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Abstract 

Simple routes to [Pd(P-i-Pr 3 )2(02CCH3)(NCCH3)][(B(C 6 F 5 ) 4 ] (Pdl206) have been developed. 
Reactions o f fra>w-[(i-Pr3P)2Pd(02CCH3)2] with Li(Et 2 0) 2 .5[B(C6F 5 )4] or [HN(Ph)(Me) 2 ]-
[B(C6Fs)4] in acetonitrile led to carboxylate abstraction and formation o f Pdl206 in excellent 
yield. Reaction o f f raw-[ ( i -Pr 3 P) 2 Pd(0 2 CCH 3 ) 2 ] with K [ B ( C 6 F 5 ) 4 ] in acetonitrile led to 
carboxylate abstraction and formation o f Pdl206 in only 40% yield but the addition o f 1 
equivalent o f L i O T f pushed the reaction to completion. 

The thermolysis behaviour o f Pdl206 and [Pd(P- i -Pr 3 ) 2 (K 2 -OAc)][B(C 6 F 5 ) 4 ] (Pdl l65) in THF-</ 8 

and CDC1 3 , is shown to be complex by *H and 3 I P N M R spectroscopy. The reactions reveal a 
number o f new thermodynamically unstable intermediates that lead to the thermodynamically 
stable [Pd(P-i-Pr 3)2(NCCH 3)(H)][B(C 6F5)4] (Pdl l48) in approximately 40-45% yield and a 
number o f other closely realated cationic palladium hydride complexes. The thermolysis 
behaviour o f Pdl206 and P d l l 6 5 depends heavily on the reaction solvent and temperature, with 
coordinating THF-fifo giving a faster reaction rate than non-coordinating CDCI3. ! H and 3 1 P V T -
N M R , 3 I P - ' H and 3 1 P- 3 I P 2D-NMR, between 25 and -60°C, using CDC1 3 as solvent, allowed the 
characterisation o f key reaction intermediates and products including 
c/^raw-[Pd(P-i-Pr 3 ) (P( i -Pr 2 ) (K 2 -C(CH 3 )2 ) ) (NCCH 3 ) ] [B(C 6 F 5 ) 4 ] (Pdl l46M), 
[Pd(P-i-Pr3)((i-Pr2)P-C(CH 3)=CH2)(NCCH 3)(H)][B(C 6F5) 4] (Pdl l46H )and 
[Pd(P-i-Pr 3 )((i-Pr 2 )P-C(CH 3 )=CH 2 )2(H)][B(C 6 F 5 ) 4 ] (Pdl273H). 

The cyclometallated cis/trans-Pdll46M is formed via the reversible carboxylate abstraction 
reaction from Pdl l65 . The P d l l 4 6 H is identified using 3 I P N M R spectroscopy at -60°C (202.3 
MHz, CDC1 3): 6 (ppm) = m - P d l l 4 6 M , 92.6%; 50.4 (d, non-metalated P, J = 31.56), 41.7 
(d, metalated P,J = 31.56): trans-PdlU6M, 7.4%; 38.2 (d, non-metalated P, J = 236.30), 14.8 
(d, metalated ?,J= 236.30). The cyclometallated phosphine ligand in P d l l 4 6 M undergoes a 
rapid hydride abstraction reaction, above 0°C, resulting in P d l l 4 6 H that now has two different 
/rcws-phosphine ligands. The P d l l 4 6 H is identified using 3 I P N M R spectroscopy (121.4 MHz, 
CDC1 3): 5 (ppm) = 52.2 (AB-system, J = 322.0 Hz). P d l l 4 6 H is identified using ' H N M R 
spectroscopy (200.0 MHz, CDC1 3): 5 (ppm) = 5.86 (d, 1H, V P H = 34.8, vinylic H trans to P), 
5.67 (d, 1H, V p H = 1 6 . 1 , vinylic H cis to P), -15.25 (t, 1H, J = 7.16, Pd-H). The P d l l 4 6 H is 
highly thermodynamically unstable above 0°C, resulting in rapid phosphine ligand exchange to 
give P d l l 4 8 and a range o f other mixed phosphine ligand cationic palladium hydride 
complexes. The tris-phosphine complex Pdl273H was identified using 3 l P N M R spectroscopy 
(121.4 MHz, CDC1 3): 5 (ppm) = 69.8 (dd, J = 110.4 & 29.3, ((i-Pr 2 )P-C(CH 3 )=CH 2 ) , 60.0 
(dd, J= 32.5 & 29.3, ((i-Pr 2 )P-C(CH 3 )=CH 2 ) , 56.9 (dd, J= 110.4 & 32.5, P-i-Pr 3). 

The thermolytic transformation o f Pdl206 into cationic palladium hydrides is non-quantitative 
since a decarboxylation pathway leads to the formation o f carbon dioxide and 
[Pd(P-i-Pr3)2(NCCH3)(CH 3)][B(C 6F5) 4] (Pdll62) . P d l l 6 2 readily undergoes decomposition to 
Pd metal under thermolysis conditions. The complicated thermolysis mechanism can be 
obviated and Pd l l48 generated in >90% yield f rom Pdl206 via the addition of 1 equivalent o f 
Et3SiH in CDC1 3 . This methodology may be useful for the conversion o f any general complex, 
[Pd(PR 3 ) 2 (OAc)(NCCH 3 ) ] [FABA], into [Pd(PR 3 ) 2 (H)(NCCH 3 ) ] [FABA], for any 
trialkylphosphine. 

The Pd l l48 polymerizes ewfo/ejto-5-decyl-2-norbornene (k = 4.54 x 10"3 s"1) approximately four 
times faster than Pdl206 (k = 1.28 x 10"3 s"1) in toluene-cfo, at 70°C. The GPC data shows 
P d l l 4 8 generates a lower molecular weight polymer (Mw = 33,000 versus 60,000), sharper PDI 
(MJM„ = 1.87 versus 2.87), and higher yield than Pdl206 under the same conditions. 



' H N M R spectroscopy is demonstrated as an analytical tool for probing the initiation and 
propagation steps o f the stable cationic palladium hydride initiator, [Pd(PCy3) 2(NCCH 3)(H)]-
[B(CeFs)4] (Pdl388), with a range of technologically important functionalised norbornenes. The 
addition o f CuCl causes instantaneous initiation and an increase in the polymerisation rate o f 
norbornene monomers by a factor o f ><3. An increase in polymerisation solvent polarity causes 
an increase in polymerisation rate. ewfo-Substituted norbornenes are polymerised more slowly 
than their exo-analogues. The rate o f polymerisation is independent of the steric size o f the exo-
functionality, however, for the emfo-regioisomer, functional groups with larger steric size 
polymerise more slowly. The electronic nature o f the functionality plays the major role in 
lowering polymerisation activity; with electron withdrawing functionalities causing reduced 
polymerisation activity. The introduction o f methylene spacers between norbornene and its 
functionality reduces the electronic effect o f the functionality and increases the monomers 
polymerisation activity. The polymerisation activities o f endo- and exo-functionalised 
norbornene monomers are greatly affected by the penultimate group effect during co-
polymerisation reactions. 

