of a site of unsaturation between
each repeating unit within the polynorbomene backbone. Tniett proposed that for this
unsaturation to be present in the polymer chain, the initial step of the mechanism must
involve breakiny of the double bond within the monomer. He proposed that the
monomer was able to coordinate to the metal catalyst at a specitied site. and through a
series of successive rearrangements and propagations, the resulting unsaturated polymeric
rnaterial could be formed.

This mechanism was later defined as "coordination

polymerization." As this chemistry of breaking and building new double bonds had
never been observed before in other cyclic olefin polymerizations. this mechanism was
widely disputed, and was not accepted until tiinher evidence was established.

The first accepted report detailing the mechanism of the ROMP reaction was
pubIished in 1967 by Calderon and coworkers who defined this process as "olefin
metathesis .11. 12 It was proposed that the mechanism involved the interchange of carbon
7.

atorns between a pair of double bonds. 11.

12

Evidence for this exchange of atoms was

identified by these researchers with their finding that both acyclic olefins and
cycloalkenes could be polymerized using the same initiator, WCldEtAICI2/EtOH.

"*

l2

This established that a common pathway existed for the polymerization of both types of

monomers. It was determined that the mechanism proceeded via an initial breaking of
the double bond within the monomer forming a highly strained metallacyclobl~tane
complex, followed by a carbon atom exchange with an alkylidene ligand, as shown in
Scheme 1.1. Additional evidence supponing this mechanism was obtained several years
later based upon findings fiom isotope labeling studies.11.

13-17

However, conclusive

evidence for the olefin metathesis mechanism was not obtained until the early 1980's

when 'H and

''c

NMR spectroscopic data was used to confirm the intermediate

metallacyclobutane complex.1-3.18-22

Acyclic Alkenes

Cycloalkenes

Scheme 1.1

Optimal control of the structural design of poiymeric matenals synthesized fiom

ring-opening metathesis polymerization (ROMP)is best achieved in living systerns. A

polymerization is defined as living if the propagating species does not undergo any chain
transfer or termination steps.' "n'

order to ascertain whether or not a polymerization is

living. several criteria must be observed. One factor involves the ability to prepare a
homopolymer of a particular monomer. which is accomplished by the removal and
quenching of an aliquot of the polymer followed by the addition of a second aliquot of
the same monomer. Molecular weight analysis of the two polymers should show a
significant increase in the overall molecular weight for the final polymer relative to the
initial polymer.

This methodology can also be used to synthesize various block

copolymers. Another feature indicative of a living system is the Iinear relationship
observed between molecular weight and the degree of conversion of monomer to
polyrner. This reveals that the number average molecular weight (Mn) in a living system
is related to the stoichiometry of the overall reaction, and hence its degree of
conversion.2.'
Since the initial discovery of polynorbomene forty years ago. significant strides
have been made in the area of riny-opening metathesis polymerization.

With the

development of more well-defined metal-carbene ROMP catalysts displaying increased
tolerance towards a wider variety of polar hnctional groups, the polymetization of a
diverse range of functionalized norbomenes has been made possible.

As a result,

numerous types of polymeric materials have been prepared possessing a wide range of
properties.

1.2 Synthetic Routes Toward Functionalization of Norbornene

Cycloalkenes containing 3-, 4-, 8-, and larger membered rings. undergo ringopening polyrnerization based upon thermodynamic considerations of the mo~ecule.'-~
In
contrast. reactions involving 5-, 6; and 7-membered rings are much more dependent on
the sign of the free energy (AG). which becomes more negative due to increased ring
strain in the monomer. This in tum depends on the reaction temperature and pressure.
monomer concentration, and the nature and position of the substituents on the ring. In
bridged bicyclic systems, AG is oflen more negative due to the high energy caused by
increased ring strain. It is this high-energy constraint in bicyclo[2.2.1] hept-2-enes that is
the driving force behind ineversible ring-opening metathesis polymerizations. As a
result. many novel derivatives of polynorbomene have been prepared possessing variable
thermal and mechanical properties.''3

1.2.1 Functionalization of Ero, Endo-5-Norbornene-2-Methanol

Incorporation of an alcohol hnctionality pendent to the norbornene framework in
5-norbomene-2-methanol is extremely important in that it provides a reactive site for
further functionalization. it is well known that a primary alcohol can readily be
converted to an alkyl halide, a carboxylic ester or a carboxyiic acid, to mention a few
accessibly reactive functional groups.24.

U

As a result, many opportunities exist for the

functionalization of this norbomene analogue, thus providing various routes towards the
synthesis of novel rnonomeric compounds.

In the past decade, tùnctionalization of 5-norbornene-2-methanol has led to the
formation of polymeric materials suitable for a wide vanety of applications.R.16-30 These
include the preparation of redox-active polymers, materials with both photoconducting
and physiological properties as well as polymers suitable for electrolurninescence.
Schrock and coworkers incorporated ferrocene pendent to the polynorbornene backbone
in an attempt to wnstrun polymeric materiais capable of possessing redox a c t i ~ i t ~ . ' ~
Ferrocene, a metal-sandwich camplex, possesses the potential for electrochemicaI
activity due to the ease with which the iron center undergoes oxidation and reduction."
Preparation of the monomer, detailed in Scheme 1.2, involved the initial formation of

(chlorocarbonyl)ferrocene which was prepared by the reaction of ferrocenecarboxylic
acid with PCls Subsequent reaction of the acid chloride with 5-norbornene-2-methanol in
THF and pyridine resulted in the formation of 5-norbornenyl-(e?do,exo)-2(methoxycarbonyl)ferrocene.
Several years later, Schrock turned his attention towards the preparation of
norbornene monomers containing a blue-light-emitting

molecule known as

diphenylanthracene (Scheme 1.3). called (norbomene)diphenylanthracene or NBDPA,
which has found significant application in chemiluminescence technology.' Since the
first

polymer-based

electroluminescent

devices

constructed

from

poIy(phenyleneviny1ene) were prepared almost ten years ago. this methodology utilizing

polymeric materials as a buis for these devices has spuked significant intetest.' This is
because of the greater ease of processability of these polymers relative to traditional
solid-state inorganic materials, which are more dificult to mold.
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1.2.2 Functionalization of Eua,Endo-5-Norbornene-2-Carboxylic acid

Like 5-norbornene-2-methanol,
the carboxylic acid derivative of 5-norbomene is
also a reactive precursor for a variety of functionalized nohomenes.

The reactive

carboxylic acid group in 5-norbomene-2-carbo~cylicacid, can be used to synthesize many
new organic compaunds."~

'' Most ofien, 5-norbornene-2-carboxylicacid is convened to

the acid halide which demonstrates greater reactivity in condensation reactions.
Furthermore, this acid halide can be synthesized quite easily making this methodology
advantageous.
Living ROMPS involving derivat ives of 5-norbornene-2-carboxylic acid have
been accomplished and have foound application in the preparation of side chain liquid

crystalIine polymers (SCLCPs) and in the synthesis of various glycopolymars.3. 52-34 For
example, Schrock and coworkers prepared novel SCLCPs containing a ngid mesogen
bridged to the norbornene molecule via a flexible aliphatic spacer.-'- 32 Synthesis of the

monomer cornrnenced with the initial preparation of the alkylated diphenyl compounds 7[((4'-rnethoxy-4-bip heny l)yl)oxy]-1-heptano1 or

-

1 I -[((4'-cyano-4-bip henyl)yl)oxy]- 1

undecanol via the nucleophilic substitution reaction of the haloalkan-1-01 with the 4'hydroxydiphenyl compound.

Subsequent reaction with 5-norbornene-2-carbonyl

chloride, synthesized via the reaction of 5-norbornene-2-carboxylicacid with PCls, in the

presence of triethylamine, led to the formation of the norbomene monomers (70-80%
yield). as displayed in Scheme 1.4.'-32

Scheme 1.4

Syntheses of glycopolymers are of vast imp0~ancedue to the wide range of
applications these materials find in biotechnology.'" Various glycopolymers have found
use as binding assays. as chromatoyraphic supports for the separation of proteins

dernonstratinp preference for specific sugar residues. or as cell culture rnatnce~.~'Most
of the carbohydrate-containing polymers prepared thus far have been synthesized via
radical polymerization of olefin or acrylamide units that are connected to sugar residues
via flexible spacers. Grubbs and Fraser were successful in isolating a glucose-substituted
norbornene monomer that was able to undergo

ROMPI'Their

approach towards

synthesizing this novel carbohydrate monomer involved the condensation of (*)-exo-5norbornene-2-carboriyl chloride with glucosamine in the presence of triethylamine,
shown in Scheme 1S. This methodology gave the monomeric unit in a 5 1% yield.

Schcmc 1.5

1.2.3

Norbornene Monomers Containing Heterocycles

Limitations of classical metathesis utalysts exist due to their pwr ability to

polymerize norbornene derivatives containing heteroatoms.'" The main reason for this
limitation is that side reactions occur between the haeroatom in the monomer and the

ROMP initiat~r.'~One of the -mon

side reactions abserved involves the cationic ring-

opening of the heterocycle. However, since the recent development of more tunctionalgrougtolerant transition metal metathesis catalysts, it is now possible ta palymerize
norbornene monomers containing various heteroatoms.

Since the late 1970's. numerous reports have detailed attempts to synthesize and
polymerize norbornenes functionalized with various h e t e r ~ c ~ c l e s .Norbornene
~~
compounds containing oxygen heterocycles were the first monomers to be investigated."
Preparation of 5-norbomene-2.3dicarboxylic anhydride initially by ~atsumoto" and
later by Castner and calderon." was accomplished by performing a Diels-Alder reaction
of cyclopentadiene and maleic anhydride. An interesting finding was that upon attempts
to ring-open polymerize this isomeric mixture, only the exo isomer was capable of
undergoing successful polymerization."
rtdo

Subsequent investigations revealed that the

isomer was completely inen towards metathetic conversion. This selectivity may

have been due to deactivation of the catalyst caused by the close proximity of the
heteroatom to the site of otefin metathesis and/or by steric restrictions at this location.
Using a similar methodology, the ero analogue of the dicarboxylic anhydride based upon
7-oxanorbomene was also a~hieved.~'
Within the past decade. conversion of the oxygen-containing norbomene
heterocycles to their corresponding nitrogen analogues has been achieved. Today, many
norbornene monomers exist as variations of hnctionalized nitrogen heterocycles.
Grubbs

and

coworkers

investigated

the

incorporation

of

exo-N-octyi-7-

oxabicyclo[2.2. Ilhept-5-ene-2.3-dicarboximide as a unit within a triblock c o p o ~ ~ m e r . ~ ~
This monomer was selected due to its hydrophilicity, and was prepared via the reaction of

exo-7-oxabicyclo[2.2.1]hept-5-ene-2.3-di~arbo~imide
with bromooctane, as shown in
Equation 1.2. Isolation of the monomer was achieved in 68% yield.

41.
+

K2C03

BrK&),CH3

DMF

O

O

(-0)

Among the nitrogen-containing norbornene rnonorners available, one of interest is
the product resulting fiom the reaction of 5-norbomene-2.3-dicarboxylicanhydride with
(+) or (-)-alanine methyl ester, as ponrayed in Equation 1.3. This work, communicated

earlier by Coles rr al in 1994, is quite remarkable in that the monomer contains a chiral
substituent." As a result. polymers prepared fiom this rnonomer rnay eventually find
application as templates in the control of polymer design for chiral and rnolecular

recognition applications.

O

H3C

OCH,

1.3 Overview of ROMP Organotransition Metal Catalysts

There are a nurnber of catalytic systems suitable for initiating ROMP. 1.2.

19

These

may exist as either single cornponent systerns or multi-component systems. Of the
transition metal initiators capable of facilitating ROMP,W-, Mo- and Re-based systerns
have proven to be the most active.' How a particular catalya responds to a monomer
highly depends on the overall thermodynamics of the reaction as well as on the nature
and concentration of the active species. Highly strained monomers, such as norbomene

or cyclobutene, release a significant arnount of energy upon ring opening. This surge of

energy, which is the major thermodynamic driving force behind the reaction, allows for
the usage of a wider variety of catalysts with differing reactivity to facilitate ROMP. In
contrast, molecules with less ring strain, such as cyclopentene. require a much more
reactive catalyst due to the lower arnount of energy driving the reaction to completion.
Since many transition metal-based catalysts are available for ROMP, it is
impossible to discuss each of them in detail. Four metals have been seleded as topics for
discussion; Ti, Mo, W and Ru. Other information concerning different catalyst systems
can be located within select references listed at the end ofthis r n a n ~ s c r i ~ t . ' ~

1.3.1 Group IVA: Organotitanium Catalysts

As rnentioned previously for the ROMP of norbonene, one of the first catalytic
systerns uscd to accomplish this synthesis was ~ i ~ I & i ~ l ( n - ~ ~ ~ l s With
) r . ' Othe
introduction of the Tebbe ragent to olefin metathesis, (see Equation 1.4), a fiindamental

step in the progress of ring-opening polymerizations was made. This was the first
catalyst to contain a well-defined metal carbene center."

As this carbene center is not

readily apparent in the molecular stnicture. it can be thought as being constructed of two
parts; a titanium carbene unit CpzTi=CHr (Cp = C5Hs)and a coordinating Me2AICI unit.

It was not until 1984 that Gmbbs and Gilliom reponed the very first living ROMP
of norbornene using a titanacyclobutane catalya as shown in Equation 1.5.'"'~ This was
of interest since previous methods for attaining living systems were by cationic, anionic
and group-transfer polymerizations.47

Since a living polymerization had never been previously observed in the ROMP of a
bicycloalkene, efforts were made to confirm the living nature of this Ti-initiated
polymerization. Results from kinetic studies revealed that the initial step of the reaction
involved the ring-opening of the starting metallacyde complex to its corresponding
substituted alkylidene.47.50 Propagation then followed by reaction of this active precursor
with norbornene, as shown in Scheme 1.6. The polymerization indicated a lag or

induction period, displaying a zero-order dependence with respect to the amount of
monomer present. This ternporary cessation period resulted fiom the rapid, reversibIe
cleavage of the titanacycle back to norbornene and the titanium methylene cornplex.
termed a non-productive cleavage (A). Productive cleavage (B), on the other hand.
produced a highly unstable diene that readily underwent reaction with available
norbomene (C). This newly fonned trisubstituted titanacycle could tùrther cleave
resulting in polymer formation ID). Analysis of the mechanism verified the initial ringopening of the titanacycle as being the rate determining step. This mechanistic parhway
was confirmed by an in situ investigation using TWR spectroscopie techniques.

Schtmt 1.6

The living nature of these titanocyclobutane catalysts allowed for the preparation
of various block copolymers. Canniuo and Gmbbs were successfbl in preparing an

ABA type triblock copolymer using a series of temperature-controlled initiation,

propagation and termination steps.

Using this methodology, a triblock copolymer

consisting of norbornene (A), cyclopentene functionalized norbomene (B) and
norbornene (A) was prepared, as show in Scheme 1.7.47.50.5 1 This work was extended to
include monomers of the type rrrdo, txo-dicyclopentadiene, benzonorbomadiene and 6-

rnethylbenzonorbornadiene giving block copolymers having well-defined structures and
molecular weights.
Extension of this work involved the incorporation of pre-made polymers into the
polynorbornene backbone, through linking at reactive sites within the other polymer.
Risse and Grubbs investigated the Wittig-type reaction of polynorbornene capped with
titanacyclobutane with various known polymers containing terminal ketones. Scheme 1.8
illustrates an example of such a "graft copolymer," containing a poly(ether ketone) in the
backbone of the chain with pendent polynorbornene side chains.

Scheme 1.7

Scbeme 1.8

1.3.2 Group VIA: Molybdenum and Tungsten Catalysts

1.3.2.1 Molybdenum Alkylidene ROMP Initiators

Recent advances in the design of ROMP initiators have led to the discovery of
In

several highly active metathesis catalysts based on molybdenum and tungsten.'

cornparison to tungsten, molybdenum demonstrates superior hnctional group tolerance
due to its less oxophilic nature, and in general, has been found to have higher reactivity.'
Intermediate Mo alkylidenes also seem to demonstrate greater resistance towards
decomposition and side reactions than the W analogues.
Schrock has made signifiant contributions to olefin metathesis with his work on
the synthesis of molybdenum and tungsten alkylidene catalysts.38.

52-55

In the early

1990's. he established one of the first molybdenum alkylidene catalysts suitable for the
living ROMP of ester, cyano, acetate and other fùnctionalized norbomenes and
norbornadiene~.~~ This

cornplex,

Mo(CH-1-Bu)(NAr)(OR)z

[Ar

=

2.6-

diisopropylphenyl], initiates living polymerization such that the resulting polymeric
material is essentially monodisperse (PDI=l) and highly stereoregular. Changing the
alkoxide ligands has shown to greatiy influence the overall activity of the catalyst.3R

52

When R is r-butyl, the catalyst not only demonstrates enhanced hnctional group
tolerance, but also becomes more selective, allowing the metathesis reaction to occur
only at the olefinic region in the monomer and not at the polynorbomene b a c k b ~ n e . ~ ~
This is advantageous in that no chain transfer or termination steps occur, resulting in the
formation of a living polymer.

Several other molybdenum-based catalysts synthesized by Schrock and coworkers

of the type MO(CHCM~~R)(NA~)(O-~-EU)~
where Ar

=

2,6-C6H3-i-Pr2 and R = CHJ.

revealed that when R = C6H5, the catalyst is more active.') As with the previously
described Mo catalyst; 1X.52 these initiators are capable of producing high stereoregularity
in polymers with narrow polydispersities. Interest in these initiators resulted from the

desire to polymerize various analogues of 7-oxanorbornadiene. Initiat attempts to
polymerize these monomers were unsuccessfiil, however, they were able to isolate the
intermediate metallacycle, which proved to be incredibly stable (see Scheme 1.9). Since
there was no evidence indicating stabilization through a direct interaction between the
metal and the oxygen atom contained within the norbornadiene bridge, it was proposed
that this stabilization resulted tiom the ability of 7-oxanorbomadiene metallacycles to
stabilize themselves through inductive effects. Funhermore, as the intermediate species
had not been isolated in other Mo alkylidene systems, part of this stability was attributed
to the influence of the ligands on the catalyst. Previous investigations indicated that large
groups in close proximity to the metal center lead to stabilization of the intermediate."
Since the initiator used in this study contained a bulky dimethylphenylmethyl alkylidene,
this could have contributed to the metallacycle stabilization. Full characterization of
these intermediate metallacycles was accomplished using NMR and X-ray
crystallographic techniques.
Successful polymerization of these monomers, without isolation of the
intermediate metallacycle was eventually accomplished by changing the catalyst to

MO(CHCM~~P~)(NA~)(OCM~CF~)~It was proposed that the better electronwithdrawing ability of the fluorine containing alkoxide ligands greatly reduced the

stability of the intermediate metallacycle, thus allowing a facile conversion fiom
monomer to polymer.

NAr

t-BU-0
CFJ

L

NAr

CHMe2Ph

NAr
II
\\BMO=CHCM~#~

,

PhMelHC
FJCMeCO

FJC

CF3

It has only been within the past five years that the mechanism of ROMP involving

Mo alkylidene systems has begun to be understaod. This has proven to be crucial as it
allows for the prediction of the polyrner microstnicture; cidtrans geometry and tacticity.
Previous

studies

have

shown

that

polymerizations

of

2.3-

bi~(trifluoromethyI)norbomadiene (NBDF6) and 2.3-dicarbomethoxynorbomadiene
(DCMNBD), initiated by M~(CHCM~ZR')(NA~)(OR)~,
(R' = Me, Ph; Ar = 2.6-i-PrzCaH5), yields polymeric materials which have a controlled tacticity and are highly trans
when OR = O-r-Bu. In contrast, when OR = OCMe(CF>)z,the polymers demonstrated
high cis stereoregularity with only a 75% tacticity bias. It can be concluded that cidtrans

selectivity of these Mo initiators is highly dependent on the nature of the coordinating

Another factor influencing the structural features of the resulting polyrner arises
from the two conformers of the catalysts. which have previously been reported as the syti
and ml/i rotamers. The appearance of this rotameric conformation may not be obvious
upon immediate examination of the catalyst. Although the two faces of the Mo=C bond
are equivalent in the initiator, they are not equivalent during propagation as a result of the
chiral carbon present in the alkylidene ligand. Therefore, each rotamer causes differences

in propagation, thus playing an imponant role in defining the polyrner microstructure.

anti

It has been proposed that a high cis content results when OR = 0CMe(CF3)2,occumng

from the systematic propagation of the

syri

rotamer as shown in Scheme 1.10- This

corresponds to the facial approach of the monomer to the CNO side of the
pseudotetrahedral catalyst such that the methylene group in the monomeric bridge is
oriented over the arylimido position, thus aligning the C=C and Mo=C bonds. Ringopening of the resuIting cis metallacycle would then give the cis structural geometry
within the polymer as a syri insertion product. In contrast, the artri rotamer, which is at
least two orders of magnitude more reactive than the syn rotamer, yields the syn insertion
product giving the tram geometry.54.55

syn + 1

$Y n
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1A2.2 Tungsten Catalysts: Classical and Alkylidené

Of al1 the known catalysts, tungsten-based systems comprise the majority due to
their high reactivity.' Of these initiators, mon are classical systems, however, WC16 is
still widely used due to its high reactivity and functional group tolerance.".