The new single regioisomer monomers: exo-5-methoxy-2-norbornene (exo-NB-OMe), exo-5-
acetate-2-norbornene (exo-NB-OAc), exo-5-benzyloxy-2-norbornene (exo-NB-OBz) and endo-5-
acetate-2-norbornene (endo-NB-OAc) have been synthesised f rom exo- or encfo-5-hydroxy-2-
norbornene (NB-OH) and their polymerisation activity investigated. exo-NB-OMe showed very 
high polymerisation activity. Surprisingly, exo-NB-OAc showed lower polymerisation activity 
than endo-NB-OAc. The new single isomer acetate functionalised tetracyclododecenes: exo-TD-
OAc or endo-TD-OAc, have been synthesised from the Diels-AIder cycloaddition reaction of 
cyclopentadiene with the corresponding exo- or endo-NB-OAc monomers. In both cases 
cycloaddition occurred selectively at the norbornene exo face. A single crystal o f exo-TD-OAc 
was obtained from hexanes at -10°C over 4 weeks, and an X-ray structural diagram produced. 
Steric effects cause both TD-OAc isomers to show low polymerisation activity. 

The single regioisomer monomers: exo-5-methyl methoxy-2-norbornene (exo-NB-CI-hOMe), 
exo-5-methyl acetate-2-norbornene (exo-NB-CHbOAc), endo-5-methyl methoxy-2-norbornene 
(etttfo-NB-CF^OMe) and ewfo-5-methyI acetate-2-norbornene (erafo-NB-CF^OAc) have been 
synthesised from exo- and ewfo-5-carboxylic acid-2-norbornene (NB-CO2H) and their 
polymerisation activity investigated. Single crystals o f exo-NB-CC^H and ewfo-NB-C0 2 H were 
obtained via slow sublimation at 20°C and X-ray structural diagrams produced. 

The new single regioisomer monomers: ewfo-5-methyl-exo-5-trimethylsilyl carboxylate-2-
norbornene (NB(em/0-Me)(exo-CO2TMS)), ew/o-5-methyl-ex0-5-methyl methoxy-2-norbornene 
(NB(e«t/o-Me)(exo-CH20Me)) and e«do-5-methyl-exo-5-methyl trimethylsilyl carboxylate-2-
norbornene (NB(e«t/o-Me)(exo-CH2C0 2 TMS)) have been synthesised from era/o-5-methyl-exo-
5-carboxylic acid-2-norbornene (NB(e«(fo-Me)(exo-C02H)) and their polymerisation activity 
investigated. A Single crystal o f NB(ertc/o-Me)(exo-C02H) was obtained via slow 
recrystallisation from ethylacetate at 20°C and a X-ray structural diagram produced. NB(era/o-
MeXexo-CFbCC^TMS) was produced using standard chain extension techniques. 

The l 3 C N M R spectroscopic shifts were employed in an attempt to rationalise the effects o f 
introducing methylene spacers between norbornene and its functional group. The key bicyclic 
carbons within the monomer structures displayed no regular or consistent trends in 1 3 C N M R 
signal shifts, upon the methylene spacing o f the -CO2TMS, -OMe, -NHSO2CF3 and - O A c 
functionalities. 

Theoretical calculations are performed on isolated molecules o f endo- and exo-NB-(CH2) nC0 2H, 
where n = 0, 1 and 2, using the Gaussian 03 program, to rationalise the effects o f introducing 
methylene spacers between norbornene and its functional group. The relationships between 



polymerisation activity and bond lengths, bond angles and Mull iken atomic charges are 
examined. Although the relationships shown for the exo-regioisomers differ from those 
occurring in the analogous erafo-regioisomers, the main structural changes for both regioisomers 
involve the C3, C4, C5 and perhaps C6, atoms, which is not surprising given that these carbon 
atoms are nearest the electron withdrawing substituent. The structural changes occurring could 
not be used to explain the monomers changes in polymerisation activity. 
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Chapter 1 

1 General Introduction and Background 

1.1 Introduction 

It is well recognised that polymers prepared by the polymerisation of cyclic olefins represent 

the next platform of high performance materials for a variety of demanding, emerging optical 

applications, due to two factors: the development of new single-site catalysts that will 

polymerise these types of monomers with good activity; the realisation that polymers 

containing sufficient quantities of these bicyclic monomers exhibit unique properties such as 

high glass transition temperature and transparency. 

There are three different mechanisms shown in scheme 1.1, by which norbornene can be 

polymerised to reasonably high molecular weights: ring opening metathesis polymerisation 

(ROMP); vinyl addition co-polymerisation with acyclic olefins such as ethylene, and vinyl 

addition homo-polymerisation. Carbocationic and free-radical initiated polymerisations are 

ignored since they yield only low molecular weight oligomers.1 
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Scheme 1.1. The different types of norbornene polymerisation. 

ROMP and vinyl addition co-polymerisation of cyclic olefins (e.g. norbornene) and acyclic 

olefins (e.g. ethylene) produce amorphous polymers with good optical properties. ROMP 

polymers suffer from thermo-oxidative instability due to the presence of allylic hydrogens. 

However, the Japanese company, Nippon Zeon, commercialised hydrogenated versions of 

ROMP polymers in order to make them more stable to oxidation (e.g. Zeonex®, Zeonor®, 

and Arton®). While the co-polymerisation of norbornene with ethylene creates polymers 

without allylic hydrogens, these copolymers suffer from relatively low glass transition 

temperatures (Tg), around 140 - 180°C. However, for certain applications, this T% is 

sufficient and this polymer has been commercialised as Topas®2 and Apel®,3 by Ticona. 

Topas® is a co-polymer from norbornene and ethylene made through metallocene 

polymerisation. 

This review is particularly concerned with developments of late transition metals, in 

particular palladium, for the addition polymerisation of norbornenes, with the emphasis on 

the synthesis of functionalised norbornene polymers for a variety of reasons: 

a) Functionalised norbornenes represent a wide variety of monomers and hence 

polymers and application areas. 
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b) This area has developed into a number of commercial applications, thanks largely to 

the pioneering work carried out by Promerus LLC, formerly B. F. Goodrich Company, 

using cationic palladium initiators. 

1.2 Addition Polymerisation Catalyst Development Using Late Transition Metals 

The vinyl addition homo-polymerisation of norbornene, resulting in poly(2,3-norbornene) 

was first mentioned in the early 1960's using classical TiCU-based Ziegler systems.4 These 

catalysts afforded only very low molecular weight materials (molecular weights < 1000) at 

low yields. Metallocene catalysts, which consist of a metallocene of group IV (mostly 

zirconium) and methyl aluminium oxide (MAO) as co-catalyst are reported to afford high 

polymers, but these polymers decompose in air at high temperatures before they melt and are 

insoluble in organic solvents, figure 1.1.5 

CP 

V C I 

Cp 

M = Ti, Zr, Hf 
metallocene dichloride 

ChL 
I 3 

-A l -O- -AI(CH3) 3'2 

linear methylalumoxane (MAO) 

Figure 1.1 

Additionally, for the homo-polymerisation of norbornene, zirconocene catalysts exhibit low 

activity and require the use of a large excess of expensive MAO. 

The first vinyl polymerisation of norbornene and substituted norbornene derivatives with 

palladium catalysts was mentioned in 1966 using PdCb,6 and then again in the late 1970's 

using PdCl2(C6H5CN)2 and also PdCl2(Ph3P)2.7 

Eventually, the cationic palladium(Il) catalyst system [Pd(CH3CN)4][BF4]2 became the most 

frequently mentioned system for the polymerisation of norbornene, figure 1.2. Sen's team 

first introduced the system in 1981 with regard to the polymerisation of olefins.8 
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Figure 1.2 
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It was not until 1991 that the polymers being produced by the above catalyst were effectively 

characterised by Risse.9 When the vinyl polymerisation of norbomene was carried out in 

solvents such as nitromethane, the resulting polymers were reasonably soluble in solvents 

such as tetrachloroethylene and chlorinated aromatics. Characterisation showed these 

polymers to have molecular weights in excess of 100000 and high glass transition 

temperatures (Tg > 300°C). 

The most significant aspect of the research carried out by Risse was that he demonstrated the 

ability of palladium catalysts such as (r|3-allyl)Pd(II)(SbF6), to tolerate substituted 

norbornene monomers; importantly oxygen functionalised norbornene monomers such as 

esters.10 The addition polymerisation of exo- and ettc/o-5-ester-2-norbornene monomers 

were investigated." However, the rate of polymerisation was reduced in comparison with 

non-oxygen containing monomers. Unlike early transition metals, late transition metals are 

more tolerant of oxygen functionalities in the monomer and polymer. This behaviour stems 

from the preference of the late transition metals for soft ligands due to their higher 

electronegativity and lower oxidation states. This allows these palladium catalysts to have a 

high tolerance toward functional groups (such as carboxylic acids, esters and ethers) and 

therefore allows the homo- and co-polymerisation of a wide variety of norbornene monomers 

bearing functional groups. This discovery has driven the development of cationic palladium 

initiators, in the anticipation that they will permit the formation of novel functionalised 

polymers for optoelectronic applications. 

A broad family of new single- and multi-component catalysts were discovered by the B. F. 

Goodrich Company, for the polymerisation of norbornene type monomers based on nickel 

and palladium. Unlike the ROMP route, a saturated (thermally and oxidatively stable) 

polymer is generated in a single step. Moreover, unlike the ethylene/norbornene co-

polymerisation route, it is possible to achieve complete conversion of the norbornene 

monomer, eliminating the need for recycling of the monomer. The most successful of these 
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early catalysts was the "naked" nickel system, [(r|3-allyl)Ni(l,5-cyclooctadiene)]+ (figure 

1.3), so called because all of its ligands could be easily displaced by monomer.12 

+ 

< P F M 

M = Ni, Pd 

Figure 1.3 

The palladium analogue was shown to be surprisingly less active and so further higher 

activity derivatives have been produced.13' 1 4 The systems described then rely on a cationic 

palladium complex containing an initiating ligand (metal-carbon a-bond, which can be part 

of an allylic system), a neutral, two-electron-donor phosphine ligand, and a weakly 

coordinating anion. An example of such a complex is the highly active catalyst based on r|3-

allyl palladium complexes coordinated by phosphine ligands. The palladium complex 

[(ri3-allyl)Pd(PCy3)(ether)][B(3,5-(CF3)2C6H3)4] was found to co-polymerise 5-butyl-2-

norbornene and 5-triethoxysilyl-2-norbornene (95:5 molar ratio) with truly high activity and 

is capable of producing more than a metric tonne of co-polymer per mole of Pd per hour.13 

Other more basic neutral nickel catalysts such as (r|6-toluene)Ni(C6F5)2, have found utility in 

the polymerisation of highly functionalised monomers for photoresist applications.15 

During efforts to explain how mixtures of /ra«s-[(R3P)2Pd(OAc)2] and either 

[Li(Et20)2.5][B(C6Fs)4] or [Me2(H)NC6Hs][B(C6F5)4] are able to promote the polymerisation 

of norbornene upon thermal activation,16 several novel cationic palladium acetate complexes 

were discovered and structurally characterised, scheme 1.2.17, l 8 ' 1 9 
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Scheme 1.2. Synthesis of novel cationic palladium acetate complexes. 

Performing acetate abstraction reactions using [Li(OEt2)2 5][B(C6F5)4] or 

[Me2(H)NPh][B(C6Fs)4] in acetonitrile led to the selective formation of trans-

[(R3P)2Pd(OAc)(MeCN)][B(C6F5)4] (R = Cy, 'Pr) bearing mono-dentate acetate ligands. The 

geometry of the palladium centre was shown by crystallographic analysis to be square 

planar. It was shown that a chelating acetate binding mode, [(R3P)2Pd(K -OAc)][B(C6F5)4] 

(R = Cy, iPr) could be generated by altering the reaction solvent to CH2CI2. More effective 

carboxylate abstraction procedures allowed the synthesis of [(R3P)2Pd(K2-OAc)][B(C6F5)4] 

(R = Cy, 'Pr) in high yield and purity. 

The acetonitrile is labile, and various Lewis base adducts are easily accessible in high yields, 

although the addition of acetonitrile to [(R3P)2Pd(K2-OAc)][B(C6F5)4] does not produce 

[(R3P)2Pd(OAc)][B(C6F5)4]. The addition of acetonitrile to [(R3P)2Pd(K2-OAc)][B(C6F5)4] 

results in the reversible formation of a three-membered palladacycle via elimination of 

acetate as acetic acid and P-hydrogen elimination from one of the Me2CH groups of 'P^P 

ligands. The phosphines in this palladacycle were suggested to be in a c/s-conformation 

around palladium via the j H NMR spectroscopic investigation, showing small 2 J P P coupling 

constants (29 and 30 Hz, respectively). The yield of the palladium metallacycles were 
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increased by the addition of sodium carbonate but a clean sample was not obtained. The 

addition of two equivalents of pyridine to [(R.3P)2Pd(K2-OAc)][B(C6F5)4] resulted in the 

quantitative formation of the closely related palladacycle, allowing for crystallographic 

analysis. The X-ray structural diagram confirmed the cis arrangement of phosphines around 

palladium. These new cationic carboxylate complexes were shown to be competent 

thermally activated catalyst pro-initiators for the addition polymerization of norbomene 

derivatives. 

Unlike conventional palladium catalysts bearing Pd-R or Pd-H bonds that are set for olefin 

insertion, these catalysts lack such groups, and thus have had their thermolytic behaviour 

examined, scheme 1.3.18 The solution thermolysis of [(R3P)2Pd(OAc)(MeCN)][B(C6F5)4] (R 

= Cy, 'Pr) at elevated temperatures, analysed via l H and 3 l P NMR spectroscopy revealed new 

cationic palladium complexes. The main product of the thermolysis is the cationic palladium 

hydride complex [(R3P)2Pd(H)(MeCN)][B(C6Fs)4]. Analysis of the gaseous products 

produced during thermolysis via GCMS revealed C 0 2 and CH 4 . 