In the

presence of a cocatalyst, which is an organometallic reagent, this initiator forms a stable
metal-carbene simply by exchange of ligands and loss of HCI, as illustrated in Equations
1.6 and 1.7. It was not until 1970. however, that this metal-carbene complex, generated

From the catalyst-cocatalyst system, was identified as being the reactive component in

ROMP.
'O-

59

WC16 + (CH&Sn

CH3WC15

-

CH3WC15 + (CH3),SnCI
CHFWCIS + HCI

Schrock bas reported the synthesis of a series of tungsten alkylidene complexes
suitable for living

ROMP.^'.

"-

606J

Scheme 1. t l shows the reaction of 50-200

equivalents of norbomene with W(CH-I-Bu)(NAr)(O-I- BU)^ where Ar

= 2.6-

diisopropylphenyl, which upon termination with benzaldehyde, yields a polymer
prepared frorn the tùll conversion of the monomer to the polymer.6' Gel-permeation
chromatographie (GPC) analysis revealed that the polymer was essentially monodisperse,

having a narrow molecular weight distribution of 1.05. Characterization of the catalyst
revealed its high selectivity towards unhindered olefins and its disregard for internai
olefinic bonds, or those present within the polynorbornene backbone.

Scheme 1.11

As observed for the molybdenum alkylidene systems, changing the coordinating
ligands significantly influences the propenies of a catalystM Recalling the tungsten
catalyst W(CH-f-BU)(NAS)(OR')

described earlier, it was observed that upon

modification of the alkoxide ligands to more electron-withdrawing groups such as OC(CHI)~CF~
or -ûCCH3(CF3)2 there was a significant increase in the activity of the
c a t a ~ ~ s t In
. ' ~fact when -ûCCH3(CF3)2 was the ligand, the catalyst became so active that

it was able to polymerize acyclic dienes at a rate of over 1000 turnovers per minute. An

offset of this was the observed decrease in selectivity for olefin metathesis between the
polymeric backbone and the monomer.
An in situ 'H NMR study of the activity of the initiator containicg OR

=

-OCCHI(CFI)Z at -60 O C showed that over the course of the polyrnerization (several

hours). the catalyst slowly broke down until it reached 100% de~orn~osition.~'
Examination of the catalyst stability was then investi~atedrevealing that it decornposed
-1 0 % a day even while isolated frorn atmospheric conditions. These results were rather

puuling since the structural conformation of the polymer underwent a dramatic change
from originally having a 95% cis geornetry to a highly trans geometv when allowed to
sit at room temperature for several days. This was attributed to a secondary metathesis of
the C=C bonds within the polymer chain, which was explained by the subsequent
increase in polydispersity. Based on these results, utilization of this panicular W-based
catalyst has been Iirnited.

1.3.3 Group VliI: Ruthenium Catalysts

Only recently have group VI11 transition metals been used as catalysts for
initiating ROMP. A major factor hindering their usage was slow initiation rates resulting

in considerably longer reaction timesJ5 Of the late transition metal catalysts. those
containiny ruthenium have demonstrated the most promise as ROMP initiators. Although
tungsten and molybdenum catalysts have been found to be more active than the
ruthenium systems. they suffer due to their inability to facilitate polymerizations in

aqueous, protic or oxygenated environments.

Thus, ruthenium initiators are

advantageous in that they have greater applications industrially due to more favorable
reaction conditions. Ruthenium-based systems also exhibit greater lùnctional group
tolerance. allowing the polymerization of a wider variety of substituted cyclo- and
bicycloalkenes.

1.3.3.1 Ruthenium Trichloride (Hydrate)

In 1988, Novak and Grubbs reported the first aqueous polymerization of 7oxanorbornene derivatives using RuCl<(hydrate) in the presence of air.6-' This was a
remarkable contribution towards olefin metathesis in that polymerizations until that time
generally required the presence of an inert atmosphere. In an attempt to reduce initiation
periods from the 22-24 h penod, as was observed in the organic reactions, water was
added to the organic solvent system, which rapidly decreased the initiation period to 35
min.

Rather than deactivating the catalyst, the water behaved as a cocatalyst,

significantly decreasing the time required for initiation. In addition, it was noticed that
product yields increased substantially. Polymerizations in purely aqueous environments
also demonstrated a high conversion of the monomer to the polymer, with even faster
initiation periods. Analogous findings using aqueous/organic media to facilitate ROMP

of other cyclic olefins with RuCl<(hydrate) have been reported which are in agreement
with these r e s u ~ t s . ~ ~
As a means to make a particular methodology favorable towards industrial
standards, it is important to make it as cost-efficient as possible. With this in mind,

Novak and Grubbs recovered the RuC13'(hydrate) fiom the aqueous polymerization
reaction and used it in a subsequent reaction. During the second ROMP reaction,
initiation times were notably shorter, and when used again in a third polymerization,
initiation rates decreased fiom 35 minutes to 10-12 seconds. Reports have s h o w that
recycled RuCI3'(hydrate) maintains its degree of activity when used up to 14 consecutive

tir ne^.'^
Although RuCl j(hydrate) is stiil used in ROMP,*' as with most classical systems.
it is unable to produce living polymerizations. It was not until the contributions of

Gmbbs and coworkers that the successful preparation of a variety of well-defined
ruthenium carbene catalysts capable of facilitating the living ROMP of cyclo- and
bicycloalkenes was achieved.

1.3.3.2 Ruthenium Alkylidene and BenzylideneCatalysts

In 1992, Gnibbs and coworkers reported the preparation of a nithenium

alkylidene complex capable of polymerizing norbomene in both organic media and
aqueous solvent

stems.^'

This catalyst, identified as (PPh3hChRu=C=CPh2, is stable

for several weeks in organic media under an inert atmosphere, however, upon exposure to
air, its lifetime rapidly reduces to a few minutes. Intnestingly, this initiator is stable in a
Cki2C12/C6Hssolution in the presence of water, alcohol, or a diethyl ether solution of HCI.
It was then established that this initiator had a greater tolerance towards opening a wider

variety of functionalized monomers than other known alkylidene systems. Further

investigations revealed its ability to undergo reactions with ketones and aldehydes. of
which the Mo and W alkylidene catalysts are incapable oftolerating6'
A year later, two analogues of this Ru alkylidene catalyst were reported having

greater metathesis activity than ( P P ~ ~ ) ~ C ~ Z R U = CThese
= C Pwere
~ Z .similar
~ ~ in structure
to the original complex, differing only by the type of phosphine ligands attached to the
ruthenium center. One was the tricyclohexylphosphine (Cy3P) denvative whereas the
other contained triisopropylphosphine [(i-Pr),P] ligands.

Both analogues of this

ruthenium alkylidene complex demonstrated similar stabilities toward functional groups
and solvent systems as previously described for [(Ph,PhC12Ru=CHCH=CPhz].

A

significant difference existed for the individual reactivities of these initiators. Aithough
the

tncyclohexylphosphine

derivative

exhibited

greater

activity

than

the

triphenylphosphine derivative, it suffered fiom relatively long initiation periods, which

was identified in the broad molecular weight distribution of the resulting p ~ l ~ m e r . ~ '
Despite the high PDI's, this catalyst warranted further investigation since it dernonstrated
superior activity in the polymerization of cycloalkenes with low ring strain.
Based upon these tindings, it was of interest to determine how the nature of the

p hosphine ligands influenced activation at the carbene site. As these phosphine ligands

are bulky and good electron-donating groups, it was proposed that their influence could
be steric andlor electronic. Stenc effects were readily discarded based upon findings that
the differing cone angle between the (Cy3P) and [(i-Pr3)P] ligands of 10

O

did not

influence catalytic activities at dl. Therefore, it was concluded that carbene activation
was mostly based upon the electron-donating ability of the phosphine ligands in the

catalyst stmcture.

A study done in 1997 by Dias, Nguyen and Gnibbs compared and contrasted the

unique

features

of

Ru

alkylidene

catalysts

bas4

on

the

structure

(PR~)~XIRU=CWH=C
The
P ~general
~ . ~ ~ trend observed for increasing catalytic activity

for PR3 groups was: Wh3 << P'PrlPh < PCy2Ph < P1Pr3 < PCy3. Furthermore, when the
halide (X) was CI, the catalyst dernonstrated rnuch greater activity than if it were Br or i.
It was concluded from this investigation that gratter catalytic activity is achieved when
larger. better electron-donating phosphine groups are used in conjunction with srnalier,

more electron-withdrawing halogens.

Although the above nithenium initiators

demonstrated a high level of olefin metathesis activity, they faced limitations due to their
slow rates of initiation, resulting in broad PDI's.
Around the same time that these alkylidene complexes were being investigated,
the construction of what is now one of the most widely used catalyst systems for

ROMP

was taking place.70 Ruthenium catalysts of the type (PR3)2C12Ru=CHPhXwere being
developed with R = Ph; Cy and X = H;CI. Through a series of investigations, it was
determined that bis(tricyclohexylphosphine)benzylidene ruthenium(1V) dichloride,
(PCy3)$32Ru=CWh, demonstrated remarkable activity as a ROMP initiatot, praving to
be even greater than the vinylcarbene complexes.

In a subsquent study, the

corresponding triphenylphospine system was compared to the tricyclohexylphosphine
derivative." The former was fomd to polymerize at a rapid rate of -150 equivalents per
hour in dichloromethane at room temperature yielding almost exciusively the trans
polyrner (90%) and giving narrow PDI's (1.04 - 1. i0).%Tricyclahexylphosphine
benzylidene catalysts demonstrated similar characteristics to those of the
triphenyiphosphine derivatives with the exception of displayhg better catalytic activity,

being air-stable in the solid state, and showing no signs of decomposition in organic
solvents at 60 O C . or in the presence of protic solvents.
Aqueous polymerizations of îûnctionalized norbornene monomers employing the
more active Ru[PCy,] benzylidene catalyst, required fairly strict reaction conditions in
order for successful ROMP to be a~hieved.'~Polymerizations were camed out in the
presence of an emulsifying agent, dodecyltrimethylammonium bromide (DTAB), which
served to deoxygenate the water that the monomer was dispersed in. Polymerization
began upon the addition of catalyst dissolved in a minimal amount of organic solvent,

either dichlorornethane or dichloroethane. Solvent mixtures of 5: 1 water:organic media
were used as dictated by the solubility of the catalyst in the organic solvent. This method
enabled the controlled initiation and isolation of well-defined polymers. In cornparison
to polymerizations done in purely organic environments, this methodology suffered from
Iower molecular weights and yields, with no change in the PDI. Increased reaction times.
however, enabled for complete monomer consumption thus significantly improving
molecular weights and polymer yields comparable to the organic reactions, whiie
maintaining narrow PDI's.
The living nature of this initiator in aqueous environments was exploreci and
confirmed via the successful preparation of homopolymers and copolymers, as illustrated

in Scheme 1.12. Since this report, another study performed by Gnibbs and coworkers
detailed the homogeneous living ROMP in water of a water soluble analogue of the
Ru[PCy3] initiat~r.'~

Scheme 1.12

Various binuclear ruthenium bisalkylidenes have also been prepared as catalysts
suitable for initiating ROMP,of the structure (PR3)2C12Ru=CPhCH=RuCI7(PR3kwhere

R

=

Ph, Cy or Cyp ( ~ ~ l o p e n t ~Itl )was
. ~ ~found that when R = Ph, the system was

ineffective in the polymerization of functionalized 7-oxanorbornenes. However, when R
=

Cy or Cyp, a wide variety of fùnctionalized norbomene and 7-oxanorbomene

derivatives could be polymerized in a living fashion in greater than 98% yield. Of these
systems, the complex containing the cyclopentyl groups demonstrated superior ability in
attaining narrow molecular weight distributions. No studies have yet been reported
indicating the effectiveness of these complexes in aqueous or oxygenated environments.
A final related topic of interest is the recent report by Dias and Gnibbs detailing

the synthesis and characterization of several homo- and heterobimetallic ruthenium
. ~ ~study was
complexes, which have been reported to improve ROMP a c t i ~ i t ~This

initiated upon careful examination of the ROMP mechanism which involves a
preequilibrium step consisting of olefin binding and phosphine dissociation (Scheme
1.13). This step is so slow that it hinders the metathesis reactivity of the catalyst. CuCl.

which is a phosphine scavenyer. was employed as a means to enhance reaction
conditions, however, its poor solubility in organic solvents has limited its use. Therefore.
Dias and Grubbs focused on building catalysts containing only one phosphine ligand as
well as a labile group that would ease the dissociation process. These systems, shown in
Figure 1 .O,have relative rates (km,)reported for the ROMP of 1,5-cyclooctadiene.73 The
general trend observed for catalytic activity was an increase in the order of Ru < Ru-Ru <
Ru-Os < Ru-Rh. with the benzylidene derivatives demonstrating greater initiation than
the vinyl alkylidenes. Although the Ru-Ru system has been reported to be effective in
the

ROMP of 7-oxanorbornene derivatives, no detailed information has yet been

reported.

+ PCY3

1$,,["'

RuCI4 1

\H

PCs.3

- CH~=CHR'

Scheme 1.13

(a) Ird = 22
(b) ICri =34

(a)
= 72
(b) k
t =a6

Figure 1.0: Rates of olefin metathesis for various homo- and heteronuclear

ruthenium catalysts based on ROMP of 1.5-cyclooctadiene.

1.4 Reactivity of Complexed Arenes

Temporary complexation of a metal moiety to aromatic compounds has allowed
for considerable advancements to be made in the role organometallic chemistry has in the
production of novel ammatic c ~ m ~ o u n d s .Upon
' ~ ~ ~complexation of a metal moiety, its
abiiity to behave as an electron-withdrawing group allows the ring to become activated
towards several modes of funaionali~ation.'~~
Of these pathways. nucleophilic addition
and substitution reactions are the most comrnon. Oxidation of a methyl substituent(s) on

the aromatic ring to its corresponding carboxylic acid is another possible route towards
functionaiization, however, this route has been much less explored.
Coordination of a metal to an arene allows activation of the organic compound
through the rr-coordinat4 electron-withdrawing ability of the transition me ta^.^^ Studies
have shown that arenes coordinated to (C0)3Cr, CpFe' (Cp = cyclopentadienyl), CpRu'
or (C0)3Mnt suppresses the ring's ability to undergo reactions with electrophiles and
encourages nucleophilic attack.'"inetic

studies on the rate of nucleophilic aromatic

substitution determined that (C0)3Mnr > CpRu' E CpFet >> (CO)$3.

79. 80

Despite the

higher activation obtained when using (CO),Mn' , its use is somewhat limited due to its
high cost and degree of toxicity. As CpRut and CpFe' behave quite similarly in terms of
their arene activating abilities, selection of iron over ruthenium resulted fiom its lower
cost and ability to readily undergo wmplexation and dewmplexation under mild reaction
conditions.
The first documented synthesis detailing the coordination of an arene to the
cyclopentadienyliron moiety (CpFet) was achieved by Cotlield and coworkers in the late
1950's whereby they reacted cyclopentadienyliron dicarbonyl chloride with mesitylene to
give the q6-mesitylene-qs-cyclopentadienyliron(LI)sait." This methodology has seen
only limited application, however, due to poor product yields and the inability of the
rnetal rnoiety to coordinate to some arenes. In 1963. Nesmeyanov and coworkers
reported the first synthesis of a cyclopentadienyliron complexed arene via the
replacement of one of the cyclopentadienyl rings of fmocene by an arene.n2J5 This
ligand exchange reaction liberated an arene cyclopentadienyliron cation as its

ietrafluoroborate, hexafluorophosphate or tetraphenylborate salt, as described in Equation
1.8 .X6-87

Several years ago, a report was published detailing the novel synthesis of
(arene)CpFe' complexes utilizing microwave dielectric heating.90-9'Advantages of using
this new methodology include higher product yields (53-99%) and shorter reaction times
(from 4-6 h to 4 min). Unlike the conventional methods, this route allows the preparation
of various halogenated arenes and arylamines in exceptional yields.
It is well known that electron-withdrawing groups on an arene activates the ring

towards nucleophilic attack. This was first demonstrated by Nicholls and Whiting in
their investigations of the SNAï of chloroarene Cr(CO)3 complexes with various methoxy

nuc~eo~hiles.~~
It was not until 1967 that Nesmeyanov and coworkers reported the use of
the CpFe' moiety as an electron withdrawing group in the activation of haloarenes
towards a variety of n ~ c l e o ~ h i l e sIt. ~was
~ observed that for complexes of the type
[XC6H5Fe6Cp] where X = F or CI, attack by various O, S and N nucleophiles was
possible. Subsequent kinetic investigations revealed that when X = Cl, the wmplex
demonstrated almon qua1 activity as the 2.4-dinitrochlorobenzene derivatives."

2.0

Design of Polynorbornenes Containing Pendent Aryl Ether Side
Chains

2.1

Introduction

Over the last several years, significant interest has developed in polynorbomenes

as materials for high temperature applications. Polynorbornenes ftsed to heterocycles,
especially those being dicarboxyimides. offer some of the highest thermal stabilities for
these types of materials.41.

42. 44. SS

Since tùnctionalization of the polynorbornene

backbone is known to influence the thermal behavior of the resulting polymer, a large
number ~Ppolynorbomenesare being investigated, with much attention being focused on
their thermal properties.6.

7. 32. 42

Current investigations are ako exploring the

incorporation of nitrile and ester fùnctionalities into the monomeric design, as these have
been reported to improve the overall thermal properties of the resulting polymers. 1-3.32.33
Among the most thermally stable polymers available are poly(aromatic ethers)
which constitute a class of polymers known as "engineering thermoplastics>r.95-97
Therefore, it was of interest to functionalize the polynorbomene backbone with these
groups in an attempt to improve the thermal properties. In addition, polymers were
designed containing an ester bridge Iinking the pendent aromatic chain to the norbornene
unit since the incorporation of an ester gtoup lads to enhanced thermal stability.'"

2.1.1 Preparative Methods of Poly(aromatic ethers)

A number of different routes exist for synthesizing both long and short chain

aromatic ethers.

These consist of the Ullman polymerization,95.

nucleophilic arornatic substitution reactions,97.

9R

coupling reactions

96

conventional

99. 100

and metal-

rnediated nucleophilic aromatic substitution reactions.101-IO8 As this body of work utilizes
metal-mediated complexation for the preparation of aromatic ether side chains. this
section will be discussed in greatest detail.

2.1.1.1 Ullman Polymerization

In 1904, the UIIman ether synthesis was reported detailing the formation of diaryl
Ullman condensation involves the
ethers with the assistance of a copper ~ a l t A
. ~typical
~
reaction of a sodium or potassium phenoxide salt with an unactivated aryl halide at 100300 O C . Addition of a copper salt to the reaction vesse1 (copper halide or copper oxide)

has been show to catalyze the reaction. Of these, copper oxide demonstrates the greatest
degree of reactivity. 95. 96
A slight modification of this methodology has lead to the formation of longer

chain aromatic ethers, which was not possible using conventional Ullman reaction

condition^.^^

Equation 2.1 illustrates the synthesis of a poly(l.4-phenylene oxide)

derivative prepared via the reaction of the sodium salt of bisphenol-A and 4,4'dibromobipheny! in the presence of a copper catalyst. A cuprous chloride - pyridine
catalyst works best in these reactions.

2.1.1.2 Nucleophilic Aromatic Substitution

Poly(ary1etherketones) (PAEKs) constitute a class of thermally stable engineering
therrn~~lastics.~~
These materials have found potential application as electrical insulators
for high-performance wiring. in the production of flame, hydrolytic and solvent resistant
materials and in the construction of films, fibers. moldings and ~ o a t i n ~ s One
. ~ ' common,
commercially available PAEK is PEK, or poly(etherketone), which can be synthesized by
reacting

the

potassium

salt

of

4,4'-dihydroxybenzophenone with

4.4'-

difluorobenzophenone in the presence of dimethyl sulfoxide or sulflane, as shown in
Equation 2.2. These polymerizations are now performed in diphenyl sulfone at 300 OC,
yielding polymers with much higher molecular weights.