CO 

CH CH.CN 
CH C K 

o 

(i-Prl.P A 1 \ y N N Pd 
0-POjP—Pd—P(i-Pr) (i-Pr),P—-Pd—P(hPr) (i-Pr),P 

H.C 

- A H,CCO,H 

H.CCOjH CHjCN 

N 
C H , C K 

2_ ^ 4 
N N 

Pd Pd—P(i-Pr) (hPr) ,P— P d - P ( i . P r ) O T -i Pd N (i.Pr),P N CH H 
( i -Pr) 3 P 

CHjCN 

Scheme 1.3. Proposed mechanism for the thermolysis of 

[( iPr3P)2Pd(OAc)(MeCN)][B(C6F5)4]. I 6 , , 7 ' 1 8 , 1 9 

Although the patent suggests the thermolysis mechanism and potential cationic palladium 

complexes involved in [(R3P)2Pd(H)(MeCN)][B(C6F5)4] formation, no evidence is given for 

many of the speculated intermediates. 
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Palladium hydride complexes have found diverse usage in numerous synthetic 

transformations. Palladium hydride complexes such as /ra«.s-MHX(PR3)2, where M = Ni or 

Pd, have been shown to act as catalysts for many organic transformations, especially when 

the products involve hydrogen transfers,20 such as butadiene oligomerisation.21 The 

multiple insertion of bulky aromatic isocyanide into the palladium-hydride bond of trans-

[Pd(H)Cl(PPh3)2], leading to formation of heterobicyclic and pyrrole compounds has been 

demonstrated. 

In contrast to the neutral palladium hydride complexes described, the preparation and usage 

of cationic palladium hydride complexes has received far less attention. A few publications 

claim the active species during their respective reactions are in situ formed cationic 

palladium hydride species.23 The suggestion that cationic palladium hydride complexes may 

be the active component for the polymerisation of norbornene monomers has led Promerus 

LLC to create new and adapt previous methodology for their formation. 

The syntheses of [(R3P)2Pd(H)(L)][X] (where R = lBu or Cy, L = H 2 0 or CH 3CN, X = 

B F 3 O H , B F 4 or B P h 4 ) have been described in early literature from the corresponding 

palladium(II) bis(trialkylphosphine) via oxidative addition of acids such as [H30+][X"] (X = 

B F 3 O H or BF 4 ) . 2 4 The cationic palladium hydrides [PdH(PR3)(dppe)]+[PF6]', where R = 

cyclohexyl or 'Pr, have also been prepared and their reactions with butadiene explored.21 

Protasiewicz et al. showed the treatment of Pd(PCy3)2 with [Me 2(H)NPh][B(C 6F 5) 4] in 

acetonitrile, can be used to produce [(Cy3P) 2Pd(H)(Me 2NPh)][B(C6F5)4], which can be 

readily converted to [(Cy3P) 2 Pd(H)(MeCN)][B(C6F 5 ) 4 ] via sonication to eliminate 

dimethylaniline, scheme 1.4. The synthesis of the thermally stable hydrides of palladium of 

the type ('Pr3P) 2Pd(Cl)H is described in the literature,25 so only the extraction of the chloride 

is needed to generate the desired [( iPr3P) 2Pd(H)(MeCN)][B(C 6F 5)4], scheme 1.4. 
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Cy 3 P—Pd-PCy 3 

(Me2N(H)C6H5)[B(C6F5)4] 

c y 3 P x / H 

Pd 

Me 

B(C 6F 5) 4 

MeCN 
PCy3 

M e - ^ N - P d - H 
PCy, 

"B(C 6F 5) 4 

^ci 

Cl NaOH M e 0 \ RiPr L i ( O E t ^ * 
' C l X

 C | P'Pr3 | 3 [B(C 6F 5) 4] 
Pd C I—Pd-H 

I 
PiPr, 

PiPr, 
I 3 

Me—=N—Pd~H 
I 
PiPr, 

B(C 6 F 5 ) 4 

Scheme 1.4. Syntheses of [(R3P)2Pd(H)(MeCN)][B(C6F5)4]. 

The generation of [('Pr3P)2Pd(Me)(MeCN)][B(C6F5)4] occurs in an analogous way to 

palladium hydride formation, scheme 1.5. 

.CI 
Pd 

P P r , 

Me 
C I — P d - M e 

I 
PiPr, 

Ag(n2-toluene) 3[B(C 6F 5) 4] 

AgCI 

PiPr, 

M e - ^ N - P d - M e 

PiPr 3 _ 

" B ( C 6 F 5 ) 4 

Scheme 1.5. Synthesis of [(lPr3P)2Pd(Me)(MeCN)][B(C6F5)4]. 

The synthesis new, well defined, high activity addition polymerisation catalysts, from a 

perspective of improved activity and functional group tolerance is vital i f continued 

improvements are to be made in polymeric optoelectronic materials. Whilst the role of the 

catalyst is undoubtedly critical in achieving improved polymeric materials, it is also 

important to acknowledge and address the important roles that the monomers structure and 

functional group play in defining the vital characteristics of the final polymeric material. 

1.3 Addition Polymerisation of Functionalised Norbornenes 

Metal-catalysed addition polymerisation of functionalised norbornene derivatives is an area 

of great current interest in polymeric materials chemistry because the addition of 

functionalities to a polymer that is otherwise non-polar can greatly enhance the range of 
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attainable properties. The norbornene functional groups that are commonly utilised to give 

the optoelectronic polymeric materials their key characteristic properties (discussed later in 

this chapter) are esters, protected carboxylic acids, hexafluoroisopropanol, 

trifluoromethanesulfonamide, ethers, acetates, trimethoxysilyl and alkyl. The diversity of 

norbornene functional groups utilised in the making these polymeric materials can create 

problems since they all affect the norbornene monomers polymerisation activity differently. 

This section will review the key challenges that are being faced within the addition 

polymerisation of functionalised norbornene monomers. 

1.3.1 Synthesis of Norbornene Monomers via Diels-Alder Route 

Current norbornene functionalisation strategies are based primarily upon elaboration of 

esters synthesised as an 80:20 endo/exo isomeric mixture via the Diels-Alder reaction of 

cyclopentadiene and asymmetric dienophiles. When the diene is cyclic, there are two 

possible ways in which addition can occur i f the dienophile is not symmetrical. The larger 

side of the dienophile may be under the ring {endo addition), or it may be the smaller side 

(exo addition), scheme 1.6. 

H H 

H C C - H 
H H O X C C L H H C C L H H 

endo addition exo addition 

Scheme 1.6 

In this work, exo- or era/o-addition can occur depending upon the conditions. Under 

moderate temperature conditions the addition is predominately endo, the kinetically favoured 

product. This is usually attributed to the fact that the dienophile is added so as to give a 

maximum of 'secondary overlap' of rc-molecular orbitals in the transition state. In order to 

obtain the more thermodynamically stable era-adduct, severe temperature conditions, longer 

reaction times and repeated recrystallisations are usually necessary.27 The pure 100% exo- or 

em/o-isomers are not formed initially in the diene synthesis. 
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Earlier work in other labs28' 1 0 as well as our own has shown that the ewdo-functionalised 

norbornenes are polymerised more slowly. The drop in polymerisation rates for endolexo 

norbornene mixtures has been attributed to many different factors, discussed in the following 

sections. 

1.3.2 Effect of Stereochemistry, Size and Chelate Formation 

The formation of a chelate can occur by coordination of the metal to the functionality and the 

C=C bond along the endo face, figure 1.4. 

R 

H Pd 
X Pd - -X 

H 

Figure 1.4. Modes of bonding for functionalised norbornene derivatives (X = coordinating 

functionality). 

This has two detrimental effects on polymerisation. First, chelation strengthens metal-olefin 

interaction, thereby raising the barrier for the insertion step. Second, it forces insertion 

through the endo face, in contrast to the known preference for norbornene to insert into 

metal-carbon bonds through the less hindered exo face. 

The endo, endo insertion of the endo isomer of an ester-functionalised norbornene into the 

Pt-H bond of (Et3P)2PtH+ results in the formation of a chelate platinum complex, figure 

1.5.30 The chelate system was determined conclusively using NMR and crystallographic 

analysis and owes its stability to the stable six member chelate ring. 
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E t 3 P - P t 

PEt, 

Figure 1.5. Model chelate platinum complex. 

The coordination of the endo functionality is not the sole explanation for the preferential 

uptake of the exo-isomers. 5-Butyl-2-norbornene exhibits a huge preference for exo uptake. 

The rate of polymerisation has been shown to decrease in the order 5-butyl-2-norbornene > 

5-hexyl-2-norbornene > 5-decyl-2-norbornene.31 

H H H H 
+ ,CH PR 3 V H,C Pd PR 

H H Pd 

H 

Scheme 1.7. Steric compression in the insertion of the era/o-5-butyl-2-norbornene. 

Even for coordination and insertion through the exo face, in the endo isomer there is an 

unfavourable interaction between the substituent and the vinylic hydrogen, which is being 

rehybridised from sp to sp , upon coordination and insertion into the palladium-alkyl bond, 

scheme 1.7. This raises the energy barrier for the insertion of the endo isomer, resulting in a 

decreased polymerisation rate. 

1.3.3 Effect of Functional Group 

In addition to coordination-chelation and steric effects, a further, and even greater, reason for 

the diminution of activity of both the endo- and the exo-functionalised isomers is simply the 

coordination of the functionality to the metal centre, figure 1.6. 
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Polymer 

Figure 1.6. Chelation by exo- or emfo-5-ethyl ester-2-norbornene. 

This was supported by the observation that coordinating solvents, such as acetonitrile sharply 

attenuate the polymerisation activity of the catalyst. 

The electronic effect of the functional group opposite the C=C bond has been largely 

dismissed for both addition polymerisation and ROMP. The Sen group recently quoted "On 

the basis of l 3 C shifts, one can surmise that the electronic effect of the substituents on the 

C=C bond is minimal (not surprising given the distance between the two). Thus, the vinyl 

carbons of norbornene resonate at 135.5 ppm, while those of 5-ethyl ester-2-norbornene 

appear at 137.7 and 132.5 ppm (endo) and 138.1 and 135.9 ppm (exo)".31 

In contrast, William Tarn's group have carried out extensive research into the long-range 

electronic effects that substituents in various places on norbornene and norbornadiene have 
32 

on the C=C bond. They have demonstrated that the rates of various cycloaddition, 

oxymercuration and palladium catalysed hydroarylation reactions with the C=C bond of 5 or 

7-substituted norbornenes is greatly controlled by the electron donating or withdrawing 

ability of the substituents, the conclusion being that electron withdrawing substituents give 

lower rates of cycloaddition in all cases, figure 1.7. 

X 

1 1 6 

4 4 X 

Figure 1.7. 5- and 7-substituted norbornenes 
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They have also used theoretical computational investigations to rationalise the effects of the 

substituents on the regio-selectivity in terms of extra negative charge at the carbon atoms C2 

and C 3 . The charge distribution between C2 and C3 upon substitution at the 5-position of 

norbornene depends on the position of the substituents (exo or endo) and on its 

conformation. For the exo forms the extra negative charge is always at C3 where as it is 

variable for endo isomers. 

1.4 Synthesis of ero-Functionalised Norbornene Monomers 

The much scrutinised and detrimental effect that endo functionalised norbornene monomers 

have on the rate of addition polymerisation and ROMP has led many research groups33 to 

employ the use of isomerically pure exo-norbornene monomers. The monomers currently 

utilised by our own and other research groups for ROMP are commonly exo-norbornene 

esters34 and N-alkyl-exo-dicarboxyimides (nadimides).35 The development and utilisation of 

these two types of monomers for addition polymerisation has received far less attention due 

to the low molecular weights obtained in the case of nadimides36 and time consuming 

preparations needed in the case of exo-norbomene esters. 

Bell et al. have developed convenient and efficient routes to exo-5-carboxylic acid-2-

norbornene and exo-5-allyl-2-norbomene. From these exo-functionalised norbornene 

monomers a whole new range of previously inaccessible exo-functionalised norbornene 

monomers have been obtained, many of which are used during the course of this thesis. 

These new monomers are particularly useful since they can be modified into a large range of 

functionalities and also allow standard chain extension techniques to be employed, resulting 

in methylene spaced functional groups. This methylene spacing of the norbornene functional 

group is thought to be particularly useful in reducing the electronic effect of the functionality 

on the C=C of the norbornene monomer, described by Tarn et al?2 My own literature search 

for other accessible routes to exo-norbornene monomers will be discussed in this section. 

14 



1.4.1 Synthesis of ejco-5-Amino-2-norbornene 

exo-5-Amino-2-norbornene (ex0-NB-NH2) has potential as a new exo monomer due to the 

ease with which it can be elaborated upon to provide functionality in the resulting polymer. 

Primary amines can be alkylated by reaction with a primary alkyl halide, although these are 

difficult to control and often give mixtures of products. Primary and secondary amines can 

also be acylated by reaction with acid chlorides or acid anhydrides to yield amides. 

The polar addition of hydrazoic acid to norbornadiene gives exo-5-azido-2-norbornene37 

(exo-NB-Na) in good yield (70%) but this compound slowly polymerises when neat, i f 

allowed to stand overnight at room temperature. Thus, the azide has to be used in the next 

step immediately, which rules out the possibility of purification by distillation due to the 

high temperatures involved and therefore column chromatography is used instead, which can 

only be used on a relatively small scale. The azide can be readily converted to the 

corresponding amine via reduction with lithium aluminium hydride, with subsequent 

purification via column chromatography on silica gel, scheme 1.8. 