-

290 335 OC
Diphenyl sulfone

The reactivity of a SN& polymerization is highly dependent upon the nature of
the alkali metal used in the preparation of the phenate and the nature of the halide
contained in the halogenated monomer as well as on the strength of the electronwithdrawing group.95The following trend has been reported for alkali metal influence on
reactivity; Cs > K > Na > Li. Generally, potassium is used as it is less expensive than Cs,
while rnaintaining a high reactivity. Aryl halide reactivity is observed in the order of F
>>> Cl > Br > L9' This substantial increase in reactivity upon changing the halogen fiom

chlorine to fluorine, was demonstrated by the reaction of two different aryl halides with
phenoxide, in which the aryl fluoride proved to be one hundred times more reactive than
the aryl chloride when both were activated by a keto gro~p.95AS a result, fluorinated
arenes are commonly used in the preparation of PAEKs, which is attnbuted to the greater

leaving ability of the fluoride ion. The activating ability of the electron-withdrawing

-

groups used to prepare various aromatic ethers decreases in the order of NO2 SOI > CO
> N=N.~' In the preparation of PAEKs, fluorine atoms must be present on the aromatic

ring in order to promote the reaction since the keto group is only a mild electronwithdrawing group.
Over the past few years. many derivatives of PAEKs have been prepared.95 Most
of the modifications made in these systems, have involved the reaction of 4,4'difluorobenzophenone with various dinucleophiles. especially analogues of bisphenoLg7
Wang and coworkers have recently reported the synthesis of various phenylene- and
mixed phenylene-naphthalene-containing poly(etherketones). as shown in Figure 2.0. 9 7 . 9 ~
Thermal studies of these mixed systems demonstrated reduced crystallinity, and glas
transition temperatures (Tg) 20

- 45

O C

higher than the phenylene

de riva te^.^'

This

methodology was later used to incorporate two naphthylene units for every repeat unit
within the polymer

Figure 2.0: Phenylene- and mixed phenyiene-naphthylene derivatives of PAEKS.

2.1.1.3 Nickel-Catalyzed Coupling

Another usehl method for preparing poly(aromatic ethers) and PAEKs involves
the nickel(0) catalyzed coupting of aryl dichlorides.

This synthesis involves the

elimination of two halogens resulting in the formation of an aryl-aryl linkage.99, 100 The
zero-valent nickel, which is required for this reaction, is prepared fiom a mixture
composed of a nickel sait, triphenylphosphine and an excess of a reducing metal (Mg, Mn
or ~n)."

Of the types of nickel salis capable of attaining this zero-valency nickel

chloride and bromide are the most effective.
A typical nickel-catalyzed coupling reaction for the preparation of

a PAEK

(Equation 2.3) requires the polymer to have a low crystalline nature so that it will rernain
soluble, which significantly Iimits the scope of this methodology. Another requirement
for these polymerizations involves the selection of monomers containing electronwithdrawing groups. as these tend to improve product yields (with the exception of NO2
and protic groups). whereas electron-donating groups encourage side reactions.

2.1.1.4 Metal-Mediated Nucleophilic Aromatic Substitution

Synthesis of both short and long chain aromatic ethers is possible via CpFe'
mediated &Ar.

Initial, comprehensive studies involving the preparation of symmetric

bimetallic aromatic ethers via SN& reactions was reported in 1992 by ~bd-EI-~ziz.'"
This investigation involved the reaction of q'-chlorobenzene-q5-cyclopentadienyliron
hexafluorophosphate with various aromatic dioxygen nucleophiles [1,2; 1,3; 1.4dihydroxybenzene and 2.2'; 4.4'-biphenol]. Yields typically ranged tiom 70-95%.

In

1994, a new route towards the preparation and tiinctionalization of these bimetallic diaryl

ether complexes was reported using milder reaction conditions, while maintaining high
product yields.'02 Scheme 2.1 denotes the wide range of symmetric complexes prepared
using this methodology.
This method was extended to prepare asymmetric bis(cyclopentadienyliron)arene
complexes.'02.

This two step synthesis required the initial preparation of the

substituted rnonometallic complex via the reaction of a substituted chlorobenzene
complex with an excess of hydroquinone. The resulting hydroxy monoarylether complex

was further reacted in a subsequent step with an equimolar amount ofp-dichiorobenzene
CpFe' to give the desired asymmetric complexes. This synthesis is illustrated in Scheme
2.2.

Several years ago, Abd-El-Aziz reported the first synthesis of poly(aromatic
ethers) containing pendent CpFe' moieties. 104.

IO1

Preparation of these novel polymeric

materials proceeded by a series of nucleophilic aromatic substitution reactions of both
symmetric and asymmetric complexes. Numerous metallated oligomers and polymers

K2c03

DMF

Schcmc 2.1

have been prepared using this stepwise approach, the largest of which contained thirtyfive rnetals pendent to the polymer backbone. An advantage of this method is the
increased solubility of the metallated systems, relative to organic poly(aromatic ethers).
Due to this increased solubility. these metallated analogues may find potential use due to
their greater processability.
Recently, a one-pot synthesis was reported on the synthesis of metallated
poly(aromatic ethers), as a direct approach which allows the synthesis of a large variety
of polymeric materiais complexed to the CpFe' moiety.lO" 'O7

The synthesis involves

the reaction of the p-dichlorobenzene CpFe' complex with an equimolar amount of the
dihydroxy nucleophile, as illustrated in Scheme 2.3, Bisphenol-A or 4,4'-biphenol were
used as the dinucleophiles which resulted in isolation of the polymers in 83 and 81%
yields, respectively.
Due to the effectiveness of the CpFe' moiety to facilitate &Ar reactions, a wide
variety of monorneric materials, which cannot be prepared using traditional organic
methods, were prepared.

'Og

Abd-El-Aziz and coworkers recently investigated the

synthesis of a variety of metallated compounds capped with naphthoxy groups.'M
Removal of the metal moieties using photolytic techniques liberated the organic building
blocks as precursors for polymer synthesis (Scheme 2.4).

These monomers could then be used in the Scholl polymerization, shown in
Scheme 2.4, which is another method used for preparing poly(ar0matic ether~).'~~ h i s
reaction, which proceeds in the presence of a Friedel-Crafis catalyst, can be described as
the elimination of two aryl hydrogen atoms at the C-4 positions of terminal naphthoxy
groups followed by the formation of an aryl-aryl bond.

K2C03
DMF / THF

I

I

-

Scheme 2.2

Scheme 2.3

Scheme 2.4

2.1.1.4.1 Methods for Removal of the Metal Moiety - Liberation of the
Organic Compound

Isolation of the organic compound fiom its metallic moiety can be accomplished
using either of the following three methods; pyrolysis, 109.

110

electrolysis111.

112

and

photolysis.113-1 17 In 1970, Nesmeyanov reponed the removal of the CpFet moiety using
photolytic techniques.'" This method involves dissolution of the complexed material in
a coordinating solvent followed by irradiation under UV Iight rays leading to the

liberation of the modified arene, an Fe(I1) salt and ferrocene."'

Seleetion of solvent is

critical for this method as it has been determined that in the presence of a coordinating
solvent there is an increase in product yield."6

Therefore, acetonitnle is most

predominantly used due to its good solvating ability and the ease with which the organic
compound may be isolated fiom it.

2.1.2

Scope o f Present Work

With the intention of preparing derivatives of polynorbomene with improved
thermal stability, we investigated the design of monomeric units containing pendent
oligomeric aryl ether chains. As discussed above, poly(aromatic ethers) offer unusually
high thermal stability which was a desired propeny of the aryl ether functionalized

polynorbomenes. To fiirthet improve the thermal properties of polynorbornene, the
objective was to design polymers that contained an ester bridge between the pendent
aromatic chain and the polynorbornene backbone.

2.2 Results and Discussion

2.2.1 Preparation of Aryl Ether Functionalized Norbornene Monomers

2.2.1.1 Synthetic Approach Towards the Preparation of Monoaryl Ester
Building Blocks

Complexed toluene (2.1) and chlorotoluene (2.2) were readily synthesized by the
previously established ligand exchange rea~tion.~~'~
Nesmeyanov has previously
described the conversion of these complexes to their corresponding carboxylic acids (2.3,
2.4) in the presence of a strong oxidizing agent, as s h o w in Scheme 2.5.I18-120 However,

since it proved to be extremely difficult to prepare the more reactive acid halides of these
complexes, another route was explored involving dicyclohexylcarbodiimide (DCC)
mediated-coupling.
Since

exo,

ertdo-5-norbomene-2-methanol (2.5)

readily

undergoes

fùnctionalization at its hydroxyl group, capping of this group with various monoaryl
acids was explored. This was accomplished by reacting either complexed benzoic acid
(2.3) or p-chlorobenzoic acid (2.4) with a slight excess of 2.5 in the presence of DCC. a

catalytic amount of pyridine, and dichloromethane at rwm temperature for either 7 h
(2.6) or 3 h (2.7). This reaction, which is outlined in Scheme 2.5, yielded the rnetallated

monomers 2.6 and 2.7 in 62 and 70 %, respectively. Structural characterîzation of these
metallated monomers was carried out using 1-D and 2-D N M R techniques, infiared
spectroscopy and elementd analysis. The complex NMR spectra of these rnetallated

cornpounds, resulting fiom the presence of exo and et& isomers, will be describd in
Section 2.2.2.
There have been reports detailing the advantages of using stronger bases. such as
4-dialkylaminopyridines,as acylation catalysts to facilitate these coupling reactions. 121-126
In the DCC-mediated conversion of rnethylcyclohexanol to its acetate derivative,

dimethylaminopyridine (DMAP),a highly basic acylation catalyst (pKa = 9.7). has been
reported to give yields as high as 86% relative to the 5% obtained when using pyridine
(pKa

= s.z).''~

Substantially faster reaction times are routinely observed using this

"super acylation" initiator.'" Therefore. in an attempt to improve produa yields of 2.6
and 2.7, a reaction of 2.3 with 2.5 was investigated. In contrast to the reporced findings,

substantially lower product yields were obtained, as well as an inseparable product
mixture. Ternporary coordination of DMAP to the electrophilic Fe' center may inhibit

the desired reaction, thus limiting its usage in the preparation of complexes 2.6 and 2.7.

This proposai is based upon previous findings that DMAP readily undergoes reaction
with electr~philes."~
The high product yields (62 and 7 W ) achieved when using pyridine and DCC in
the synthesis of the ester complexes 2.6 and 2.7 suggests that the electron-withdrawing
ability of the CpFet rnoiety promoted this product formation. This is in agreement with
iiterature reports for the preparation of organic phenolic esters using a similar method,
which indicates increased product yields (40 - 90 %) when electron-withdrawing nitro
substituents are present on the arene."'

Additional studies detemined that optimum

yields were obtained for these DCC-pyridine reactions when the nitro group was in the
para position.

DCC 1 pyr.

CH2C12

HOCE2
2.5

O

4
I

6

2.6 R = E
2.7 R = Cl

Schcme 2.5

This increased reactivity resulting from incorporation of an electron-withdrawing
substituent on the ring also explains the faster reaction times achieved in synthesizing the
chlorine substituted derivative 2.7 relative to the nonsubstituted complex 2.6. Synthesis
of 2.6 containing only one electron-withdrawing group required 7 h, however, 2.7
containing bath a chlorine substituent and a CpFe' moiety required only 3 h.

In

summary, this synthesis offers mild reaction conditions, shorter reaction times and a cost-

efficient route towards the preparation of monoaryl ester derivatives of

arene(cyclopentadienyl)iron hexafluorophosphate complexes.
Isolation of the organic monomers 2.8 and 2.9 (Scheme 2.5) was accomplished
using the previously outlined photolytic demetallation technique. 113-117

-l-his

methodology involved photolysis of a 1:3 (vlv) acetonitrile/dichloromethane solution of
the metalIated species. Irradiation of the solution for 4 h resulted in decomplexation of
the CpFe' rnoiety fiom the modified arene. Purification of the sample via column
chrornatography liberated the organic norbomene monomers as viscous oils in 64-70°h
yield.
Since it was of interest to investigate the properties of the p-methylated analogues

of norbornene for comparison purposes, the initial synthesis of complexed toluic acid was
explored. Atternpts to isolate this complex fiom the KMnOJ oxidations of both pxy iene(cyclopentadienyl)iron

and

p-isopropyltoluene(cyc1opentadienyl)iron

were

unsuccessful due to the formation of the diacid complex in the oxidation of the p-xylene
derivative, as previously reported by Nesmeyanov."'

Instead, these monomerk

syntheses were performed using commercially available toluic acid and benzoic acid,
carried out in the absence of the iron moiety, and accordingly, the stronger acylation
catalyst DMAP was employed. These coupling reactions were typically accomplished
using 2.0 mm01 of 2.12 or 2.13 in the presence of a 2.4 mm01 excess of 2.5, DCC and

DMAP in a dichloromethane solution at rwm temperature (Scheme 2.6). Isolation or"the
viscous products was achieved via column chromatography liberating monomers 2.8 and
2.14 in 85-9 1% yield.

DCC 1 DMAP

+

R o ! O H

CH2(32

Schcme 2.6

2.2.1.2

Synthesis of Norbornenes Containing Pendent Atomatic Ether Side
Chahs

Expansion of the monoaryl ester monomers to those containing tri- and penta-aryl
ether side chains was the next step in this synthetic strategy. The initial preparation of
the aryl ether chains was conducted using a similar method to that established by Abd-ElAziz for the design of asymmetric, aromatic ethers containing a terminal chloro-

substituent.102.

103

The terminal hydroxy derivatives of these complexes were prepared

and then subjected to nucleophilic aromatic substitution with complex 2.7. Dernetallation
gave the novel norbomene monomers containing pendent aryl ether chains h k e d to the
norbornene unit through an ester bridge.

2.2.1.2.1

Isolation o f Oligoether CpFd Complexes

Scheme 2.7 illustrates the syntheses of terminal phenoxy complexes using &Aï.
This methodology was adapted fiom the previously reported synthesis of the

nonmethylated and methylated monometallics. 2.20 and 2.21, respe~tively.'~'Synthesis
of complexes 2.22 and 2.23 was accomplished by reacting the asymmetrical terminal
chloroarene complexes (2.17 and 2.18, respectively) with an excess of hydroquinone
(2.19) in a THFIDMF solvent mixture under a nitrogen atmosphere at 65 OC. The

metallated products were obtained as yellow precipitates in 90-92% yield.

NMR spectral data were used to characterite these complexes. In the 'HNMR
spectrum of the asymmetric bimetallic cornplex 2.23 (Figure 2.1), there are two distinct
resonances at 5.18 and 5.27 ppm representative of the cyclopentadienyl protons. The
appearance of a single resanance for each of these Cp rings is characteristic of the rapid
rotation of the rings at roùm temperature.*'21

lZ9
Each

proton in each of the Cp rings is

magnetically equivalent, thus appearing as two well-defined singlets. This spectmm
differs from that of its starting chlorinated precursor 2.18 by the appearance of a
collapsed singlet at 7.51 ppm integrating to four protons. which is attributed to the
uncomplexed aromatic protons in the terminal phenoxy ring. In addition, the small broad
resonance at 8.70 pprn showing an integration of one for the alcohol tùnctionality verifies
the presence of the terminal hydroxy group in this complex. A final identiQing feature
was the single methyl resonance appearing at 2.48 ppm.

I3cNMR spectroscopy tûrther confirmed the structural featurw of this bimetallic
species. All

NMR were performed as Attached Proton Tests (APT) which allowed

' 3 ~

differentiation between carbon atoms. This technique displays methyl and methine
carbon resonances below the badine, whereas methylene and quatemary carbons appear
above it.

Figure 2.2 illustrates the

'k NMR spectmm for 2.23. Two distinct resonances

at 78.08 and 78.33 ppm confirmed the p r a m e of two Cp rings in this comptex. Further

structural confirmation was provided by the absence of a quaternary carbon signal at
104.94 ppm, which is the characteristic shift for the carbon bonded to the chlorine atom

in the complexed starting material. Loss of this resonance indicated that successhl
substitution had occurred at this site. Finally, the two additional uncomplexed aromatic
resonances at 1 17.4 1 and 122.49 ppm indicate the presence of the terminal phenoxy ring.
A full representation of the NMR data is provided in Tables 2.1 and 2.2.

Schcmc 2.7

2.2.1.2.2

Metal-Mediated Synthesis of Oligomeric Aryl Ether Functionalized
Norbornenes

To prepare monomers for Our target fiinctionalized polynorbomenes, SNAr
reactions were carried out with the oligomeric aryl ether nucfeophiles, 2.20-2.23.

As

complex 2.7 contains a chlorine substituent. it was a suitable precursor for facilitating
SirAr. Therefore, capping of the terminal phenoxy complexes with 2.7 aIlowed for the

synthesis of metallated aromatic ether complexes bridged by an ester linkage to the
norbomene molecule.
Scheme 2.8 displays the synthetic pathway used to prepare these nohmene
rnonomers.

A typical reaction, using complex 2.20 as an example, involved one

equivalent of 2.7 in the presence of excess KzCO3 in N.N-dimethylformarnide @MF) at
room temperature under a deoxygenated environment. Work-up required the subsequent

W (vlv) HCI solution, which liberated the
addition of the reaction mixture to a 1
metallated oligomer 2.24 as a yellow precipitate in 81% yield. Characterization of these
norbomene derivatives will be described in detail in the next section (2.2.2).
Isolation of the uncomplexed monomers was achieved as previously described for
the monoaryl esters, differing only in the amount of time the complexed materials
remained in the photolysis chamber. In general, longer irradiation times were employed
as the number of metals increased: when only two metals were present, photolysis times
were commonly 4-5 h, increasing to 6 h for the cleavage of three metals. Isolation of the
organic monomers was accomplished using column chromatography gîving compounds

2,28-2.31 in 46-5 1% yield. The resulting molecular structures were analyzed using a

combination of NMR, 1R.MS and elemental analysis.

Scheme 2.8

59

2.2.2

One- and Two-Dimensional

NMR Spectroscopie Characterization of

Norbornenes

Since the commercial availability of high-resolution nuclear magnetic resonance

(NMR)spectrometers in 1953, this instrument has become an extremely valuable tool for
scientists worldwide. 130-132 Technoiogical advances have led to the design of better
superconducting magnets, pulse techniques'3b'31 and Fourier transformations130-132
resulting in the development of higher resolutian in~trurnents.'~~
From these remarkable
advances in instrument design. NMR is now highly recognized as a valuable tool for
analytical analyses as sampte sizes in the microgram range can finally be detected.
In contrast to the 1-D NMR spectrum, which involves a series of single pulses

irnrnediately folIowed by signal acquisition and Fourier transformation of the fiee
130. 132
the 2-D spectrum involves multipulse sequences. The 2-D
induction decay (FID),

spectrum is essentially a 3-D spectrum composed of a cross-section of a series of
"stacked peaks", that are representative of peak intensities, as identified in Figure 2.3. Of

the 2-D NMR techniques available. homonuclear 'H-'H correlation spectroscopy (COSY)
and 'H-"C heteronuclear correlation spectroscopy (HETCOR)are the most cornmon.
An

'H-'H COSY spectrum provides information about proton-proton

connectivities.13*.

13'

AS protons are not directly connected to each other, this technique

is more accurately defined as C-C connectivities which can be traced through the

couplings of the protons to which they are bonded. The actual proton spectrum in an 'H-

'H COSY NMR appears dong the diagonal of the plot as contours which are
representative of peak intensities. Contours appearing off of this diagonal are called

crosspeaks. Based upon the appearance of symmetrical crosspeaks on bath sides of the
diagonal. 'H-'H connectivites can be elucidatcd. This is accomplished by drawing both a
horizontal and vertical line 90 O to one another through the same ctosspcak. Each of the
contours they bisect on the diagonal are said to be wupled or "connccted" to one another.

Figure 2.3: Frequency-domain spectnim showing both the peak resulting from

the FT of a series of FiD's and its contour.

Heteronuclear correlation spectroscopy, or HETCOR W a technique useful for
identifjing proton - carbon w~ectivities. This is achievtd through the correlation of

'"

peaks in the 'HNMR rpcarum with piluin the "C NMR ~pcmni.''~*Atypicd 'H"C correlation specuum wnsists of the

'Hspectrum dong the horizontal uis with the

13cbroadband-decoupied spcctnm along the vertical axk. HX correlation is identified
t hrough

the intersection of a horizontal and vertical line at a contour indicating that the

respective proton and carbon atoms are connectai. The information providai fiom both

the 2-D heteronuclear and homonuclear COSY NMR techniques, when used in
conjunction with one another, is generally sufticient for the elucidation of complicated
molecular structure assignments.

2.2.2.1

NMR Identification o f Substituted Norbornenes

Synthesis of substituted bicyclo[2.2.l]heptenes via the well-known Diels-Alder
reaction, leads to the isolation of a pair of isomers. Stmctural analysis of these erido and
rxo

derivatives of norbornene has proven to be quite dificult using traditional chemical

method~."~However, with advances in NMR technology, characterization of these
derivatives can now be accomplished because of several characteristic features of these
compounds. Figure 2.4 has been included as a rneans to identify relative proton and
carbon atoms in the norbornene structure and will be vital towards comprehending the
remainder of this discussion.

Figure 2.4: Proton schematic of a substituted norbomene.

Extensive NMR studies of bridged ring systems have been pedormed, 133-142
however, it was not üntil the work of Musher in the early 1960's on
bicyclo[2.2.Ilheptanols that any substantial contributions to this field were made."6 A
major observation in this study by Musher detailed the significantly different magnetic
shieldings observed for each of the erido and exo isomers comprising the diastereomeric
mixture. These differences were attributed to differing ring-currents andlor the longrange influences of intrarnolecular electric fields.