HN3, CH,CI 2 

25 °C, 12 hr 
7 0 % v. unstable 

excess LiAIH4 

0 °C,1 hr 
77% 

Scheme 1.8. Synthesis of exo-5-amino-2-norbornene. 

exo-5-amino-2-norbornene can also be readily obtained in two steps from the reaction of 

norbornadiene with potassium isothiocyanate to afford the exo-5-isothiocyanate-2-

norbornene, which can be readily reduced with lithium aluminium hydride to a give exo-5-

amino-2-norbornene, scheme 1.9. Although this synthetic pathway suffers from low 

yields, it has the advantage that it can be scaled-up relatively easily due to both steps relying 

on distillation under reduced pressure, for purification. 
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KNCS, H 2 S0 4 

NCS 
NaOH 

NH2 40% 35% 

Scheme 1.9. Alternative synthesis of exo-5-amino-2-norbornene 

1.4.2 Synthesis of eJco-5-Aryl-2-norbornenes 

The formation of C-C bonds is increasingly investigated by enantioselective catalysis with 

the palladium-catalysed hydroarylation of norbornadiene, being a new reaction of this type. 

The palladium(II) acetate catalysed hydroarylation of norbornadiene with aryl iodides, 

triethylamine and formic acid was rendered enantioselective by using optically active 

phosphine ligands as co-catalysts.39 This method has produced exo-5-aryl-2-norbornenes 

with enantioselectivities of up to 40.6 % ee. The most promising reaction of this kind is 

where 4-bromoiodobenzene was coupled to norbornadiene via a palladium catalysed exo-

hydroarylation reaction, scheme 1.10.40 

The resulting norbornene monomer can be further elaborated upon to high yield, by coupling 

functional groups to the aryl group, via substitution of the bromide group. 

1.4.3 Synthesis of Enantiomerically Pure £xo-5-Thio-2-norbornene 

The idea of using enantiomerically pure monomers for the syntheses of novel polymers is 

very interesting due to the lack of research in this area. The molecular architectures of such 

polymers could have an immense effect on the physical and optical properties of the 

Pd(PPh 3) 2(OAc) 2, norbornadiene, 
A . 

Br 

£&0 55x. piperidine, HC0 2 H, DMF, 80% 

Br 

Scheme 1.10. Hydroarylation of norbornadiene. 
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materials formed. The thiol group of such monomers should be relatively easy to 

functionalise, although thiols have been known to discolour the polymeric materials formed. 

Isomerically pure e*0-5-mercapto-2-norbornene can be prepared in high yield, 4 1 by the 

radical addition of the binaphthol-derived thiophosphonate to norbornadiene followed by 

recrystallisation from dichloromethane and ethanol. The intermediate is readily transformed 

into the free thiol by reduction with lithium aluminium hydride in THF in virtually 

quantitative yield, scheme 1.11. 

sh six ox o LiAIH... THF CH.CI 
SR / \ SH r.t SH O > 90% 

OH 

OH 

Scheme 1.11. Synthesis of ejco-5-thio-2-norbornene. 

The reaction mixture can be distilled to afford the thiol as the volatile component and the 

diol as the residue of distillation. With this method, concomitant recovery of binaphthol is 

also achieved and thus could be recycled in subsequent experiments. The binaphthol-derived 

thiophosphonate is a crystalline solid, which is readily available with simple procedures.42 

They are soluble in most solvents, air stable and virtually non-odorous. 

1.4.4 Synthesis of evo-5-Hydroxy-2-norbornene 

ejco-5-Hydroxy-2-norbornene has great potential as a new ejco-monomer due to the ease with 

which it can be elaborated upon to provide functionality in the resulting polymer. The 

alcohol group can be converted to ethers and esters, which are known to yield colourless, 

transparent polymers. Two different synthesis routes are described in the literature. 
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The oxymercuration of norbornadiene gives the anti addition product. Demercuration and 

hydrolytic cleavage of the acetate group can be achieved in a single step using sodium 

amalgam in NaOH, to yield the exo-5-hydroxy-2-norbornene, scheme 1.12.43 

(1) Hg(OAc) 2,THF \ (1) Na/Hg 
(2) NaCI ^ ^ ^ H g C I ( 2 ) NaOH 

/ Z ^ i ^ O A c 
76% 75% 

Scheme 1.12. Synthesis of exo-5-hydroxy-2-norbornene. 

The disadvantage of this procedure is that it requires two separate purification steps using 

column chromatography. 

The second synthesis (> 98:2 exolendo selectivity) involves the reaction of acetic acid with 

excess norbornadiene at high temperature, to give the exo monoacetate, followed by the 

usual saponification under alkali conditions, scheme 1.13.44 

OH 
3 190 °C, 22 hr 

saponification 

O - ^ ^ C H , X 3 

O 

-OH 

Scheme 1.13. Synthesis of exo-5-hydroxy-2-norbornene. 

The selectivity of this reaction is quite amazing considering the absence of a catalyst. The 

monomer can be synthesised in high yield and purity, relying on distillation under reduced 

pressure of the exo-5-acetate-2-norbornene and subsequent recrystallisation of the exo-5-

hydroxy-2-norbornene for purification. 

1.4.5 Synthesis of e/irfo-5-Methyl-2-norbornene-ex:o-5-carboxylic acid 

The Diels-Alder cycloaddition of cyclopentadiene and methacrylic acid is well known to 

produce a mixture of endo and exo isomers, with the ratio dependent on the reaction 

conditions. A pure sample of e«i/o-5-methyl-2-norbornene-exo-5-carboxylic acid was 
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thought to be possible only via numerous recrystallisations or via a multi-step lactonisation 

method. 

It was reported that a pure sample of e«<io-5-methyl-2-norbornene-exo-5-carboxylic acid 

could be obtained in a large-scale preparation. It is noted that when equimolar amounts of 

methacrylic acid and freshly cracked cyclopentadiene were stirred for 5 days the product 

would be an exolendo ratio of 65 to 35, respectively. Importantly, the desired exo isomer 

precipitates directly from the reaction mixture, needing filtration and washing with cold 

pentane to give pure exo product in 33% yield, scheme 1.14.45 

. . Filtration, wash with \V 

Me Me 

Scheme 1.14, Synthesis of ewfo-5-methyl-2-norbornene-e;c0-5-carboxylic acid. 

1.5 Optoelectronic Materials 

1.5.1 Dielectric Polymers 

The electronic industry's requirement for speed, miniaturisation and lower costs is driving 

the need for advancements in silicon wafer technology, including higher performance 

dielectric materials for packaging. Materials for packaging range from metals, to ceramics, 

to organic polymers. Industry trends have headed toward polymer packaging materials for a 

variety of applications ranging from interlayer dielectrics to chip encapsulants (both 

moulding and adhesive) and underfill materials. 