Another characteristic of these

diastereomers was the difference in coupling constants observed for the endo-erdo
coupling relative to the exo-exo coupling. Despite having identical dihedral angles,
Musher attributed this coupling dissimilarity to the unique electrostatic environments
each set of protons had within the molecule. A final observation made from this
investigation involved the presence of large long-range couplings in the order of four
bond lenghs ('J).
A study done by Fraser in 1962 detailed the influence that the anisotropic double

bond had on the relative chemical shifts of exo and endo protons.'" It was proposed that

ail protons in a bicyclo[2.2. Ilheptene would be shielded to some extent by the anisotropic
nature of the double bond and that the degree of shielding depended upon the orientation
and position of these protons relative to the vinylic carbons. To confirm this theory,
Fraser exarnined the hydrogenation of the double bond assessing the effects this would
have on the relative chemical shifts of the isomers. In norbornene derivatives, the exo
proton lies in the plane of the double bond and is thus deshielded by the double bond

anisotropy, resulting in a more downfield appearance of this resonance,

Upon

hydrogenation of the double bond, a notable upfield shift of the exo protons was

observed, confirming the influence of the double bond anisotropy on relative proton
chernical shifls. Similady, as the erido protons lie above the plane of the double bond.
they are shielded, experiencing an upfield shift. Subsequent hydrogenation of the double
bond showed a notable downfield shift of the proton, which fiirther confirmed this theory.
Similar investigations using this methodology verifted these findings.137.138.140.IJI
Proton couplings in norbornene compounds are unique for the ertdo and ex0
isomers. In 1964, Laszlo and von Rague Schleyer examined the 'H NMR spectra of a
wide variety of norbomene derivatives and were able to assign all proton resonances as
well as measure al1 chernical shifts and coupling constants.I4' A defining feature when
identifiing both isomers was the differences in proton couplings between Hz and H3 with
the bridgehead protons, Hi and b,which can be identified by refemng back to Figure
2.4. Analysis of the

'HNMR spectra indicated that the e.w H2and H3,protons could

couple with the bridgehead Hl and
the emio isorner

ttt protons, respectively, indicating the presence of

In contrast. the exo isomer could be characterized by the lack of

coupling observed for the e~idoHiand H3, protons with Hi and

Hs.

Another defining

feature allowing for the differentiation of isomers involved the very strong coupling
observed for the exo-exo H2and H3, protons ranging fiom 8.9-1 1.4 Hz differing fiom the
weaker urdo-erido Hz and H3,protons (5.8-7.7 Hz) as determined fiom a norbornane
compound. Similar findings distinguishing these significantly different couplings for the
endo-emiu and rxo-exo protons have been reponed.'% Although a transoidal coupling of

2.1-5.8

Hz exists for the wdo Hzproton and H3xas well as for the exo H2proton and H3n,

it does not aliow any differentiation between the diastereomm.

Geminal couplings in the molecute were quite large for the H3, and H3, protons as
weil as for the Ht, and Hïr bridge protons. Coupling for the H3, and H3, protons,
observed as 12.3-13.2 Hz, was considerably larger than for the bridge protons having a J
value of 8.5-9.5 Hz. This is consistent with the varying size of the H-C-H angle, which is
known to influence geminal coupling constantsL4' Vicinal couplings were also quite
significant for protons HSand Hg which had values in the range of 5.0-6.0 Hz. As these
protons are also capable of coupling with the bridgehead protons (HI and

b),an

additional coupling constant of 2.4-3.0Hz was observed representing the

and

JdJ

11.6

coupiings.
Of al1 the protons examined within the norbornene and norbomadiene
Frameworks. the bridge protons,

H7r

and H7s, refemng to the artri and grt orientations of

the protons with respect to the double bond. proved the most dificult to assign. It was
not until the investigation of 7-substituted norbomadienes and norbornenes that the
assignment of the anri and sy11 protons could be accomplished.139.

141

These findings

revealed that the HïS proton is more shielded than HI=
which accounts for the fact that H7ri
appears more downfield than

Another interesting observation is the different

coupling constants observed between H7, and the bridgehead protons relative to H7s. AS
both dihedral angles are the same and as both bridgehead protons (HIand &) are the
same, a larger coupling was observed for JtLr and hS,4 (1.5-2.0 Hz) which was attributed
to the shielding effects of the vinylic carbons. Essentially no coupling was observed for

Ht, with either Hi or Hq.
An interesting feature of these bicyclo[2.2. llheptenes is with their ability to long-

range couple with protons four bonds away. 136.

138. 139. IJI

Figure 2.5 illustrates four

examples of possible long-range couplings that are observable in these types of
structures. Of the bridge protons, it has been observed that

H7a

can weakly couple with

either of the olefinic protons, HSand +
ï, giving a coupling constant of approximately 0.5
Hz or less. This olefinic coupling is not detected with Hl*, however. it demonstrates a

relatively rnoderate transoidal coupling with the endo protons HZand H3,,with a value
ranging from 2.0-3.1 Hz. Funher long-range coupling has been identified between the
bridgehead protons giving a value of 1.5 Hz as well as an allylic coupling between the
bridgehead and olefinic protons (0.5-1.OHz).

Figure 2.5; Long-range couplings observable in bicyclo[2.2. Ilheptenes,

2.2.2.2

NMR Analyses o f Metallated Aryl Ether Functionalized Norbornenes

NMR spectroscopic analysis of these fiinctionalized bicyclo[2.2. llheptenes was
quite cornplicated due to the usage of 98%-exo,errdo-5-norbomene-2-methanolin their
synthesis. As a result, a mixture of exo and endo diastereoisomers was present for each
of the rnonomers, making their NMR spectra rather dificult to assign. However, this
complication was readily overcome using the 2-DNMR techniques 'H-'H COSY and
HETCOR.

Figure 2.6 is a representation of the 'H NMR spectrum of complex 2.7. The
rnetallated nature of this complex was identified by the single strong resonance at 5.36
pprn, due to the protons on the Fe' coordinated Cp. Since this molecuie exists as
endoiexo diastereomers, it was surprising that only a single Cp resonance was observed

instead of the expected two. This was attributed to the large separation distance between
the norbomene unit and the Cp ring. This distance provided sufficient spacing between
the two groups such that the electronic environment of the Cp protons was unaffected by
the differing rnagnetic environments of the eiido and exo isomeric protons contained in
norbomene. This was confined in the

I3cNMR

spectrum (Figure 2.7). which also

displayed a single resonance ai 8 1.47ppm for the Cp carbon atoms.
The 'H NMR spectmm of exo.endo-5-norbomene-2-methanol shows four
resonances fiom 3.24-3.60 ppm. due to the errrlo and exo isomers of the methylene
protons in the alcohol fûnnionality ( ~ o ~ - c ' H ~ o H )Each
. ' ~ isomer contains two peaks
consisting of a doublet of doublets and a triplet. due to the presence of the chiral carbon
at C L These resonances were observable in the 'HNMR spectrum of 2.7 appearing fiom
4.03 - 4.53 pprn. The considerable downfield shift of these resonances for the modified

norbomene rnonomer relative to the commercia1ly available one, results fiom the
presence of the highly electron-withdrawing carbonyl group, which deshields the
methylene protons.
'H-'H connectivites were used to identify which proton resonances belonged to

each isomer. For complex 2.7, it can be seen that the methylene protons, comprising the
ester hnctionality, strongly couple to the proton on Cz designated as Hz. Examination of
the 2-D HH COSY NMR spectnam illustrated in Figures 2.8 (a and b) revealed a distinct

il"

'3

coupling between the methylene resonances at 4.03 and 4.20 ppm with a broad peak at
2.64 ppm which was attributed to an HIproton for one of the isomers. Due to the broad

nature of the H2 resonance, proton

- proton

couplings could not be determined thus

requiring the use of a further connectivity to aid in isomer identification. A fundamental
concept for distinguishing between the two isomers is that the bridgehead Hi proton will
only couple to

Fi2

when it is in the uxo position. From the HH COSY spectmm a

coupling between Hz and a proton more downfield at 3.04 ppm can be observed. Since
the bridgehead H l proton appears fanher downfield than the Hz protons, due to the
anisotropic affect of the double bond, this proton can be assigned as HI. Due to peak
broadness. however. a coupling constant could not be measured. however, a moderately
strong coupling was observable with respect to the size of the contours on either side of
the dia_eonal. which is consistent with literaiure findings for this coup~ing.'~'As a result

of these findings. it was detemined that the methylene proton resonances appearing at
4 03 and 4.20 ppm as well as resonances at 2.64 (HZ)and at 3.04 (Hl) ppm al1 belonged

to the et~u'uisomer.

Once the position of the bridgehead HIproton for the endo isomer was identified
the assignment of the olefinic protons Hsand & could be accomplished. Studies have
'
was determined to be
shown that a moderate coupling exists between Hi and kI4which

2.6 Hz. Of the four distinct olefinic resonances appearing fiom 6.05-6.21 ppm, the peak

fiinhest upfield at 6.05 ppm was representative of the endo Ha isomer. Location of the
erido Hiisomer at 6.21 pprn could then be achieved because of the moderately strong

coupling that it had to the i& proton, being &501

= 5.5 Hz.

Another identifiing feature of

the olefinic protons was their expected doublet of doublets and triplet appearance.'

Extracted fiom these splittings were the characteristic spin-spin couplings for Jtl.a)= 2.6
Hz, J(5.a) = 5.5 Hz and a coupling of 3.1 Hz which was identified as the J(43) coupling for

the eudo isomer. This latter coupling was then used to identify the bridgehead H.,proton
at 2.84 ppm which also belonged to the endu isomer.
Differentiationof the exo and erdo isomers of Hlx (x = exo orientation) and H3, (,

= erdo orientation) could now be accomplished knowing that H.t can only couple to H3,.
Having already located the erido I& isomer, a connectivity was identified to a proton
more upfield at 1.96 ppm. A coupling constant of 3.7 Hz was measured fiom this peak
which is characteristic of J(3&4) for the etdo isomer. Musher had previously established
that different magnetic environments exist for the exu-exo HIand H3, protons relative to
the endo-aldo Hi and H3, protons, where the exo-exo show a much stronger c0up1ing.l~~
Examination of the splitting for the H3, proton of the endo isomer allowed for the
determination of J(lJx) = 8.9 Hz . Location of the H3, proton in the u d o isomer was
determined by a strong geminal coupling of 1 1.7 Hz to a proton at 0.67 ppm. Since this
coupling is characteristic of the Jr3r3nlcoupiing, the assignment could be made with
confidence. Furthemore, since this peak also contained the transoidal coupling of 4.0 Hz
for J(2..in). H2 being the exo proton, this confirmed the orientation of Hjnin the endo
isomer.
Spectroscopic characterhtion of the bridge protons,

H
7
.

and H7s, has previously

been studied by examining isomeric Fsubstituted norbornene derivatives and assessing
the nature of their coupling.138. 139. 141 Chernical shifi differences for these two protons
arise fiom different magnetic environments causai by their orientation with respect to the
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double bond. In complex 2.7, the chemicaI shifls of Hïr and

H7*were

assigned because

of their coupling or lack of coupling to the bridgehead protons. Examination of the HH

COSY spectmm indicated a moderate coupling between Hn with Hi and K. AS H7*only
weakly couples to Hi and Hq. this crosspeak was unobservable in the 2-D spectnim.

which is in agreement with previous findings for H,=.138.139.141 Therefore. the presence of

a resonance at 1.42 ppm indicated the HtS proton in the endo isomer. This was fiirther
verified by the long-range coupling observed between
H7a

H7s

and H3n. Location of the endD

proton was made through the long-range coupling observed between itself and each

of the olefinic protons. This resonance appeared at 1.32 pprn for the ecdo isomer.
Determinarion of the protons representative of the exo isomer was then determined using
this same stepwise methodolog. Table 2.3 contains the respective exo and

'H

Y I ~ O

NMR data for this complex.
identification of carbon-hydrogen correlations was obtained through analysis of

'

the H - ' ~ cHETCOR N M R spectmm. which is shown in Figure 2.9 (a and b). Drawing a

vertical line fiom the center of a proton resonance to the center of its contour followed by
a 90° horizontal line to its corresponding carbon resonance allowed for determination of
the respective rxr) and riido carbon atoms. Completion of this task allowed for full

spectral analysis of 2.7. For a full lia of 'Hand "C NMR data for complexes 2.6 and

2.7, Tabies 2.3 - 2.5 have been included.
As similar spectral patterns existed for each of the e h and ex0 isomers in the

monoaryl and bi- and tri-metallic aryl ether complexes (2.24-2.27). NMR analyses of
2.24-2.27

could be accompIished quite readil y.

Differentiating the bimetallic

-

u

'P.

3

-

QI-

.

1

rio-

a

N

\b

n

œ

ul-

0

z

ô
Y

O-,

8

3
0
CP

h-

X

H

21
-.
3
0

8
3

a:

W-

N-

1

LJPm

1

1

1

r

4.0

~

8

~

1

3,5

v

l

m

'

3.0

"

~

v

v

2.5

1

7

~I

v

1

1

2. O

Figure 2.9 (b): Expanded CH COSY of cornplex 2.7 in acetone-&.
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1. O

complex 2.24 fiom its parent complex 2.7, as an example, allowed for sorne interesting
spectral evidence to be obtained. A characteristic number of Cp resonances confirmed
the bimetallic nature of this complex. Analysis of the 'HNMR spectmm, as displayed in
Figure 2.10, showed two strong singlets at 5.26 and 5.33 ppm. Funher confirmation was
gained upon examination of the I3cNMR spectrum (Figure 2.1 l), that shows these same
two groups as two strong resonances at 78.19 and 79.71 ppm. In the 'H NMR of
complex 2.7 (Figure 2.6). the single Cp resonance is now replaced with two ditferent Cp
resonances due to the different magnetic environments of each of the Cp ring protons.
Further confirmation was obtained fiom the aromatic region of the 'H NMR spectra: in
contrast to the two sets of doublets that appeared in Figure 2.6 for the complexed
aromatic protons. a new resonance at 7.55 ppm was present in Figure 2.10 which is
characteristic of the uncomplexed aromatic protons within the central ring of complex
2.24. An additional complexed aromatic peak at 6.46 ppm indicated the presence of the

terminal benzene ring.
SuppIementary evidence fiom the

I3cNMR

spectnirn was used to identify the

structure of 2.24. Peaks due to three additional complexed aromatic carbons at 77.67,
77.99 and 85.87 pprn were assiyned to the terminal aryl carbons in this newly modified

complex. Further confirmation for the tri-aryl ring system came fiom two resonances in
the uncomplexed aromatic region of the

13cNMR

spectrum, appearing at 124.56 and

124.67 ppm. Loss of the resonance at 109.58 ppm (Figure 2.7), representative of the C-

CI quaternary carbon, was findamental in confirrning that nucleophilic aromatic
substitution had occurred. The presence of peaks due to two uncomplexed and two
complexed aromatic quatemary carbons, fiirther verified the tri-aryl ring system.

Of the quaternary carbon peaks, the one adjacent to the carbonyl group is absent in the

NMR spectrurn presumably due to overlap by other aromatic carbon resonances. The

absence of this peak is in agreement with previous "C NMR studies of functionalized
benzoic acid complexes.'28 Tables 2.6 to 2.9 contain all of the N M R spectral data for
complexes 2.24 to 2.27. All of the analytical data for each of these complexes can also
be Iocated in Table 2. i 0.

2.2.2.3 NhlR Spectral investigations of Uncomplexed Aryl Ether Norbornene

Monomers

Isolation of the organic monomer by removal of the CpFe' moiety was
accomplished by photolytic demetallation. The organic nature of compound 2.8 was
confirmed by the loss of the Cp resonance in the 'H NMR (Figure 2.12), which
previously appeared at 5.28 ppm in the spectnim of complex 2.6. This is fiinher verified
by the

'

3

NMR
~
spectrum (Figure 2.13) which shows no signal in the range of 77-80

ppm. the characteristic region for Cp carbon resonance~.'~~
Another identifying feature is
the downfield shift of the aromatic protons fiom 6.72-7.05 ppm in the complexed

monomer to 7.44-8.07 ppm in the demetallated compound, which is in agreement with
previous findings for loss of the metallic m ~ i e t y . ~The
~'

I3cNMR spectnim provided

substantial evidence for the uncomplexed nature of the aromatic ring.

This was

confirrned by the loss of aromatic resonances in the complexed region of the spectmm
(89.40, 89.96 and 90.94 pprn) which nomaily appear significantly more upfield than

those due to the unwmplexed aromatic d o n s (128.26, 129.50 and 132.73 pprn).

As wek a slight upfield shift of the bridge methylene proton resonances was observed
moving from 4.05 - 4.56 pprn in the 'H NMR spectrum of 2.6 up to 3.91 - 4.42 pprn in
2.8.

2-D NMR techniques coupled with 1-D spectral information were used to
distinguish each of the exo and erdo isomers of 2.8. Location of signals due to the
characteristic rnethylene protons contained in the ester-bridge gave a usetùl starting point
for the analysis. Based on previous studies of the metallated norbornene complexes.
tentative assignment of the two most upfield methylene resonances (3.91 and 4.13 ppm)
in the 'HNMR spectrum were attributed to the e d o isomer. The HH COSY NMR
spectrum shown in Figures 2.14 (a and b) revealed a connectivity between these
rnethylene protons and a broad multiplet at 2.99 ppm. Since this proton was coupled to
another proton at 2.55 pprn (the region of the bridgehead protons) it was concluded that
this latter peak was HIand the broad multiplet was the exo Hz proton. As described
previously for the rnetallated monomers, no coupling is observed between the ertdo Hz
proton and the bridgehead Hi proton.

This confirmed that the observed HI-Hi

connectivity was representative of the etdo isomer. Analysis of the Hi proton resonance
in the HH COSY spectrum showed a crosspeak intersecting with a contour in the olefinic
region of the spectrum. Since H i will couple with i-i6and not Hs,this coupling allowed
for identification of the Hg olefinic proton within the endo isomer at 6.01 pprn IJ(l.6) = 2.8

Hz]. Identification of H5 at 6.20 pprn was accomplished by the moderately strong vicinal
coupling it displayed to

[J{5.6)

proton based
bridgehead i%

=

5.7 Hz]. This enabled the identification of the

on an observed coupling constant of 3.0
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Figure 2.14 (b): Expanded HH COSY o f monorner 2.8 in CDCL.
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Hz [JC4.5,]. As with the coupling for the exo HZproton to HI, h displayed only a coupling
with H3x, the signal which appeared at 1.90 pprn and had a J[~,J, coupling of 3.8 Hz. The
signal for H3, was identified because of its strong geminal coupling with

COSY NMR spectrum displayed a rather Iarge contour as

a crosspeak to

The HH

HJ,,which

intersected the diagonal at 0.67 ppm. Measurement of the coupling constant for this
proton was 1 1.7 Hz for 4 3 ,

which is a typical geminal coupling. Funher verification

jnh

that this proton signal at 0.67 ppm arose ftom the el& isomer was due to its comectivity
to the exo HZproton, which was already assigned to the endo isomer. The iransoidal
coupling constant for these two protons was calculateci as 4.2 Hz, which is in agreement
with previous findings for compounds of similar nature.'"
Assignment of the carbon atom NMR signais was accomplished using the 2-D

N M R technique previously described as KETCOR. This was achieved based upon the
proton-carbon connectivities that could be extracted fiom this heteronuclear correlation

spectrum, which is shown in Figures 2.15 (a and b). For a complete review of al1 the

-

NMR data for the mono-aryl compounds 2.8,Z.g and 2.14, Tables 2.11 2.15 have been

inciuded. Analytical characterization has also been included and is s h o w in Table 2.23.
Using this anaIysis of the monoaryl compounds, the tri- and pentaaryl
norbornene monomers were much simpler to characterize. For wmpound 2.31, it can be

'

seen in the H N M R spectnim, in Figure 2.16, that three Cp resonances originally present
at 5.22, 5.34 and 5.42 pprn are absent. ïhis was niriha confimd using

I3cNMR

analysis. which verified the absence of the Cp resonances originally appearing at 78.60,
79.08 and 79.73 ppm (Figure 2.17). Further proof of decomplexation was the upfield

shift of the methyl group resonance; appearing at 2.52 pprn in cornplex

Figure 2.15 (b): Expanded CH COSY of rnonomer 2.8 in CDC13.

2.27, this peak shitls to 2.33 ppm in the organic monomer. As previously observed for

the monoaryl derivatives, a downfield shitl of the aromatic protons was observed,
aliowing for an unhindered view ofthe olefinic proton resonances. Further NMR spectral
information can be obtained in Tables 2.16 to 2.22 for wmpounds 2.28 to 2.31. All other
analytical data has been compiled in Table 2.23, which can be used to tiirther characterize
these aromatic ether functionalized norbomene monomers.

2.2.3 Synthesis of Aryl Ether Functionalized Polynorbornenes

ROMP of these aromatic ether tùnctionalized norbomene monomers was
accomplished using bis(tric.jdohexylphosphine)benzylidene ruthenium (IV) dichloride
otherwise known as "Gnibbs' catalyst". Initial studies of the ROMP reaction focused on
optimizing the reaction conditions in an aitempt to achieve high molecular weight
polymers with narrow polydispersities. This was accomplished by investigating the
influence that various monomer to initiator ratios ([M]:[I]) had on the polymeric
materials. All polymerizations were carried out using dichloromethane as the solvent,
since previous findings reponed the highest degree of polymerization in this medium.33
A series of polymerizations were carried out using monomer 2.8 while varying the ratios

of [M]:[I] by 25-, 50; 100- and 150:l. Weight average molecular weights (MW)and
number average molecular weights (Mn) were determined using gel permeation
chrornatography (GPC). Calibration of the instrument versus polystyrene standards
determined that when using ratios of 25:l and 50:1, low MW's of 8, 400

and 16 000 g/mol with PDI's of 2.4 and 2.7, respectively, were obtained. Next, using a

substrate:catalyst ratio of 100;1, a polymer having an MWof I08.000 @mol and a PD1 of
1.9 was prepared. These results were quite promising as a much larger MWwas obtained
with a reduction

of the PDI. In an attempt to improve these conditions, a larger 150: 1

ratio was investigated. Significantly higher Mw's were obtained (5 11,000), but this was
accompanied with a much higher PD1 (3.0). Therefore, as a means to maintain high
molecular weights with narrow polydispersitieq ratios of 100:1 were used in subsequent

experiments. Table 2.24 can be referred to for cornparison of these GPC data.
A typical synthesis of the polymeric matenals, as shown in Scheme 2.9, was

accomplished by weighing out the appropriate amount of catalyst in a glove box such that
a ratio of 100:1 of monorner to initiator was used. The catalyst was then dissolved in an
amount equivalent to 0.5 mL of dichlorornethane per each 100 mg of monorner used in

the ROMP reaction. Polymeriuition was initiated by subsequent addition of the catalyst
to a solution of the monomer in dichioromethane, using an airtight syringe. The reaction
was then stirred under an inert nitrogen atmosphere at rwm temperature untiI a

gelatinous material formed. Polymers 2.32

- 2.34

generally formed within 1

- 2.5

h,

however, polymers 2.35 - 2.38 formed within 5 min. An excess of ethyl vinyl ether was

then usec! to cleave the catalyst fiom the polymer chah. The resulting white material was
then purified upon dissolution in a minimum amount of dichloromahane or chloroform
and finally precipitated into cold methanol. Isolation of the off-white, fibrous materials

yielded polymers 2.32 - 2.38 in yields ranging fiom 66 - 90%, which are typicaI of
conversion rates of monomer to polymer when using Gnhbs' catalyst.'" GPC analysis
of polymers 2.32 - 2.38 showed Mw's ranging fiom 63 000 to 462 000 dm01 and Mn's

r

monomer

polymer

2.8

2.32
2.33
2.34
2.35
2.36

2.9
2.14

2.28
2.29

2.30

2.37
2.38

2.31

Schtme 2.9

ranging from 44 000 to 195 000 @mol. Polydispersities ranged fiom 1.1 to 2.4. Table
2.25 provides a detailed overview of the respective Mn's, MW's, PDI's and yields for

each of these polymers.
Assessment of the living nature of the above-mentioned polymerizations was
accomplished upon the preparation of a homopolymer (2.39) of monomer 2.8.

As

described in chapter one, for a polymerization to be considercd living, consumption of
the monomer must proceed such that initiation is faster than propagation. Preparation of
the homopolymer proceeded in a two step synthesis involving the initial preparation of
polymer 2.32. Knowing that monomer 2.8 would polymerize to completion in 1 h. an
aliquot of polymer solution was removed at this time and worked up using ethyl vinyl
ether and methanol. At the same time this aliquot was removed. another aliquot of
monomer was added to the stimng polymer solution. If the polymerization was a living
system, the added monomer should continue to be used up in chain propagation without
increasing the polydispersity index from that obtained for the first aliquot of polymer.'3

GPC analysis of the two polymers prepared using this methodology revealed that
the second polymer displayed a much higher MWthan that of the polymer removed afier
1 h of reacting. Analysis of the GPC trace revealed a MWof 22,600 g/mol for the first

polymer whereas the second polymer had a much higher MWof 108,000 g/mol. Another
exciting result was the decrease in the PD1 fiom polymer one (PD1 = 2.8) to polymer two

(PD1 = 1.9). This decrease in molecular weight distribution indicates that the molecular
weight of the polymer did not increase fiom back-biting within the potymer chain, but
from additional monomer initiation and propagation. Therefore, it is this gain in MWand
decrease in the PD1 that establishes the living nature of this polymerization.

Investigation of the solubilities for each of these polymetic materials was
essential for determining their potential processibility. Each of the polymers had their
solubilities

examined

in

chloroform

(CHCIJ), dimethylacetamide @MAC),

dimethylformamide (DMF)and dimethylsulfoxide (DMSO). Polymers 2.32 - 2.34
demonstrated excellent solubility in CHCI3 and DMAc at room temperature, however.
onIy minimal solubility in DMF and DMSO was observed, With regards to the longer

aromatic ether functionalized potynorbomenes (2.35 - 2.38), only CHCIJ gave minimal

dissolution of the polymer at room temperature. Increased solubility of these polymers
was noted upon refluxing in CHCI3 for several hours.

Identification of the structural features of the polymers was accomplished
primarily using 'HNMR spectroscopy. For polymer 2.32, indication that polymerization

had successfblIy taken place was identifiable by the loss of the olefinic remances from
6.01 - 6.20 ppm in the monomer (2.8). The appearance of new olefinic resonances at
5.20

-

5.40 ppm in the polymer was indicative of the unsaturated polynorbomene

backbone. Examination of this single broad peak implied that the polymer microstructure
existed in the trans geometry. Funher evidence for this stereochernistry was achieved
based upon previous studies detailing the favored orientation of the iraris mictrostnicture
when using Grubbs' catalyst, ( C y 3 ~ ) 2 ~ 1 2 ~ u = '43
~ ~ Therefore,
h.7'.
it can be said with

confidence that the vinylene units exist in the tram configuration. Furthw amlysis of the

ROMP spectrum denoted the collapsed broad peaks of the methylene bridge protons

-

appearing from 4.05 4.40 ppm for 2.32. Since al1 of the pcaks were quite broad, it can
be concluded that the polymer did in fact form as peak broadening is characteristic of

polymer formation. For the purpose of cornparhg the 'HNMR spectra for monomer 2.8

and its polymer 2.32, Figure 2.18 has been included. Further 'HNMR data for each of
the polymers can be found in Table 2.26.
Analysis of the

I3cNMR spectrum, shown in Figure 2.19.

provided minimal

structural characterization features due to the complicated spectra arising From the
contributions of head-head, head-tail and tail-tail conformations in the polymer
microstmcture. Also, due to the chiral nature of the Ct bond to the methylene-bridged
carbons, this hrther complicated the spectral analysis rendering the investigation futile.

Of the information obtained in the spectrum for 2.32 were the aromatic carbons at
128 27, 129.51 and 132.76 ppm and the quaternary carbon at 130.42 ppm. Further

information extracted fiorn this spectrum were the carbonyl resoraances at 166.61 and
166 47 ppm as well as the methylene bridge carbons at 66.56 and 67.72 ppm.
Identification of the extreme upfield cyclopentane resonances, which normally discloses
information concerning the syndiotactic, isotactic or atactic nature of the polymer chah,''
"as

not possible due to the congested aliphatic carbon resonances that were present in

this region.
Further confirmation of the structural features of the rnodified pofynorbornenes
was obtained via FT-IR spectroscopy. The carbonyl absorptions in the IR spectrum were

observed in the region of 1712 to 1718 cm-'. Table 2.26 contains a listing of the
individual CO absorptions for each of the polymers. Spectral vcrification of the tram

geometry of the double bond in the unsaturated polymer backbone was also apparent
using this technique. This was accomplished by looking at the regions where cis and

tram absorptions should appear.

Revious studies involving analysis of the

polynorbornene microstructure using IR techniques have detailed that the cis in-plane

Figure 2.18: 'HNMR of monomtr 2.8 and polymer 2.32 in CDC13.

=C-H bending occurs at 1404 cm" and 740 cm-'. where as the tram appears at 960
. 144 Upon comparison of the IR spectra of monomer 2.8 and polymer 2.32 a

noticeable absorption at 969 cm-'was observed in the poiymer spectnim- In addition,
the absence of absorptions in the regions of 1404 and 740 cm" indicated the lack of cis
conformer in the polymer. Table 2.26 contains a complete listing of tram absorptions for
polymers 2.32 - 2.38. As a result of the cornbined IR and 'HNMR spectral data each of
the polymers were found to contain a high percentage of tram geometry within their
structura1 confarmation.
Thermal analysis of each of the polymers was accomplished using differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Polynorbornene has
a very low glass transition (Tg) of 35

which is defined as the temperature at which

the polymers amorphous regions become sornewhat glassy, meaning brittle, stiff and
risid, '4"

14"

This value is highly reflective of the mechanical motion within the polymer,

known as segmental motion. Therefore, the value for a Tg defines how the polymer will
respond mechanically at a specified temperature and thus is a variable useful in assigning
how the material will be processed and used.""

A similar trend was observed for the

aryl ether fiinctionalized polynorbomenes such that as the length of the aromatic ether
chain increased, so did the Tg's. For polymer 2.32 containhg a single aryl group in
every repeat unit, a well-defined Tg was present at 54.7 O C . Increasing the number of
aromatic groups, the Tg in the tri-aryl ring system (2.35) was found to drarnatically
increase to 675°C and reached as high as 73.3 O C for the penta-aryl derivative (2.37), as
can be seen in Table 2.27 and in the DSC thermogram shown in Figure 2.20. These
results clearly show a correlation between the length of the aryl ether chain and the glass

transition temperature such that as the length of the aryl ether chain increases, an increase
in the overall thermal stability of t he fiinctionalized polynorbomenes is also observed.
A similar response was observed with the pmethylated derivatives displaying

higher Tg's as the length of the pendent aryl ether chain increased. The effects of
incorporating a methyI substituent were dificult to measure due to the small temperature
differences that existed between the methylated and nonmethylated polymers. The
expected increase in the glass transition temperature upon incorporating the more bulky
methyl group was proposed based upon the reduced segemental motion that was
ant icipated. This improved thermal behavior was observed only for polymers 2.32 and
2.34 which displayed well defined Tg's at 54.7 O C and 61.8 O C , respectively. However,
as only slight variations existed between 2.35 and 2.36 as well as between 2.37 and 2.38,
it was difficult to attribute these temperature differences solely to the methyl group.

Since it is weil known that differences in MW can also influence the appearance of the

Tg, these temperature variations were likely due to a contribution of both the methyl
group and M W differences.
TGA was employed to assess the decomposition temperatures of the resulting

polymers. As fiom the DSC analyses, it was hnher confirmed that as the number of aryl
ether linkages increased so did the thermal stability of the polymers. Polymer 232
displayed a decomposition at 417.0 O C as shown in Figure 2.21 which increased to 422.4
O C

for the tri-aryl ether system (2.35) and up to 460.2

O C

for the penta-aryl ether

containing polymers (2.37). These results were expected due to previous findings for
industrially prepared engineering thermoplastics such as PEEK or PAEKs, which
demonstrate increased thermal properties as the number of aromatic ether units in the

polymer backbone increase~.~
A full list of thermal data is provided in Table 2.27 for
each of the polymers prepared during this investigation.

2.3 Conclusion

In summary, it has been show that metal-mediated SNA~and DCC-mediated
coupling reactions have lead to the formation of novel aromatic ether functionalized
norbornenes in very good yield.

Subsequent ROMP in the presence of

bis(tricyclohexylphosphine)benzylidene ruthenium (IV) dichloride allowed for the
synthesis of high molecular weight polymers with low to narrow poiydispersities.
Thermal investigations of the resulting polymeric materials revealed that as the length of
the aryl ether chain pendent to the polynorbomene backbone increased. a subsequent
increase in the Tg's and decomposition temperatures was observed. These results
revealed a significant increase in the thermal stability relative to polynorbornene which
decomposes at 400

OC.

temperature applications.

As such, these materials may one-day find use in high

2.4 Experimental

2.4.1 General Methods

1

H and

'-'cNMR spectra were recorded either at 200 and 50 MHz on a Gemini

200 NMR spectrometer or at 500 and 125 M)Iz on a Bruker 500 spectrometer,
respectively. Chemical shifts were referenced to the deuterated solvent that the spectrum
was run in and coupling constants were calculated in Hz.

A Bomem FT-IR

spectrophotometer was used to record the IR spectra. Mass spectra were obtained on a
Hewlett-Packard 5890 Senes II mass spectrometer as well as on a Hewlett-Packard
5989A mass spectrorneter. Molecular weight determinations by GPC analysis were

performed using a BL-gel mixed D column (Phenomenex) equipped with a CH-30
column heater (Eppendorf)and a PL-DCU (Polymer Laboratones) detection system, with
CHCI1 as the eluent at a flow rate of 0.7 mumin. Calibration of the instnirnent was

performed versus polystyrene standards. Glass transition temperatures were obtained
using DSC performed on a Menler DSC 25 at a heating rate of 10 "Clmin, taking the
midpoint of the transition fiom the second heating. TGA's were recorded on a Mettler
Toledo TGAlSDTA851 with a heating rate of 10 "C/rnin under a constant flow of
nitrogen (20 mumin).
Laboratories Ltd.

Elemental analyses were performed at Guelph Chemical

2.4.2 Starting Materials

Anhydrous aluminum chloride, aluminum powder, ferrocene, chloroarenes,
ammonium hexafluorophosphate, dicyclohexylcarbodiimide. dimethylaminopyridine,
hydroquinone, 98%-exo,e~ido-5-norbornene-2-methanol
and bis(tricyclohexylphosphine)benzylidene ruthenium (IV) dichloride are al1 comrnercially available and were used
without fbrther purification. Pyridine was vacuum distilled over calcium chloride and
dried over 4-A molecular sieves. Al1 solvents (reagent grade) were used without further
purification, with the exception of THF, which was distilled over sodium metal and
benzophenone under nitrogen gas. Silica gel 60-100 mesh, was used in the column
chromatographie purification of the modified norbornenes. Prior to polymerization,

dichloromethane was dried over calcium chloride. distilled and then degassed by several
freeze-pump-thaw repetitions.

2.4.3 Ligand Exchange Reaction

Preparation of starting complexes 2.1, 2.2, 2.15 and 2.16 was accomplished
according to previously described ligand exchange reactions.""

The general method

used in synthesizing these complexes involved the addition of 27.9 g (150 mmol)
ferrocene, 40.0 g (300 mmol) aluminum chlonde, 4.0 g (150 mmol) aluminum powder
and a four-fold excess of the arene to a 500 mL 3-necked round bottom flask. The
reaction was then heated to 135 O C for 5 h under a nitrogen atmosphere. Cwling of the
reaction mixture to 60

O C

and pouring into a 200 mL ice-water mixture yielded a

greenish-brown solution. The resulting mixture was then filtered through sand to remove
the aluminum and then washed with 3 x 50 mL of diethyl ether. Addition of 13.9 g (75
mmol) of ammonium hexafluorophosphate produced a yellow-green precipitate which
was redissolved in a dichloromethane/acetone mixture (4:l). Extraction of the water
layer was performed until the aqueous layer was virtually colorless. Thc resulting

organic layer was dried over MgSO*. filtered and concentrated under reduced pressure
until approximately 25 mL of solvent remained. Addition of diethyl ether yielded the
complexed arenes as yellow-green solids, which were then collecteci by suction filtration,
rinsed again with diethyl ether and dried under vacuum.

2.44

Complexed Alkylbenzene Oxidations

Synthesis of the complexed acids of 2.3 and 2.4 was performed using the
methodology established by Nesmeyanov and coworkers, 118-120 with the exception of 2.3
which was scaled up. Preparation of 2.3 proceeded by the addition of 2.83 g (8.00 mmol)
of 2.1 and 12.64 g (80.00 mmol) of KMnOd to a 250 mL round bottom flask. In contrast,
synthesis of 2.4 involved the reaction of 2.00 g (5.10 mmol) of 2.2 with 5.68 g (35.94
mmol) of KMnOd in a 250 mL round bottom flask. From this point on, both reactions
proceeded in an identical fashion to one another. To each of the round bottom flasks, 100

mL of distilled water were added and the resulting solutions were refluxed at 100 O C for
24 h. M e r the reaction flasks had cooled to room tempeniture, oxalic acid was added

until effervescence ceased. Suaion filtration of the resulting solutions gave yellow
aqueous mixtures, which were subsequently acidified to a pH = 1 using concentrated

HCI. Formation of the hexafluorophosphate salt was accomplished by the addition of
1.30 g (8.00 mrnol) of ammonium hexafluorophosphate to 2.3 and 0.83 g (5.10 mmol) to
2.4.

The

resulting yellow

aqueous

solutions were

extracted

with

a

nitromethane/dichloromethane mixture (1:l) until the aqueous layer was clear.
Subsequent drying of the organic layer over MgSO*, filtration and concentrating via
rotary evaporation gave the yellow powders in 85 % (2.3) and 95 % (2.4) yields.

2.4.5. DCC Condensation Reactions

2.4.5.1 Preparation of Metallated Mono-Aryl Norbornenes 2.6 and 2.7

Into a 25 mL round bottom flask 0.422 g (1 .O0 mmol) of 2.3 or 2.4,0.206 g (1.00
mmoi) DCC and 0.20 mL (1.654 mmol) 5-norbornene-2-methanol (2.5) were placed. To
this was added 10 mL of dichloromethane and 4 drops of pyridine. The reaction mixture
was then gently stirred for 7 h (2.6) or 3 h (2.7). resulting in the formation of a yellow,
heterogeneous mixture. The white precipitate thst formed due to the formation of
dicyclohexylurea (DCU) during the reaction process was filtered off, and the reaction
flask was subsequently rinsed with 2 x 10 mL aliquots of dichloromethane. Rotary
evaporation of the resulting yellow solution liberatad a yellow viscous material. which
was turther purified by dissolving in a minimal amount of acetone and filtered once again
to remove any remaining DCU. Subsequent precipitation of the cmde product into cold
diethyl ether and cooling in the freezer overnight yielded the pure complexes as yellow
semi-crystalline matenals.

2.4.5.2 Direct Synthesis of Organic Mono-Aryl Monomers 2.8 and 2.14

Typically, (2.00 mmol) of 2.12 or 2.13, 0.29 rnL (2.40 mmol) of 2.5 and 0.292 g
(2.40 mmol) DMAP, were placed into a 50 mL round bottom flask to which 9 mL of

dichloromethane was added. The reaction flasks were then cooled on ice while slowly
stirring. Subsequent addition of 0.496 g (2.40 mmol) of DCC dissolved in 1 mL of
dichloromethane to the reaction flask at O O C commenced the reaction. Upon completion
of the addition of DCC. the reaction flask remained on ice for an additional 5 min afler
which it was allowed to stir at rwm temperature for 8 h. During the reaction process, the
homogeneous clear solution turned white and heterogeneous as the DCU began to
precipitate out. After 8 h, the reaction mixture was poured into a 10 mL ice-water slurry
and then transferred to a separatory funnel using dichloromethane. The resulting organic
solution was washed with brine (NaCl) (3 x 25 mL) to remove any excess DMAP.
Drying of the organic layer was achieved using MgSOd, which was then removed by
filtration.

Subsequent rotary evaponation yielded the clear, oily crude product.

Dissolution into a minimal amount of acetone and an additional filtration rcmoved the
remaining DCU and once again the product was dried under reduced pressure.
Separation of the compound fiom the excess 5-norbornene-2-methanol was accomplished
using a silica gel column. Elution of 2.8 and 2.14 as clear, viscous monomets was
achieved using a 3 : 1 chloroformlhexane solution.

2.4.6 Nucleophilic Aromatic Substitution Reactions.

2.4.6.1 Synthesis of Metallated Complexes Capped with Terminal Phenoxy

Croups (2.20

- 2.23)

lnto a 50 mL round bottom flask. 1.O0 mmol of 2.17 or 2.18 was added to 0.881 g
(8.00 mmol) of hydroquinone (2.19) and 0.276 g (2.00 mmol) of potassium carbonate

using 4 rnt of DMF and 16 mL of THF. The flask was fitted with a reflux condenser and
the contents were stirred at 65 O C under a nitrogen atmosphere for 16 h. Isolation of the
products was achieved by pouring the cooled reaction mixture into a 10 % (vh) HCI
solution. Precipitation of the yellow solid was accomplished by adding an aqueous
solution of 2.00 mmol of ammonium hexafluorophosphate. The products were then
collected by suction filtration, washed with distilled water and rinsed with diethyl ether to
remove the excess hydroquinone.

2.4.6.2 Preparation of Oligomeric Aryl Ether Functionalized Norbornenes

2.24

- 2.27
-

Typically, 1 .O0 mmol of the terminal phenolic cornplex (2.20 2.23) was added to
0.528 g (1 .O0mmol) of 2.7 along with 0.346 g (2.50 mmol) of potassium carbonate in a
50 mL round bottom flask. Addition of 10 mL of DMF yielded a dark brown solution,

which was stirred under nitrogen for 16 h at rwm temperature. A standard work-up
procedure involved pouring the reaction mixture into a Iû% (vlv) HCI solution followed

by the addition of 1.00 mrnol of an aqueous N W F 6 solution. The resulting yellow
precipitates 2.24-2.27 were collected via suction filtration, washed with distilled water,
rinsed with diethyl ether and dried prior to analysis.