Although most chips are packaged as single chips today, applications requiring advanced 

high-density chips are more in demand. Multichip packages (or modules, MCM) are 

becoming preferred since they decrease the wiring distance between chips by packaging the 

chips as close together as possible. This reduces the propagation delay and increases the 

packaging interconnect wiring. For most MCM, polymers have become the dielectric 
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packaging materials of choice because the low dielectric constants of polymers allow higher 

packaging densities, faster transmission speeds, and lower power consumption. Keeping the 

dielectric constant as low as possible relies on the very low moisture absorption of these 

polymeric systems, since water is a poor insulator and would degrade the dielectric 

properties. Additional benefits over ceramic systems are the ease of processing and tailor 

ability of polymeric systems.46 

A new family of dielectric polymers based on functionalised polynorbornenes are 

continually under development and commercialised by Promerus LLC under the trade name 

Avatrel™. 4 7 Avatrel dielectric polymers exhibit many of the key performance criteria 

required for this demanding application. The bicyclic hydrocarbon backbone gives a 

material with a high glass transition temperature and low moisture absorption. A co-polymer 

containing an 80:20 molar ratio of norbornene and 5-triethoxysilyl-2-norbornene (adhesion) 

had a tensile modulus of 1.4 GPa, an elongation to break of 15% and a Tg of 355°C. This 

material exhibited excellent transparency with greater than 90% average transmission 

between 400 and 700 nm and a low dielectric constant (2.67) suggesting that this material 

could find utility in optical and optoelectronic applications.46 

1.5.2 Optical Polymers 

The optical polymers have a similar composition, primarily an alkylnorbornene to impart 

toughness and a small amount (< 10%) of a norbornene bearing an oxygen-containing 

functional group (to increase chain-chain interactions, improving overall polymer 

properties). The potential applications for optical polymers such as Appear® include flat 

panel display substrates, optical film, optical wave-guides and optical data storage. The 

properties that appear to make it suitable for these applications are: low transmission loss; 

wide spectral range; low birefringence; consistent difference in refractive index over a wide 

range of temperatures; long term thermal stability; high glass transition temperature and low 

moisture absorption. The combination of these characteristics offers advantages over 

existing plastic materials for visible and near IR applications such as those used in the 

datacom market.48 
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1.5.3 Photoresist Polymers 

The ability to pack more components on a chip is related to the feature size of the 

components themselves. Photolithography enables the chip designer to transfer the electronic 

circuitry that is written on a photo-mask onto the silicon wafer. There are two types of 

photoresist. The negative resist reacts upon exposure to light to form an insoluble form of 

the photoresist. Addition of a developer then dissolves the unexposed regions of the resist. 

A positive resist reacts when irradiated to produce a soluble form of the resist that is then 

washed away by the developer to give a three-dimensional relief image of the mask in the 

photoresist film. Next, the image is transferred to the underlying substrate via plasma 

etching to which the remaining photoresist is resistant.49 The review will concentrate on 

positive resists. 

Great advances have been made in the last decade with respect to photoresist materials. 

Feature sizes have shrunk as the wavelength of the light used to image the photoresist has 

successfully moved from 436 to 365 to 248 to 193 nm. The key to these advances is the 

design of polymers for use with each new imaging technology that are sufficiently 

transparent at their respective wavelengths. Without sufficient transparency, light cannot 

penetrate to the bottom of the resist film, resulting in only a partially developed resist. The 

industry is preparing for 157 nm imaging which will require totally new polymers from those 

used in 248 nm resists because water, oxygen gas, and simple hydrocarbons such as ethylene 

absorb very strongly in this spectral region. The polymer design also has to accommodate all 

the other characteristics of a good resist such as resistance to the plasma etching process, 

tuneable adhesion characteristics and exceptional mechanical properties. 

Many publications often refer to a "modular" approach to the design of the resist polymer.50 

This involves the copolymerisation of a number of functionalised monomers, where each 

type of functional group is used to impart one or more necessary properties upon the 

resulting resist polymer. The key modules are: 

• Backbone that tethers the functional substituents and provides mechanical properties 

such as etch resistance and transparency. 

• Photosensitive acid generator. 
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• Solubility switch. Acid sensitive moiety that undergoes an acid catalysed 

deprotection, forming a functionality that renders the formally solvent soluble 

polymer aqueous base soluble. 

It is clear that an abundance of C-H bonds in a resist polymer will render it opaque. This has 

lead to other candidate materials such as fluorinated hydrocarbons and organosiloxanes 

being highly scrutinised as early studies showed these materials to be relatively transparent 

at 157 nm region.51 It is not hard to understand why the main area of current research is 

looking towards functionalised norbornene polymers to create the new generation of 157 nm 

resists. Given the new generation of late transition metal initiators that will polymerise a 

huge diversity of functionalised norbornenes containing vital acid labile groups, esters, 

aldehydes, ketones, ethers, alcohols and amines and the superior etch resistance shown by 

the resulting polymers. 

Hexafiuoro-2-propanol and a-trifluoromethylcarboxylic acid groups have been shown to be 

relatively transparent acid group modules and have been incorporated into a norbornene 

monomer and polymerised using the addition polymerisation catalyst (Y|6-toluene)Ni(C6F5)2, 

scheme 1.15.15 The absorbance spectra of the resulting polymer and its deprotected analogue 

showed a significant reduction in absorbance at 157 nm wavelength.50 

MgBr 

C F C F OH 
O 

A OH O 
C F C F NBCHoHFA C F 

(toluene)Ni(C 6F5) 

H 
on Wafer 

C F C F 
OH 

C F C F n n 

Scheme 1.15 

Following from earlier successes the same research group have synthesised a range of co­

polymers that incorporate a norbornene monomer functionalised with hexafluoro-2-propanol 

(NBCH2HFA) and evaluated them in formulating photoresists for 157 nm lithography 
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imaging.52 The co-polymer of NBCH 2HFA with NBC0 2 'Bu (NBTBE) was first polymerised 

using (n6-toluene)Ni(C6Fs)2 and gave an absorption that was much lower than poly(NBTBE) 

but slightly higher than poly(NBCH2HFA) at 157 nm wavelength, scheme 1.16. 

Lithographic evaluation showed the molecular weight of this polymer to be too high, causing 

excess swelling and attempts to lower the molecular weight using excess catalyst and chain 

transfer agents were unsuccessful. The molecular weight and molecular weight distribution 

of the polymer is important because it is strongly related to the dissolution behaviour, higher 

molecular weight polymer tending to dissolve more slowly in aqueous base than lower 

molecular weight analogues. 

Partially successful attempts were made to prepare the same co-polymer, scheme 1.16, using 

Risse's allyl palladium catalyst (n3-allyl)Pd(SbF6),10 but molecular weight could only be 

controlled via very high catalyst loadings.52 Molecular weights less than 9000 could only be 

obtained by using >5 mol % catalyst. The catalyst is not only expensive but also requires 

removal down to 15 parts per billion (ppb) of palladium for photoresist applications. 1-

Hexene was shown to be very poor at reducing molecular weight via chain transfer in these 

systems. An additional problem was the cleavage of acid protecting groups via HSbF6 but 

this was resolved using the easily separable Proton Sponge, bis(dimethylamino)naphthalene. 

CF 
OH O 

CF O NBCH,HFA 
NBTBE CF 

OH 

CF CF 
OH 

CF X 
6 C F ' 

CF 

X OH 

Scheme 1.16. Synthesis of 157 nm resist materials. 
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In the same publication the related co-polymer, scheme 1.16, was demonstrated as a 

potentially good system due to its very low absorbance at 157 nm. The resists formulated 

from this co-polymer performed well in preliminary lithographic evaluations allowing 

images as small as 70 nm to be printed. 