2.4.7

Photolytic Demetallation

Isolation of rnonomers 2.8, 2.9 and 2.28 - 2.31 fiom their metallated precursors
was accomplished by dissolving each of the complexes in a 3:l (vlv)

dichloromethane/acetonitrile solution and placing then in a pyrex tube. These were then
fitted into a photochernical apparatus equipped with a Xenon lamp and were irradiated
for 4 - 6 h, the tirne increasing as the number of metal moieties increased. M e r this
time, the solvent was removed under reduced pressure and the crude product dissolved in
chloroform. The resulting organic layer was washed with 3 x 50 mL of distilled water to
remove the iron salts produced dunng the photolysis reaction and then dried over MgSOj,
filtered and dried under vacuum. Using a minimal amount of chlorofonn, the crude
product was then transferred to a silica gel column made in hexane. Eluting first with
hexane removed the ferrocene followed by the elution with chloroform to obtain the
product. Once ayain, the solvent was removed by rotary evaporation liberating the
organic norbomene derivatives as off-white, viscous compounds.

2.4.8

-

Experi mental Procedure for ROMP Yielding Polymers 2.32 2.38

ROMP reactions were routinely carried out using [Ml:[I] ratios of 100:l. In a

glove box, the catalyst was weighed out and transferred to a 10 mL round bottom flask.

To this flask was added 0.5 mL of dichloromethane for every 100 mg of monomer used.
Outside of the glovebox. the monomer contained in another 10 mL round bottom flask
was dissolved in an equivalent amount of dry dichloromet hane and stirred under nitrogen

for 20 min. To the vigorously stirring monomer was added the catalyst solution using an
aiaight syringe. The ROMP reaction was allowed to progress until the formation of a
gelatinous material was observed. This usually occurred in 1 - 2.5 h for the mono-aryl
systems whereas required only minutes for the norbornene monomers with longer

aromat ic et her chains. Termination of the polymerization was achieved via the addition
of an excess of ethyl vinyl ether which was necessary for cleaving the catalyst fiom the
polymer chain. The polymer was then dissolved in either dichloromethane or chlorofonn
and precipitated into methanol yielding the matenal as a fibrous, off-white solid.

Table 2.1: 'HNMR Data of Bimetallic Aryl Ether Complexes 2.22 and 2.23.
6 (icetone-ds), ppm
Complex

Complexed
Aromatic

Uncornplexcd
Aromatics

2.22

6.23 - 6.45 (m. 9H)

7.00 (ci, 2H, 1= 7.4)

8.72
(br s, 1H, OH)

7.19 (d, 2H. J = 6.9)
7.55 (s, 4H)
6.19-6.38(m,8H)

2.23

6.98(d,2H,J=8.1)

2.48(s,3YCH~)

Coupling constants are reported in Hz.

Table 2.2: "C NMR Data of Bimetallic Aryl Ether Complexes 2.22 and 2.23.

%

Complex

2.22

CP

Complcrcd
Aromatic

Uacornplcxcd
Aronatics

78.13

74.79,75.71

1 17.87, 122.90

Others

Y icld

-

90

92

-

Table 2.3: 'H NMR Data of Monoiron Complexes 2.6 and 2.7

6.72 (m.

1.45
(br S)

4.39 (t, IH,

6.72 (m.

.=..O),
5 . 2 8
4.56 (dd,
(S. SH)
1H,J = 6.8)

7.05 (d,

'I,

7.01 (d,

2H, J =
1.42

1.41

(br

Coupling constants (J) are recorded in H;
a Refer to Table 2.4 for the observed coupling constants.

* O 3( I H
4.20
(dd, iH)

4'36 (t. ln).

4.53

(dd. I H)

5.36

6.6).

(s.5H)

7.14(d,
2H, J =

5.36
(s.5H)

6.8)
7,01 (d,
2H, J =
6.6).
7.14(d,
2M, J =
6.8)

Table 2.4: Measured Coupling Constants (Hz) for the Endo and Ero lsomers o f
Complex 2.7

--- Refers to unobtainable values due to peak broadness and overlap.

Table 2.5:

Monomer

'

j

NMR
~
Data for Monoiron Complexes 2.6 and 2.7.

-

8 (aectonc-dr), ppm; (50 and 12s MHz NMI

Endo/

Exo

Endo

Exo

Denotes a quaternary aromatic carbon.

- Ammatic quaternary carbon adjacent to the carbonyl group does not appear in
either of the "C NMR spectra.

Table 2.7:

I3

C NMR Data for Diiron Complexes 2.24 and 2.25 Prepared via SN^.

to the carbonyl group does not appear in

either of the "C NMR spectra).
M = Monomer; UC = Uncomplexed Aromatic Carbon.

Table 2.9: "C NMR Data for Triiron Complexes 2.26 and 2.27 Prepared via SNAï
-

-

-

6 (actton+-ds), ppm: (50 MHz NMR)

Denotes a quaternary aromatic carbon. (Aromatic quaternary carbon adjacent to the carbonyl group does not appear in
either of the "C NMR spectra). M = Monomer; UC = Uncomplexed.

Table 2.10: Yields, IR and C, H Elemental Analysis for Complexes 2.6. 2.7.2.24

- 2.27 Prepared via the SNA~substitution of 2.7 with Various
Terminal Phenoxy Oligomeric Ethers.
Elemental Analysis

IR (cm")
Complex

[Calcuhted (Found)J

% Yield

(CO)
C

-

-

--

- Denotes that the C, H - analysis was not obtained.

H

h

-

3;0
O

v

3 u,
wu,

Table 2.12: Measured Coupling Constants (Hz) for the Endo and Exo Isomers of
Monomer 2.8.

--

Refers to unobtainable values due to peak broadness and overlap.

Table 2.13: Measured Coupling Constants (Hz) for the Endo and fio Isomers of
Monorner 2.9.

---Refers to unobtainable values due to peak broadness and overlap.

Table 2.14: Measured Coupling Constants (Hz) for the E d o and Exo Isomers of
Monorner 2.14.

--Refers to unobtainable values due to peak broadness and overlap.

Table 2.17: Measured Coupling Constants (Hz) for the Elfdoand Ero Isomers of
Monomer 2.28.

--Refers to unobtainable values due to peak broadness and overlap.

Table 2.18: Measured Coupling Constants (Hz) for the Endo and Exo Isomers of
Monomer 2.29.

-

Coupiings

Endo

41.Q

2.7

--

JO,3=)

8.5

--

42. 3n)
42. CIO

4.1

-

6.6

6.5

JO=.3n)

11.6

--

&O

- Refers to unobtainable values due to peak broadness and overlap.

A

A

Cf"

Table 2.21 : Measured Coupling Constants (Hz) for the Endo and Exo lsomers o f
Monomer 2.3 1.

--- Refers to unobtainable values due to peak broadness and overlap.

Table 2.22:

'c

NMR Data for Pentaaryl Ether Monomers 2.30 and 2.31.

Other

Exo

Endo

Exo

Denote:s a quatemary aromatic
L

'

Table 2.23: Yields, IR, MS and C, H Elemental Analysis for Monomers 2.8, 2.9,

2.14 and 2.28 - 2.31.

Elemental Analysis

IR (cm")

MS
[Calculated (Found)]

(CO)

Wm

C

H

1714

78.92 (78.54)

7.06 (7.12)

228

1715

68.57 (68.23)

5.75 (5.95)

262

1708

79.3 1 (79.18)

7.49 (7.7 1)

242

1707

78.62 (78.84)

5.86 (5.80)

412

1710

--

-

426

1716

78.51 (78.28)

5.41 (5.49)

597

1712

-

-

610

--- Denotes that the C, H analysis was not obtained.

Table 2.24: ROMP of Monomer 2.8 using Varying Ratios of @i]:[I] as
a Means to Compare MW,Mn, PD1and Yield.

..
[Ml:[[!

MW

Mn

PD1

Y icld (%)

25: 1

8 400

3 500

2.4

59

50: 1

16 O00

5 900

2.7

52

LOO: 1

108 O00

57 O00

1.9

71

150: 1

51 1 O00

168 O00

3 .O

80

Table 2.25:MW,Mn, PD1 and Yield for Aryl Ether Functionalized
Polynorbomenes 2.32 - 2.38.

Table 2.26: 'HNMR Spectral Information and IR for Polymers 2.32 - 2.38.

8 (CDCb, ppm)

Polymer Aromatic H's Vinyl A's

2.32

2.33

2.34

7.30-7.60
(br, 3H),
7.95-8.05
(br s, 2H)

.m

Aliphatic H's

-

(CO)
[trans oltfinl

1.19-3.10
4.05-4.40
(br d, 2H) (br peaks, 7H)

--

7.35-7.45
(br s, 2H),
7.90-8.01
(br s, 2H)

1.04-3.09
(br peaks, 7H)

7.17-7.21
(br S. W ,
7.87-7.90
(br s, 2H)

1.13-3.05
(br peaks,
1 OH)

--

-

I

2.35

2.36

2.37

2.38

6.75-7.40
or, 1
7.80-8.00
(br s, 2H)

lm

--

6.75-7.35
(br, 10w.
7.80-8.00
(br s, 2H)
6.75-7.35
(br, 19w,
7.85-8.00
(br s, 2H)
6.70-7.20
or, 18H),
7.85-8.00
(br s, 2H)

-0.90-3.O0
(br peaks, 7H)

-1

I

r

--

Refers to obscurity within the fingerprint region of the IR spectrum
assignment of the trans IR band dificult.

Table 2.27: Thermal Information of Polymers 2.32-2.38 Obtained fiom DSC
and TGA Analyses.

1

DSC ("0

TCA ("Cl

2.32

54.7

385.3

4 17.0

450.6

2.33

65.3

354.3

401.9

427.5

2.34

6 1.8

397.5

413.7

434.4

2.35

67.6

393.9

422.4

456.8

2.36

68.6

387.6

407.3

421.8

2.37

73.3

408.5

460.2

509.6

2.38

71.6

408.0

45 1.O

492.1

"Glasstransition temperatures (Tg's) are reporteci as midpoints.

3.0 Synthesis of Polynorbornenes with Aliphatic Side Chains

3.1 Introduction

It has been of interest to investigate the preparation of monomeric materials

containing a rigid mesogen bridged to a highly strained bicyclo[2.2.I]heptene via a
flexible aliphatic spacer due to the importance the resulting polymers may exhibit as side
chain liquid crystalline polyrners or SCLCPs. Monomers used in this study were
prepared in a two-step synthesis involving the initial preparation of a monoaryl alcohol
and its subsequent reaction with rxo,errdo-5-norbornene-2-carboxylicacid. This final
study presents the first example of using the CpFe' moiety as a means to design
monomers suitable for the synthesis of novel SCLCPs.
"Liquid crystallinity" refers to the liquidlsolid interface or mesophase in which a
material e ~ i s t s .Interest
~
in the design of liquid crystals was first investigated in 1888 by
Reinitzer who discovered that these types of molecules had the ability to arrange
themselves in ordered domains.14' Molecular ordering in a polymer structure may exist

in two different conformations. These have been categorized as nematic or smectic
mesophases, with the smectic LCs demonstrating a higher degree of order. Through the
aid of optical microscopy. it has b e n possible to anribute this greater level of ordering in
the smectic systems to the linear orientation of the chains, which differs significantly
from the highly disordered chah ends observed in nematic systems4 It is the highly
ordered construction of smectic polymers that is felt to contribute to their higher

viscosities. A visual representation of this supramolecular ordering can be seen in Figure
3.0.

Nematic LCP

Smectic LCP

I

Figure 3.0: Smectic and nematic ordering in LC polymers, where each "1" refers

to a polymer.

Studies have shown that liquid crystallinity increase as the molecular weight of a
compound increases, which is a primary reason why such a vast amount of effort has
been expended into the research of polymeric liquid crystalline materials3'

Two

common types of liquid crystals are those containing the rigid mesogen and aliphatic
group pendent to the polymer chain (SCLCPs) and those that contain them within the
polymer backbone which are called main chain liquid crystal polymers (MCLCPs), as
illustrated in Figure 3.1 .'48
Synthesis of LCPs offers many advantages in terms of their industrial
applications. Due to lower melt viscosities and increased ordering in these systems
relative to random coiled polymers, there is a much grtater ease of processability.4 More
importantly, these materials offer incredible strength and modulus due to their highly
crystalline n a t ~ r e .Due
~ to this increased ordering, most LCPs demonstrate high thermal
stability.

Main Chain LCPs

Sidc Chain LCPs

x

Figure 3.1 : Description of SCLCPs and MCLCPs.

In recent years, there has been considerable interest in the preparation of novel

SCLCPs due to their potential use in electronic applications such as electro-optics, the
production of displays and photoconductors.5,
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By definition, SCLCPs

constitute a class of polymers that consist of a flexible aliphatic spacer between a rigid
mesogen and the polymer main chain. This concept of preparing these polymers was
proposed by Finkelmann and Ringsdorf in 1978.154.155 With this structural design it was
hoped that molecular motion between the polymer backbone and the pendent side chains
could be decoupled allowing for greater conformational freedom in the polymeric
material. This would enable the polymer to arrange itself through its flexible spacer
resulting in the formation of a highly ordered system.
Intetest in the design of new SCLCPs has focused primarily on the type of rigid
mesogen incorporated into the polymeric material. Investigations have revealed that the
nature of this goup highly influences how the polymer will arrange itself and thus effects

its ordering. Therefore, mesogens of various sizes and shapes have been and are
currently being investigated so as to gain an understanding of how these groups affect
liquid crystalline behavior. Two classifications of mesogens have been established based
upon the different molecular structures each type possesses. These have been defined as
being either rod-like or disk-~ike.~
In the past decade, developments in ROMP of highly strained cyclo- and bicyclo-

alkenes have permitted the synthesis of novel polynorbomenes with LC behavior.
Recently, Gmbbs and coworkers reported the synthesis of discotic columnar SCLCPs in
which the mesogens were flat, rigid molecules or disks.lJg Synthesis of the monomers
involves the reaction of 5-norbomene-2-carbonyl chloride with two different hydroxytLnctionalized triphenylene derivatives. Linking these two rigid molecu1es together is a
twetve-membered aliphatic spacer. It is the incorporation of this bridging aliphatic
spacer that provides the flexibility that is characteristic of SCLCPs. Living ROMP was
achieved using (Cy3P)2C12Ru=CHPhin the presence of dichloromethane (Scheme 3.1)
liberating the LCP with high molecular weights and narrow polydispersities. DSC
measurements of the resulting polymeric materials yielded Tg's of -3

OC,

characteristic of

the nature of these types of polymers.
A similar study investigating the self-assembly of a nove1 polymeric material

containing two tapered monodendritic groups in every repeat unit was recently reported
by Percec and

chl lue ter.'"

This polymeric material, as illustrated in Equation 3.1. was

prepared using Gnibbs' catalyst.

Thermal analysis of the resulting poly(7-oxa-

norbornene) derivative by DSC indicated much higher thermal transitions relative to the
polynorbornene derivative shown in Scheme 3.1. This is characteristic of the higher

Schcme 3.1

number of aromatic groups present in this dendritic polymer relative to the polymer
described by Gmbbs. Furthennore, since there are fewer flexible aliphatic spacers
incorporated into the dendritic polymer, there is less rotational conformation, thus
increasing the overall thermal properties of the resulting polymer. DSC analysis also
indicated that this coiled supramolecular material was able to assemble itself into both
disk-like and cylindrical structures, which were able to form a column-like structure.
Since poly(7-oxa-norbomene) forms a helical-type structure" this confirms the columnar
structure observed in this investigation.

3.1.1 Monoarylation o f Aliphatic Diols

3.1.1.1 Organic Pathway

in 1993, Allan and Spreer reported the preparation of a monoaryl alcohol for use
as a precursor in the preparation of a water soluble bis(phosphotriester) macrobicyclic
polyether ~ r y ~ t a n d The
. ' ~ ~staning compound. tri(ethy1ene glycol) monobenzyl ether,
was of interest to this study due to the presence of an aliphatic ether containing a terminal

hydroxy group. Synthesis of this particular compound, as seen in Equation 3.2,
proceeded by the initial reaction of tri(ethylene glycol) with sodium hydride resulting in
the formation of an intermediate glycoxide, This underwent subsequent reaction with

benzyl chloride, giving the product in 50% yieid. Normally, these types of reactions
require an excess of the di01 in order to favor monosubstitution, however, with an excess
of trilethylene glycol), the disubstituted cornpound was formed in 25% yield.

3.1.1.2 Cyclopentadienyliron-Mediated Formation o f Monoaryl Alcohols

Several years aga, Pearson and Gelormini reported the synthesis of

arene(cyclopentadieny1)iron complexes of monosubstituted diols.'" When studying the
metai-mediated

S N A ~ reactions

bis((hydroxyethoxy)ethoxy)benzene

of

ethylene

glycol

and

1.4-

with q6-chlorobellzene(qs~yclopentadienyl)iron

hexafluorophosphate (Scheme 3.2) they found that excess diol (2-4 equivalents) gave
significant formation of the monoarylated species (62 and 84%. respectively). A typical
synthesis involved generation of the intermediate sodium alkoxide by reaction of the di01
with NaW in the presence of THF. Subsequent addition of the chlorobenzene cornplex
dissolved in THF, gave a 10:1 ratio of monoarylated to diarylated complex.

I

+

-6
NaH

HO-X-OH

Schcmc 3.2

I

O-X-OH

3.2 Results and Discussion

3.2.1 Synt hesis of Capped Norbornene Monomers

3.2.1.1 Synt hesis of Tri(et hylene glycol) Monobenzyl Norbornene

Initial interest in the design of monomers containing both rigid and flexible
components was prompted by the monoaryl alcohol compound discovered by Allan and
Spreer whose synthesis was previously described in Equation 3.2.Is6The appearance of
this molecule was intriguing due to the presence of the rigid benzyl group as well as the
reactive pendent tri(ethy1ene glycol) linkage, which makes it a suitable precursor for the
synthesis of norbomenes containing pendent flexible side chains. Equation 3.3 shows the
preparation of tri(ethy1ene glycol) monobenzyl norbornene. A typical synthesis involved
the reaction of tri(ethy1ene glycol) (3.1) with an equivalent amount of exo,endo-5norbornene-2-carboxylic acid (3.2) and DMAP in the presence of dichloromethane.
Characterization of the resulting monomer (3.3) was accomplished using both 1-D
and 2-D NMR spectroswpic techniques (refer to Figure 3.2 for proton and carbon

identification). IR and MS. Analysis of the 'HNMR spectmm s h o w in Figure 3.3 began
with identification of the olefinic protons appearing fiom 5.93 - 6.17 ppm. Since the

et~doH6 proton appears as the most upfield resonance of the four sets of doublet of
doublets, it was assigned the chemical shift at 5.93 ppm. From this well-defined peak,
the endo Hsproton could be determined base upon its strong vicinal coupling with I&

(5.4Hz). Therefore, Hsbelonging to the e d o isomer was assigned at 6.17 ppm. It is also

1

DCC l DMAP
CB2C12

Figure 3.2: Proton schematic of substituted notbornene

understood that HGshould have a moderate coupliny to the bridgehead HI proton,
whereas H5 should show a similar coupling with b.This coupling is apparent in the HH

COSY spectnim in Figure 3.4 as connectivities are observed between H g and a proton at
3.20 ppm identified as etdo HI as well as between

HJ).

HSand a proton at

2.88 ppm (tirdo

Further confirmation of these crosspeaks was obtained upon measuring the

respective couplings [2.7 Hz for j(1.6) and 3.0 Hz for J(+3,], which are in agreement with
previous literature findings.'"
Recall that HI can only couple with Hzwhen it is in the r.ro position and H4can
only couple with HI,.'^^ Analysis of the HH COSY spectrum revealed a connectivity
between Hi and a broad multiplet at 2.96 ppm which represented the uxo Hzproton in the
rtrdo isomer. Another crosspeak was observed between i&
and a multiplet at 1.88 ppm

which represented the H3x resonance in the etdu isomer. Due to significant peak
broadening, the coupling could not be measured for J(1.2), however. it was calculated as
3.5 Hz for J(~,J,. Confirmation of the assigned chemical shifis for HZand H3xbelonging

to the rtrdo isomer was obtained upon measuring their strong exo-exo coupling (Jcz

=

9.7 Hz), which is typical for this coupling. Location of the e d o HI,, proton was then

achieved based upon its Strong geminal coupling with H3,.

This value of 10.3 Hz

provided definitive evidence that the proton resonance present at 1.41 ppm belonged to
that of Hjn.

Identification of the chernical shifis representative of the bridge Hh and H7s
protons was extremely difficult to accomplish. As these proton resonances normally

u
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appear the most upfield relative to the other protons in norbornene and have a very strong
geminal coupling, the general vicinity of these protons can be located.139. 141 An intense
coupling of 9.5 Hz was calculated for two protons present at 1.25 and 1.41 ppm. A
tentative assignrnent of these resonances to the erido isomer was made upon the general
trend observed in the 'H NMR spectrum where the erido isomer protons appear
sign3ïcantly more intense than those belonging to the exo isomer. Furtherrnore, as these
were the last two unassigned intense peaks in the 'H NMR spectrum, they were
tentatively attributed to the endo isomer. Further analysis of the HH COSY spectrum
revealed a weak long-range coupling between the signal at 1.25 ppm to the endo olefinic
protons Hsand Ha. Previous NMR studies of 7-hnctionalized norbornenes show that the
only proton of the two bridge H, protons that can exhibit a coupling with either of the
olefinic resonances is H,,.')~. l4' In addition, since it was coupled to the etdo oletinic
protons, it confirmed the erido assignment of these protons. Since the other peak present
at 1.41 ppm did not demonstrate a connectivity to the olefinic protons, it was assigned as
the H Tproton
~
in the rndo isomer. Once each of the erido isomeric protons was assigned,
location of the exo isorneric protons could then be accomplished.
Characterization of the methylene resonances in the tri(ethylene glycol) bridge
was achieved by comparing the

'HNMR spectra of both the monomer and the starting

compound 5-norbornene-2-esrboxylic acid (3.2). The 'HNMR spectrum of 3.3 clearly
displays three strong resonances in the range of 3.66 - 4.56 ppm, which are absent in the
spectrum of the parent starting material (3.2). Since this region is characteristic of
aliphatic ether rnethylene protons, the protons were assigned to these peaks."2 A amng
singlet at 4.56 ppm integrating to two protons was attributed to the methylene protons

alpha to the benzene ring. An interesting feature was the appearance of a multiplet at
4.17 pprn integrating to two protons. These methylene protons were assigned as those

neighboring the carbonyl yroup. as was confirmed using mathematical chemical shift
calculations.'" The appearance of a multiplet for this particular peak was attributed ta
the nature of these diastereomeric protons. Due to their close proximity to C L which is a
chiral center. this peak at 4.17 ppm demonstrates similar effects of isomerism. The final
broad multiplet appearing at 3.66 ppm was representative of the remaining methylene
protons contained in the aliphatic bridge. A tinal resonance that was originally absent in
the 'H NMR spectmm of the parent norbornene compound was that appearing from 7.32
- 7.33 ppm representative of the aromatic protons. A tÙll record of 'H NMR chemical

shifi data can be found in Table 3.1 and the observed coupling constants in Table 3.3.
Identification of the etdo and exo carbon resonances as observed in the

'yMi4R

spectrum (Figure 3.5) was achieved using HETCOR spectroscopic techniques, of which
the spectrum is illustrated in Figure 3.6. Based upon correlations between the alreadyidentified protons in the 'H NMR spectrum with carbons in the "C NMR spectrum the
chemical shifi of each carbon atom could be assigned, as referenced in Table 3.2.
Assignment of the methylene carbons in the aliphatic spacer commenced with the peak
appearing 73.14 ppm representative of the methylene carbon neighboring the arornatic
ring. An interesting Feature observed upon assigning the remaining methylene carbons in
the aliphatic spacer was that a total of seven peaks remained for the six carbons lefi
unassigned. Examination of the METCOR spectrum revealed a connectivity from a pair

Figure 3.6:CH COSY of compound 3.3 in CDCIJ.

of carbon resonances in this region of the spectrum to the proton multiplet appearing at
4.17 pprn in the

'HNMR spectrum that had been previously identified as the methylene

protons adjacent to the carbonyl group. As this peak was already described as showing
isomerism, the two peaks representative of this correlation at 63.21 and 63.40 ppm were
assigned as the endo and exo isomers of this particular carbon atom, respectively. Other
analytica1 techniques that aided in produd identification were MS and [R which verified
the molecular ion peak (M') of 360 and the carbonyl group at 1732 cm". respectively.

3.2.1.2

Cyclopentadienyliron-Mediated Formation of Norbornene

Monomers

3.2.1.2.1 Aliphatic Ether Bridged Monomers: Tri(ethylene glycol)

The role of the CpFe' moiety in the synthesis of monoaryl alcohols was examined
by the ability of chlorobenzene and chlorotoluene complexes to undergo SNAï with

tri(ethy1ene glycol). Preparation of the benzene analogue (3.7) was accomplished via the
reaction of chlorobenzene complex (3.4) with an excess of tri(ethy1ene glycol) (3.6) as
illustrateci in Scheme 3.3. The reaction proceeded by the formation of the sodium
alkoxide sait, which was generated by the reaction of 3.6 with NaH in THF. Subsequent
addition of the complex dissolved in THF and stirring under nitrogen for 6 h gave the
complexed rnonomer 3.7 as a yellow oil in 95 % yield.

This metal-mediated

methodology routinely gave high yields of the monoarylated products under extremely
mild and efficient reaction conditions.

Scheme 3.3

Characterization of complex 3.7 was accomplished by 'H and "C NMR.
Cornparison of the

'H NMR spectra between the parent chlorobenzene-

(cyclopentadienyl)iron complex (3.4) and 3.7 indicated a characteristic upfield shifl of
the Cp resonance representative of successfbl &Ar. The single Cp resonance at 5.3 1
pprn in the spectrum of the parent complex (Figure 3.7). shifted significantly upfield to
5.19 ppm in the product. As has been previously observed by Pearson in the synthesis of

ethylene glycol derivatives of chlorobenzene(cyclopentadienyl)iron ~ o r n ~ l n < e sthe
,'~~
presence of a 10: 1 mixture of monoarylated to diarylated complex was observed as
defined by the small Cp resonance appearing at 5.15 ppm in the 'H NMR spectrum.
Analysis of the

I3cNMR spectrum show in

Figure 3.8 denotcs a single Cp carbon

resonance at 77.39 ppm, displaying no additional resonance for the diarylated complex.
Presence of the tri(ethy1ene glycol) substitutent was confirmed through the
appearance of strong methylene proton resonances fiom 3.54 - 4.46 ppm. A strong
triplet at 4.46 ppm integrating for two protons and having a coupling constant of 4.3 Hz
was representative of the methylene protons alpha to the aromatic ring. The next most
downfield resonance (3.90 ppm) was attributed to the methylene protons beta to the
aromatic ring which also demonstrate a triplet pattern with I = 4.3 Hz. The rest of the

methylene protons appeared as a multiplet from 3.54 - 3.77 ppm integrating for the final
eight protons. The last peak used io confirm the structural features of this complex was
the broad singlet at 2.86 ppm, which represented the terminal hydroxyl group on the
pendent aliphatic chain. Table 3.4 contains a tùll outline of chemical shifi data for
complexes 3.7 and 3.8.
Each of the unique methylene carbon atoms in the aliphatic side chain were
located as well-defined single tesonances appearing in the range of 61.79 - 73.33 ppm in
the "C NMR spectrurn. These specitic chemical shifts can be observed by referring to
Table 3.5 which consists of a cornplete analysis of the carbon resonances for complexes
3.7 and 3.8. Conclusive evidence verifying that &Ar had taken place was denoted by

the absence of a resonance at 106.60 pprn which is characteristic of the C-CI quaternary
carbon present in the spectrurn for the parent cornplex 3.4. A new quatemary resonance
at 134.91 pprn represented the newly forrned C-O linkage in 3.7.
Following the synthesis of the tri(ethy1ene glycol) monoaryl alcohol,
condensation with 5-norbornene-2-carboxylic acid allowed for the formation of the
metallated monomer. Complex 3.9 was prepared by reacting complex 3.7 in the presence
of excess 3.2, DCC and DMAP using dichloromethane as the solvent, as is represented in
Scheme 3.4. The product was isolated as a yellow viscous material in 58 % yield.
Decomplexation of 3.9 was accomplished using photolytic demetallation yielding the
modified norbornene monomer 3.1 1 in 77 % yield.
Structural analysis of complexes 3.9, 3.10 and compounds 3.11 and 3.12 was
obtained using 'Hand

NMR spectroscopy. Tables 3-6- 3.9 provide al1 of the NMR

I3c

spectroscopic data for the 'Hand

L

3

metallated
~
monomers as well as the 'H and

13c

NMR for the organic monomers, respectively. Looking at the structural features of the
metallated complex 3.9 as a model for this discussion. a strong singlet at 5.17 ppm in the
I

H NMR spectrum (Figure 3.9) and at 77.40 in the I3cNMR spectrum (Figure 3-10). are

representative of the Cp resonance.

As already observed for the aromatic ether

complexed monomers, only a single peak is representative of the Cp in each of the exo
and mdo isomers. The appearance of two sets of doublet of doublets separated by a
broad multiplet, which is characteristic of the vinylic protons in the 'HNMR spectrum.
suggests the presence of two isomers.

Further evidence was obtained by the

characteristic Hz exo and rrido resonances. The appearance of a broad multiplet at 2.98
ppm is characteristic of the exo H2proton in the endo isomer, whereas the crown-like
doublet of doublet appearance of the endo H2proton at 2.14 ppm is characteristic of the
exo isomer. Isomerism can also be identified through

denoted in the methyletie proton resonances.

a specific chemical shifi change

A broad multiplet at 4.11 ppm is

characteristic of the two rnethylene protons alpha to the carbonyl group. The appearance
of a multiplet for these two protons is due to the isomerisrn present at Ct in the

norbornene structure.
Analysis of the '-'cNMR spectrum reveals the presence of hvo isomers due to the
duplicate appearance of norbornene ring carbons in the range of 42.20

- 47.22 ppm.

characteristic of the Ci, C2 and Csendo and exo carbons. Two carbonyl groups at 174.47
and 176.09 also identifies the endo and exo isomerism, respectively. As each of these
unique spectral patterns have also been observed in the analysis of complex 3.10 they can

be used as guidelines in the analysis of similar compounds.

Isolation of the organic monomer 3.11 was identified by the absence of the Cp
resonance at 5.17 pprn in the 'HNMR spectnim and at 77.40 pprn in the

I3cNMR

spectrum (Figures 3.11 and 3.12, respectively). Further spectral evidence for loss of the
metal rnoiety was observed by the characteristic downfield shift of the aromatic proton
resonances fiom 6.11 and 6.40 pprn in 3.9 to 6.93 and 7.30 pprn in 3.11. This shift is
more evident in the "C NMR spectrum which shows three stmng uncomplexed aromatic
carbon resonances at 114.53, 120.79 and 129.35 pprn which are significantly more
downfield than in their original positions in the metallated system (75.85 - 87.54 pprn).
The methylene protons alpha to the benzene ring also showed a significant upfield shift
upon demetallation such that these protons shifled from 4.45 pprn to 3.86 ppm, as was
observed in the 'HNMR spectmm.

3.2.1.2.2

Aliphatic Bridged Monomers: 1,4cButanediol and 1,6-Hexanediol

In an attempt to increase chain flexibility between the norbornene unit and the
pendent monoarene, new monomers were prepared containing pure methylene bridges.
A similar methodology was used for the preparation of these complexes as was

previously described for the preparation of the tri(ethylene glycol) monoaryl norbomene
derivatives. The first step in this two step synthesis required the initial monoaryiation of
an aliphatic diol. either 1.4-butanediol or l,6-hexanediol, which is illustrated in Scheme
3.5.

Complex 3.16,

for example, was

prepared

by

the

reaction

of

chlorobenzene(cyclopentadienyl)iron (3.4) with an excess of 1.6-hexanediol (3.14).
Initially. the di01 (3.14) was reacted with NaH in THF for 15 min. Subsequent addition

of the complex dissolved in THF and stirring at room temperature liberated the yellow oil

-

in 83% yield.

NaH

THF

3.13 n =4
3.14 n =6

Scbcme 3.5

Structural identification of the monoiron complex was obtained by analysis of the

'Hand 'Ic NMR spectra. The 'HMUR spectnun (Figure 3.13) showed a notable upfield

shift in the Cp resonance Rom its original position of 5.3 1 pprn in 3.4 to 5.16 pprn in the
spectrum of complex 3.16. This change in the chemical shift of the Cp resonance is
significant towards wnfirming that SN& had successfiilly occurred. Furthetmure, the
appearance of this resonance as a single peak indicated that only monoarylation fiad
occurred. This was also confirmed in the I3C NMR spectrum shown in Figure 3.14 by
the single Cp peak present at 77.12 ppm.
Identification of the aliphatic methylene protons was accomplished by their
characteristic chemical shifts and integration patterns. The methylene proton resonances
alpha to the benzene complex appeared the furthest downfield as a triplet at 4.30 ppm.
The protons neighboring the terminal alcohol fùnctionality also appeared quite far
downfield and were located as another triplet at 3.55 ppm. The presence of a multiplet at
1.86 pprn integrating for two protons was determined to be the methylene protons beta to

the aromatic group and the large multiplet at 1.50 pprn integrating to six was assigned to
the remaining methylene protons. A detailed list of 'H NMR data can be observeci in
Table 3.10. Location of each of the methylene resonances could a h be identified in the
13

C NMR spectrum by the distinct presence of six carbon CH2 peaks whose chemical

shifts are recorded in Table 3.11.
Two final resonances cmcial towards verifying the molecular structure of this
cornplex were available in the 'Hand "C NMR spectra- In the 'HNMR spectrum, the
terminal hydroxyl proton signal was located at 3.13 ppm. Also. successful SNAï was
verified by the absence of the C-CI quatemary carbon resonance at 106.60 pprn from the
parent cornplex, with the appearance of a new resonance at 135.13 pprn rcpresentative of
the quaternary carbon belonging to the newly formed C-O bond.

Each of these terminal alcohol complexes were then capped with 3.2 as
previously described for the tri(ethy1ene glycol) complexes. Scheme 3.6 describes a
typical synthesis of complexes 3.17 and 3.18 that involved the reaction of the
monometallic complex (3.15; 3.16) with an excess of 3.2. DCC and DMAP. The
resulting complexed norbornenes were isolated as yeIlow oils in 63

- 65 % yield.

Isolation of the organic monomers 3.19 and 3.20 was achieved once again using
photolytic demetallation which liberated the norbornene monomers in 61 - 63 % yield.
Analysis of the structural features of complex 3.18 was accomplished as
previously described for 3.9. A fùll spectral analysis was used to wnfirm the erido and
trxo

isomerism in this complex through the use of one- and two-dimensional NMR

(Figures 3.15 - 3.18). Verification of the metallated nature of the complex was achieved
upon location of the Cp resonance in both the 'H and "C NMR spectra. These appeared
at 5.14 and 77.21 ppm, respectively.

lsomerism was once again identified by the

appearance of the characteristic olefinic spectral resonances as well as by the presence of
isomerism for the HI(Ci), HZ(Cl)and

t4 (CI)norbomene ring protons and carbons,

respectively. As previousIy observed in the metallated tri(ethylene glycol) monomers,
the methylene protons adjacent to the carbony1 group appeared as a broad multiplet at
4.02 ppm due to the different magnetic environments of the erldo and exo isomers at C2.

This isomerism was further denoted in the I3cNMR spectnim by virtue of the HETCOR
spectrum that showed a correlation of this proton resonance to a set of peaks at 64.34 and
64.68 ppm, representative of the crrdo and exo methylcne carbon atoms. Tables 3.12 and

3.13 contain a detailed overview of the respective 'Hand
these complexes.

13cNMR chernical shifis for

1

DCC / DMAP
CH2C12

Figure 3.18: Expanded CH COSY of complex 3.18 in acetone-&.

Characterization of the uncomplexed monomers 3.19 and 3.20 was achieved using
MS, IR 'Hand "C NMR spectral data. Monomer 3.20 was panially characterized by the

molecular ion peak it displayed at 3 14 in the mass spectrum and by the carbonyl peak at
1720 cm" in the IR spectrum. As has been previously observed in the NMR spectra of

photolyzed compounds, loss of the Cp resonance in the range of 5.0 - 5.5 ppm in the 'H

N M R spectrum or 78 - 84 ppm in the

I3cNMR spectrum is indicative of successful

removal of the CpFe' moiety. Due to the absence of a strong singlet at 5.14 ppm in the
I

H NMR spectmm of cornpound 3.20. as well as at 77.21 ppm in the

I3cNMR spectmm

as shown in Figures 3.19and 3.20, respectively, the organic monomer was proposed to

have been isolated. This information used in conjunction with the characteristic
downfield shift of the aromatic protons and carbons as well as the collapsed appearance
of the methylene resonances in the 'H NMR spectnim. indicate successful isolation of the

organic monomer. A compilation of the NMR results for compounds 3.19 and 3.20 are

described in Tables 3.14 and 3.15.

3.2.2

Ring-Opening Metathesis Polymerization of Aliphatic Bridged
Norbornene Monomers

Living polymerization of these norbomene monomers was accomplished using
the same methodology as previously outlined for the ROMP of the aromatic ether
norbornenes. These syntheses were performed using the ruthenium benzylidene catalyst,

(Cy3P)tC12Ru=CHPh. A typical polymerization, as iilustrated in Scheme 3.7, involved a
ratio of 100:1 of the monomer to initiator as well as 1 mL of dichloromethane for every

100 mg of monomer. Reaction mixtures were stirred under an inert nitrogen atmosphere

until a gelatinous material forrned. which generally required 1 - 2 h for the various
monomers employed. The flexible OR-white polymers 3.21 - 3.25 were obtained in good
yield.

monomer

R

X

polymer

-

Schcmc 3.7

Characterization of each of ihese polymers was done primarily using 'HNMR
spectroscopy. Several distinguishing futures in the 'H NMR spectrum indicating
successful polymerization are penik broadening, loss of the monomeric olefinic
resonances and the presence of new vinyl protons for the unsaturated polynorbomene
backbone in the region of 5.1 - 5.5 ppm. An interesthg feature of the tri(ethylene glycol)
bridged polymers (3.21 - 3.23) relative to the more flexible, methylene chain polymers
(3.24 and 3.25) is that in the former, the olefinic resonances appear as two close broad

peaks. one being much larger than the other. The larger of the peaks appearing furthest
downfield was attributed to the high tram nature of these polymers (75%). with partial cis
geometry occumng as indicated by the smaller more upfield resonance, which is in
agreement with previous findings for this structural geometry.' A detailed list of the
characteristic chemical shitls for polymers 3.21 - 3.25 is contained in Table 3-16.
Due to the high solubilities of each of the polymers in chloroform, GPC analyses
were mn using this solvent as the mobile phase. From these polymerizations, high Mw's
ranging From 66 000 - 390 000 g/mol along with Mn's fiom 33 000 - 145 000 glrnol
were routinely observed. In addition, relatively low PDI's were obtained varying fiom
1.3 - 2.8. For a cornplete description of the Mw's, Mn's and PDI's for polymers 3.21

-

3.25, see Table 3.17.

Thermal decornposition analyses were performed on each of the polynorbornenes.
Based upon structural differences between polymers 3.21 - 3.25. thermal degradation
temperatures were found to correlate highly to the varying degrees of flexibility in each
system. Polymers 3.21

- 3.23 wntaining the more rigid tri(ethy1ene glycol) spacer

dernonstrated similar decompositions ranging fiom 428 - 432

OC.

However, the

influence of the more flexible fully methylene chain in polymers 3.24 and 3.25 decreased
the decomposition temperature of the material to 423 - 424 OC, which is in agreement
with previous findings for the incorporation of various alkyl chains.5. 41.
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Table 3.18

lists the respective onset, midpoint and endset decomposition temperatures for each of the
polymers.

Conclusion

This work has demonstrated the ease with which norbomene monomeric units
containing a rigid mesogen and a bridging aliphatic spacer can be prepared. ROMP was
accomplished in the presence of Grubbs' ruthenium benzylidene catalyst to form
polymeric materials with high molecular weights and low to narrow molecular weight
distributions.

Subsequent thermal analysis of the polymers revealed the lower

decomposition temperatures of the straight chain methylene bridges relative to the more
rigid tri(ethy1ene glycol) spacers.

3.1

Experimental

3.4.1

General Methods

'H and

I3cNMR

spectra were performed on a 200 and 50 MHz Gemini 200

NMR spectrometer and at 500 and 125 MHz on a Bruker 500 spectrometer. Chemical

shifis were referenced to the deuterated solvent that the product was run in with coupling
constants measured in Hz. Analysis of polymer molecular weights was accomplished by
GPC which was performed using a BL-gel mixed D column (Phenomenex) equipped

with a CH-30 column heater (Eppendorf) and a PL-DCU detector (Polymer
Laboratories). Chlorofom was employed as the mobile phase using a flow rate of 0.7
mL/min. Calibration of the instniment was achieved versus polystyrene standards. TGA
was used to determine the decomposition temperatures of the polymers. These were

recorded on a Mettler Toledo TGNSDTASSI with a heating rate of 10 "Clmin under a
constant flow of nitrogen (20 mlj'min).

3.4.2

Starting Materials

Anhydrous aluminum chloride, aluminum powder, ferrocene, chloroarenes,
ammonium

hexafluorophosphate, DCC,

DMAP,

98%-exo,e~do-5-norbornene-2-

carboxylic acid, benzyl chloride, tri(ethylene glycol), i ,Cbutanediol. 1.6-hexanediol and
bis(tricy clohexyl phosphine)benzylidene ruthenium (IV) dichloride are al1 commercially
available and were used without tùnher purification. Al1 sdvents (reagent grade) were
used without additional purification, except for THF. which was fieshly distilled over
sodium metal and benzophenone under an inert nitrogen atmosphere. In the colurnn
chromatographic purificaiion of the modified norbornenes, silica gel 60-100 mesh was
used. Prior to polymerization, dichloromethane was dried over CaC12, distilled and then
degassed by several fieeze-pump-thaw-repetitions.

3.4.3 Synthetic Approach for the Monoarylation of Aliphatic Diols

3.4.3.1 Preparation o f TriIet hylene glycol) Monobenzyl Ether (3.1)

This methodology previously established by Allan and Spreer was modified
slightly simply by scaling d o m the reaction- Initiafly, 0.09 g (2.04 mmol) of sodium

hydride was placed into a 25 rnL round bottom flask and to it was added 20 mL of dry

THF. The resulting solution was placed under an inen nitrogen atmosphere to which
0.80 mL (6.00 mmol) of tri(ethylene glycol) was added dropwise. M e r this addition,
0.23 r d (2.00 mmol) of benzyl chloride was added. The resulting reaction mixture was

then refluxed for 16 h under nitrogen. Subsequent cooling, filtering and removing of the
solvent via rotary evaporation liberated the crude product. This was then redissolved in
diethyl ether, washed with 2 x 50 mL of distilled water and once again extracted with
diethyl ether (2 x 20 mL). Isolation of the crude product was obtained by drying the
organic Iayer over MgSOd. filtering and rotary evaporating off the solvent. Subsequent
purification was obtained by eluting the compound through a hexane silica gel coiumn
using ethyl acetate as the mobile phase.

3.4.3.2 Preparation of Metallated Triethylene Glycol Monoaryl Ethers (3.7
and 3.8)

A typical synthesis of 3.7 and 3.8 involved the initial generation of the diol by the

preparation of its sodium salt. This was accomplished through the dropwise addition of
0.13 mL (0.8 mmol) of 3.6 to a stirring solution of O. 16 g (0.40 mmol) of sodium hydride

in 4 ml, of freshly distilled t'HF within a 25 mL round bottom flask. The resulting
solution was then stirred under a nitrogen atmosphere for 15 min. At this time, 0.20
mmol of either complex 3.4 or 3.5, (whose syntheses were previously outlined in section
2.4.3), dissolved in 6 rnL of THF was added to the reaction mixture which was then

allowed to stir for an additional 6 h at rwm temperature under nitrogen. Isolation of the

crude products was achieved by gravity filtration of the solution into a round bottom

flask, rinsing with 2 x 25 mL portions of dichloromethane and removing the solvent by
reduced pressure. Purification of the crude product by dropwise addition to cold diethyl
ether and subsequent cooling in the fieezer overnight, yielded the pure monoiron
complexes 3.7 and 3.8 as yellow oils in very high yield.

3.4.3.3 Synt hesis of Metallated Monoaryl Alcohols 3.15 and 3.16

A similar methodology was used in preparing the 1,Cbutanediol and 1.6-

hexanediol complexes of 3.15 and 3.16. Preparation of the sodium alkoxide of the di01
was accomplished by the addition of 3.20 mmol of the di01 to 0.064 g (1.60 mmol) of

sodium hydride dissolved in 6 mi. of THF. The resulting solution was stirred under
nitrogen for 15 min afler which 0.30 g (0.80 mmol) of 3.4 dissolved in 9 mi. of THF was
added. Continued stirriny of the reaction mixture under nitrogen for 6 h liberated the
crude product which was isolated by yravity filtering the solution. washing with 2 x 25

mL aliquots of dichloromethane and drying under reduced pressure. Isolation of the pure
products was achieved by adding dropwise to diethyl ether and cooling in the fieezer
overnight, liberating the products as bright yeilow oils,

3.4.4

Capping of Terminal Hydroxy Compounds with fia, Endo-5Norbornene-2-Carboxylic Acid

Capping of compound 3.1 and complexes 3.7, 3.8, 3.15 and 3.16 was
accompiished via condensation with 3.2 in the presence of DCC and DMAP. A general
procedure can be described for the syntheses of 3.3, 3.9, 3.10, 3.17 and 3.18. Into a 25
rnL round bottom flask, 0.5 mmol of the rnonoaryl alcohol was placed along with 0.5 0.6 mm01 of 3.2, 0.5 mm01 of

DMAP and 4 mL of dichloromethane. The resulting

mixture was slowly stirred and cooled to O O C at which time 0.5 mm01 of DCC dissolved
in 1 mL of dichoromethane was added dropwise. Continued stimng of the solution was

perrnitted for 7 h at room temperature. M e r this time. the mixture was hydrolyzed by
pouring into approximately 20 mL of ice water. Addition of an aqueous W P F 6 solution
was then added to the solutions containiny the metallated complexes. Next, the solution

was extracted with 2 x 30 mL of dichloromethane, washed with a saturatcd NaC1
solution, dried over MgSOd, filtered and dried by rotary evaporaiion. Isolation of the
organic monomer 3.3 was obtained via column chromatography using a 3:l
chloroform: hexane solvent mixture to elute the product. Purification of the metallated
complexes 3.9, 3.10, 3.17 and 3.18 was achieved via the subsequent dissolution of the
crude products into a minimal amount of acetone and filtenng into cold diethyl ether.

3.4.5 Method of Photolytic Demetallation

Isolation of monomers 3.11, 3.12. 3.19 and 3.20 was accomplished using a
similar methodology as was previously outlined in section 2.4.7.

In each of the

complexes a time of 4 h was required for removal of the metal moiety. Isolation of
cornpounds 3.11 and 3.12 via column chromatography was accomplished using a 3:l
CHCIJ:hexane mobile phase whereas monomers 3.19 and 3.20 required CHC13.

3.4.6 Experimental Method for ROMP: Synthesis of Polymers 3.21

- 3.25

Polymerizations of monomers 3.3, 3.11, 3.12, 3.19 and 3.20 were carried out
under analogous conditions to those employed for the aromatic ether norbomene
monomers previously outlined in section 2.4.8.

Table 3.1:

'HNMR Data of Monomer 3.3.
6 (CDCls), ppm:
(500 MHz NMR)
-H-2

H-31

€4-3n

H-4

H-5

H-6

H-7.

H-7s

2.96

1.88

1.41

2.88

6. 7

1.25

1.41

(ml

(ml

- 1

(br S)

(dd)

5.93
(dd)

( 4

(W

2.24
(dd)

1.93
(ml

3

2.89
(br s)

6.12

6.08
(dd)

1.35
(m)

1.52

(ml

(dd)

(---)Denotes a idden peak.

Table 3.2: "C NMR Data of Monomer 3.3

6 (CDCh). ppm: ( 125 MHz NM

Exo

- Denotes a quatemary aromatic carbon.

M = Monorner.

( 4

CHI Bridge
'OH)*

l

7( * )

4,56 2H)
3'as(m*'0H)*
"* *
4.56 (S. 2H)

ArH

7.32(m. I H).
7.33,,( 4H)
7.32(m,IH).
7.33 (m. 4H)

Table 3.3 : Measured Coupting Constants (Hz) for the Enda and Exo Isomers of
Monomer 3.3.

--- Refers to unobtainable values due to peak broadness and overlap.

Table 3.4: 'HNMR Data of Tri(nhylene glycol) Monoaryl Ether Complexes 3.7 and 3.8,

& (acetonc-d6), ppm

l

l

I
Othen

Methylene
Protons

3.7

(S.

3.54 - 3.77 (m, 8H).

6.20 (br t. 1H).

5.19

5W

(OH)
6.40 (m.4H)

3.90 (t,

SH, J = 4.3),

4.46 (t, 2ii, J = 4.3)

3.8

5.13
(S.

2.87 (br s, IH)

6.27(d,SWJ=6.8), 3.56-3.75(brm,8H).

5H)
6.33 (4 2H. J = 6.7)

I

2.90(brs.IH).
(OH)

3.88 (t, 2H, J = 4.2).
4.42 (t.

2H. J = 4.2)

2.46 (S. 3H),
(CHd

Coupling constants are reponed in Hz.

Table 3.5: I3ch i Data and % Yield ofTri(ethy1ene glycol) Monoaryl Ether
Complexes 3.7 and 3.8.
-

- -

-

-

-

6 (acttont-d,j), ppm

%

Methyltne
Carbons

Others

-

Cornplex

CP

Cornplexcd
Aromatic

3.7

77.39

75.84,84.87,

61.79,69.71,

87.49, 134.91-

70.34,70.91,
71.32, 73.33

3.8

74.92

77.67,87.46,

69.64.70.21.

100.24'. 133.76.

70.33,70.90,

19.58

(CHd
71.19,71.52
*

Denotes a quatemary arornatic &on.

Yidd

Table 3.6: 'H NMR of Metallated Monomers 3.9 and 3.10.

Endo
/Er0
-

Endo

Exo

Endo

Exo

-

MHz NMR)
CH2 Bridge
3.68 (m. 6H).
3.89 (t. 2H. J = 4.0).
4.1 1 (m. 2H).
4.45 (1, 2H. J = 4.0)
3.68 (m. 6H).
3.89 (t, 2H, J = 4.0).
4. I l (m. 2H).
4.45 (t. 2Y J = 4.0)
3.67 (br m. 6H).
3.89 (br t, 2H).
4.14 (br m, 2H),
4.43 (br t, 2H)
3.67 (br rn, 6H).
3.89 (br t, 2H),
4.14 (br m. 2H).
4.43 (br t, 2H)

Coupling constants (J) are recorded in Hz
Obsenred Endo Couplings: 3.9: J(i.6, = 2.9, J(s.6, = 5.6 and 3.10: J,i.(,, = 2.8, J,S.6, = 5.5
M = Monomer.

ArH

Othtr

Table 3.7: "C NMR Data of Metallateci Monomers 3.9 and 3.10.

I

n; (50 MHz NMR)
CH* Bridge

63.81, 69.67.

Exo

Endo

Exo

Othcr

Table 3.9: "C NMR Data of Monomers 3.1 t and 3.12.

I

Endo

-

C-6

/Ex0

Endo

Es0

Endo

Exo

Denoi

quaternary arornatic

M = Monorner.

1

C-7

1

CHI Bridge

Table 3.10: 'HNMR Data of Aliphatic Monoaryl Alcohol Complexes 3.15 and 3.16.
6 (acctonc-d& ppm
l

I

I

I

Complex

CP

Complexeâ
Aromatic

Mdhylene
Protons

3.15

5.17

6.21 (brm, IH),

1.70 (m, 2H),

6.37 (rn,4H)

1-94 On, 2H),

5H)

(S.

Othcn

3.21 (br s,

IH),

3.61 (t, 2H, J = 6.0).
4.34 (t, ZH,J = 6.3)

(s,

5H)

6.37(m. 4H)

1.86 (m,2H),

3.55 (t, 2H, J = 6.2),

(OH)
1

4.30 (1. 2H, J = 6.3)
Coupling constants are reponed in Hz.

Table 3 . 1 1 :

''c N M R Data and % Yield of Aliphatic Monoaryl Alcohol Complexes 3.15
and 3.16.

6 (acetone-&), ppm
./.

Complex

CP

Compltxeâ
Aromatic

'~enotesa quaternary aromatic carbon.

Mcthylcne

Carbons

Yk l d

Table 3.13: ''c NMR Data of Metallated Monomers 3.17 and 3.18.

1

S (teeton&),
C-5

ppm; (50 & 125 MHz NMR)
C-6

C-7

CHz Bridge

Cp

Va

ArC

Ykld

75.3 1,
138.17

Exo

Exo

-

quaternary
(---) Other CO is unobservable.
M = Monomer.

133.04

49.93

26.01.26.26,
7b l7
63,92,70.m

84.73,
87.38,
134.88'
75.3 1,

174.
44

63

Table 3,14:

'HN M R Data of Monomers 3.19 and 3.20.

1

6 (CDCh), pum: 1200 MHz NMR)
CH2Bridge
1.67(br d)

1.67-

1.29-

--1.91
(---)

6.94 (m. 3H),
7.32 (d, 2H, J = 7.5)

(br s)
2.94

1.55

---

(br S)

(br d)

1.41
(br d)

2.93

1.4 1

(br s)

(br d)
'.13

(---) Denotes a hidden peak.
Coupling constants are recorded in Hz.
Observed etdo coupiing: 3.19: Jt1.6)=2.9.
J15.61=!i,

1.67- 1.90(m. 4H),
3.98-4.18 (m. 4H)

6.94 (m. 3H),
7.32 (d, 2H. J = 7.5)

1.4I-1.59 (m, 4H),
1.62- 1.89(m,4H).
3.93-4.14 (m, 4H)

6.93 (m. SH),
7-30(m, 2H)

1.31-

6,93 (m. 3H).
7.30 (m. SH)

1.40
(br d)

5. J , J . ~ , = ~.O and 3.20: Jl l,,,,=2.9,4 3 , &

.6. J{I.s,=~ .O

Table 3.15:

"C NMR Data of Monomers 3.19 and 3.20.

1

6 (CDCIJ),ppm: (50 MHz NMR)
K Y ield

Peak unobservable due to crowding.
Denotes a quaternary arornatic carbon,
M = Monomer.

Table 3.16: 'HNMR Spectral Information for Polymers 3.21 - 3.25.

Polymcr

3.2 1

3.22

3.23

3m24

3.25

Aromatic EI's

Vinyl E's

Methyltne H's

4.55 (S. 2H),
5.18-5.37
4.00-4.20 (br m. 4H),
7.33 (br s, 5H),
(br
3.64 (br S. 8H)
4.00-4.20 (br m. 4H),
6.88-6.96(brmq3H). 5.19-5.36
3.g4 (brs,tHX
7.22-7.30 (br s, 2H) (br d. 2H)
3.67 (br 6H)
4.01-4.20 (br m, 4H),
5.12*5'41
6.79 (br d, 2H).
3.83 (br S. 2H).
7.08 (br d. 2H)
@ r d 2H)
3.68 (br 6H)
3.77-4.28(brd,4H),
5.04-5.57
6.80-6.9 (br m.
1 0-1 .w (br 4H)
7.24-7.28 (br s, 2H) (br S. 2H)

6.75-7.72(brm,5H)

5'18-533
(brs,2H)

3.85-4.18 (br s, 4H).
1.25-1.98(br peaks.
8H)

Aliphatic

H's

Onen

1.04-2.93
(br peaks,
7w
1.12-2.95
(br peaks.

-

1.15-2.93
(br peaks,

2.27
(br s, 3H)

M)

KH3)

0.54-2.98
(br pe&s,

---

0.85-2.98
(br peaks,

-

7Hl

-

Table 3.17: MW,Mn,PD1 and Yield for Aliphatic Bridged
Polynorbomenes 3.2 1 - 3.25.

"MW

Polymer

"Mn

PD1

Yitld (%)

3.2 1

66 000

33 000

2.2

38

3.22

390 000

145 O00

2.7

23

3.23

288 O00

104 000

2.8

37

3.24

97 O00

53 O00

1.8

82

110 O00

82 000

1.3

78

3.25
-

" Values are reported in @mol.

Table 3.18. Thermal Decomposition Data for Polymers 3.21 - 3.25.

-

Polymer

Tonrtt

3.2 1

(OC)

Tmldpdnt (OC)

Teldm ( O c )

393.7

427.9

454.3

3.22

403.9

43 1.7

451.8

3.23

395.0

430.5

455.1

334

391.6

424.2

454.5
i

394.1

3.25
i

423.1

449.7

4.0 Conclusion

Functionalization of the polynorbomene backbone has s h o w to be an effective
method towards altering the thermal properties of the resulting polymeric material. It
was our goal to construct polynorbomenes fûnctionalized with pendent aromatic ether
side chains in an attempt to improve the thermal stability. As aromatic ethers represent a
class of materials known as engineering thermoplastics, we focused on incorporating
various lengths of these chains into the polymer.

Through a series of

cyclopentadienyliron-mediated SN& reactions and DCC-mediated coupling reactions, we

were able to design novel monomeric derivatives of norbornene containing one, three and
five aromatic groups pendent to the norbomene stmcture.

Complexation of the

cyclopentadienyliron moiety to chloroarenes has proven to be an effective method
towards preparing these novel metallated monomers. However, as we were only
interested in the organic compounds at this time, we cleaved the meta1 moiety using
photolytic demetallation.
Living polymerizations of these norbomene building blocks were accomplished in
the presence of (Cy3P)2C12Ru=CHPhor "Grubbs catalyst". The resulting polymeric
materials displayed high MW's and Mn's with low polydispersities, as was determineci by
GPC. DSC and TGA thermal analyses showed that as the length of the aryl ether chain

pendent to the polynorbornene backbone increased, an increase in the thermal properties
of the poiymeric materials was also observed. As these derivatives of polynorbornene
represent greater thermal stability than the unsubstituted derivative, wt were succcssfiil in
attaining our goal.

The incorporation of an aliphatic spacer between the polynorbornene backbone
and the rigid aromatic ring or mesogen was also explored. Synthesis of the monomers
were accomplished using several steps involving an initial monoarylation step via a &Ar
with a chIorobenzene cyclopentadienytiron cornplex. capping with 5-norbornene-2-

carboxylic acid and then photolysis. Living polymeriations yielded polymers having
much higher MW's and

Mn's than the aryl ether derivatives, with similar PDI's.

Thermogravimetric anaiysis of the polymers bridged by tri(ethylene glycol). 1,4butanedi01 or 1.6-hexanediol linkages demonstrated improved thermal properties relative

to the unsubstituted derivative, yet were notably lower than the aryl ether hnaionalized
polymers.

5.0 Future Work

Current efforts in the design of SCLCPs are being directed towards materials that
possess lower crystalline melting teinperatures in an attempt to improve processability.
Efforts toward attaining this goal have recently begun to focus on the preparation of
novel copolymers with properties exhibiting reduced chain rigidity, yet maintaining high
dimensional stability, strength and melting temperatures. 158 Due to the recent syntheses
of both the aryl ether- and aliphatic-bridged Fiinctionalized polynorbomenes (via living
polymerizations), a preliminary investigation involving the construction of a block
copolymer combining each of these novel polynorbornenes was attempted.
The following scheme shows the copolymerization of two norbomene monomers

with two different side chains.

In a glove box, 0.006 g (0.00681 mmol) of

(Cy3P)2C12Ru=CHPhwas weighed into a 10 mi. round bottom fiask. To this was added
0.8 mL of dry CH2Cl2. The catalyst solution was tben added to a stirring solution of

monomer 3.26 [O. 16 g (0.68 mmol)] also dissolved in 0.8 mL of CH2CI2. The reaction
mixture was then stirred under nitrogen until there was a thickening of the solution.
Upon the appearance of this viscous solution 1 h after the ROMP reaction commenced,
an aliquot of monomer 3.3 dissolved in an additional 1.O mL of CH2CI2 was added.
Continued polymerization proceeded until the reappearance of a viscous solution, which
was afier 50 min. The nithenium catalyst was then cleaved by the addition of ethyl vinyl
ether. Purification of the copolymer proceeded upon dissolution in a minimum amount of
chloroform and precipitation into cold methanol. Isolation of the tan, fibrous polymeric

material was achieved in 3 1% yieid. GPC analysis indicated a high MW(89 000) and Mn
(72 000) for this material with a PD1of 1.2.
In the 'H NMR spectrum, two broad singlets at 4.55 ppm and at 3.64 ppm were

assigned to the methylene protons in the aliphatic ether portion of the copolymer.
Another broad peak ranging fiom 4.07

- 4.24 ppm

was also representative of the

remaining methylene protons in the diphatic spacer as well as to the methylene protons
arising fiom the ROMP of monomer 2.8. Evidence confirming the incotporation of

polymer 2.32 was found by the appearance of a strong aromatic resonance at 8.02 ppm.

The presence of these aromatic signais so fat domfield is characteristic of the close

proximity of the ortho protons to the highly electron-withdrawing carbonyl group.
Polymer formation was also verified by the loss of olefinic resonances in the range of 5.9

- 6.2 pprn which were representative of the endo and exo HSand Hg protons in each of
the rnonomers. A broad singlet ranging fiom 5.22 - 5.39 pprn in the 'HNMR spectrum
represented the double bonds in the unsaturated polymer backbone. This broad singlet
reflects the high trans geometry in the polymer microstructure.
As the thermal behavior of this copolymer was of interest, DSC and TGA were

performed. Two distinct Tg's were observed in the DSC thermogram, the first appearing
at 39.3 O C and the second at 45.3 OC. Due to the AB nature of the block copolymer, the
first Tg was identified as belonging to the aliphatic-bridged component of the polymer
which is what would be expected for this "soft" or more flexible segment.I I . 145.

149

The

more rigid aryl ester unit referred to as the "hard segment was assigned to the higher Tg.
Determination of the thermal decomposition of 4.1 was also accomplished using TGA,
which showed a single weiyht loss at 417 O C .
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