Promerus LLC replicated the homo- and co-polymerisation of NBCH2HFA and NBTBE 

using the more highly active cationic palladium catalyst systems discussed earlier in this 

chapter and olefmic chain transfer agents such as 1-hexene and ethylene to control molecular 
CI 

weight. A homo-polymer of NBCH2HFA was successfully produced using a much 

improved monomerxatalyst ratio using chain transfer agents: 25000:1 (chain transfer agent = 

ethylene) or 50000:1 (chain transfer agent = 1-hexene). The co-polymerisation of 

NBCH2HFA and NBTBE required a higher catalyst loading (5000 monomer: 1 catalyst), 

thought to be because of coordination of the carbonyl functionality to the cationic palladium 

centre. The chain transfer agents 1-hexene and ethylene were shown to be relatively 

successful in controlling molecular weight when very large amounts of transfer agents were 

employed. The polymers formed using these chain transfer agents were shown to have 

olefinic end groups, which would render the polymers opaque at 157 nm wavelength. 

Therefore, better chain transfer agents for reduction of the olefinic groups would be 

necessary before reliable resist materials can be formed with these systems. 

It has already been mentioned that the dissolution behaviour of the resist polymer is of great 

importance in the reliability and quality of the lithographic material formed and so many 

attempts have been made to find ways of gaining control over this characteristic. The 

molecular weight and the ratio of endo and exo isomers of NBCH2HFA in the resist polymer 

have been shown to affect the dissolution behaviour of homo and co-polymers.54 The use of 

the high ejco-NBCF^HFA monomer for resist applications has also appeared in a few patents, 

which suggest that this property could be quite important.55 
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Chapter 2 

2 Formation of Palladium Hydride Initiators From [Pd(P- i -Pr 3 ) 2 (NCCH 3 ) (OAc)]-

[B(C6F S ) 4 ] (Pdl206): Mechanism and Characterisation by N M R Spectroscopy 

2.1 Introduction 

In the last few years a Case Western Reserve University/Promerus L L C partnership has 

isolated and identified an important group of proinitiators based on Pd(PR3)2(02CCH3)2, 

which are activated by weakly coordinating anion (WCA) salts to yield highly active catalyst 

systems. These single component proinitiators readily generate palladium hydride initiating 

species in solution, under mild condit ions. 2 ' 3 

Our main research focuses on the kinetics of initiation and polymerisation of addition 

polymerisable norbornene monomers using cationic palladium hydride systems. Our interest 

in these proinitiators stems from the apparent high thermal stability and polymerisation 

activity observed. Over the last 3 years in collaboration with Promerus L L C we have been 

investigating one particular family based on P(i-Pr)3, which include [Pd(P-i-

Pr3M02CCH3)(NCCH3)][(B(C6F5)4] (Pdl206), [Pd(P-i-Pr 3)2(K 2-0 2CCH3)]-[(B(C6F 5)4] 

(Pdl l65) and [Pd(P-i-Pr3)(P(i-Pr2)(K2-C(CH3)2))(NCCH3)][B(C6F5)4] (Pdl l46M). During 

our further detailed reactivity and mechanistic studies we have found numerous reaction 

pathways, which generate previously unknown compounds. 
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Scheme 2.1. Proposed thermolytic pathway. 

This chapter describes the structures and reactivity of P-i-Pr 3 based palladium species that 

have been critical in elucidating the mechanism for hydride formation, using N M R 

spectroscopy. 
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2.2 Results and Discussion 

2.2.1 New Synthesis Routes to [Pd(P-i-Pr 3)2(NCCH3)(OAc)][B(C6F 5)4j (Pdl206) 

Protasiewicz et al.,2' 3 have shown previously that carboxylate abstraction from trans-

[(R3P)2Pd(OAc)2] using lithium salts of weakly coordinating anions (WCA) results in the 

quantitative formation of Pdl206, scheme 2.2. The driving force for this reaction appears to 

be the precipitation of the L i O A c side product, with Pdl206 remaining soluble in organic 

solvent. This synthesis was used to prepare clean samples of Pdl206. 

H 3CCN 
Pd(P-i-Pr3)2(OAc)2 + Li(Et 2 0) 2 . 5 [B(C 6 F s )J 

Scheme 2.2. Synthesis of Pdl206 using L i F A B A . 

Protasiewicz et al.,2' 3 have also shown previously that an alternative synthesis using 1 

equivalent of [HN(Ph)(Me)2][B(C6F5)4] (DANFABA) also results in the quantitative 

formation of Pdl206, scheme 2.3, which can be easily precipitated into hexanes to remove 

any by-products. This synthesis was used to prepare clean samples of Pdl206 The 3 , P 

NMR spectrum revealed only one resonance signal at 45.6 ppm which is shifted ~ 11 ppm 

downfield from that of the neutral starting material. The *H NMR spectrum showed no sign 

of residual free acetic acid and showed only those signals expected from Pdl206's structure. 

The 1 9 F NMR. spectrum showed the 3 signals in a ratio of 2:1:2 as expected for the W C A 

structure. 

H 3CCN 
Pd(P-i-Pr,)7(OAc), + [HNfPhJfMeJJIBfCgFAJ ^ [Pd(PH-Pr3)2(OAc)(NCCH3)][B(C6F5)/1] 

-100% 

Scheme 2.3. Synthesis of Pdl206 using D A N F A B A . 

MPd(P-i-Pr3)2(OAc)(NCCH3)][B(C6F5)4] 

+ 
LiOAc (precipitate) 
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Due to the commercial availability and much lower cost of K F A B A , we have investigated it 

as a replacement for L i F A B A for the formation of Pdl206, owing to the fact that L i F A B A is 

produced from K F A B A . The addition of 1-5 equivalents of K F A B A to Pd(PR3>2(02CCH3)2 

in acetonitrile results in only the partial formation of Pdl206 in ~ 40 % yield so a variety of 

additives were investigated to drive through the reaction. Lithium salts were added to the 

system in order to aid the formation of carboxylate salt. The addition of 1 equivalent of L i B r 

resulted in the scrambling of signals in the 3 1 P NMR spectrum. However, the addition of 1 

equivalent of L i O T f resulted in the clean, quantitative formation of Pdl206, scheme 2.4, 

which gave NMR spectra as expected. 

Pd(P-i-Pr3)2(OAc)2 + K I B ^ F ^ J 
H 3CCN 

-40% 
- [PdCP-i-Pr^^OAcXNCCH^lIBCCeF^J 

LiOTf, HLCN 

+ 
LiOAc, KOTf 

-100% 

Scheme 2.4. Synthesis of Pdl206 using K F A B A . 

2.2.2 Thermolysis of [Pd(P-i-Pr 3)2(NCCH3)(OAc)][B(C6F 5) 4] (Pdl206) in THF-</ 8 at 

Variable Temperatures 

Protasiewicz et al.,2'3 have shown previously in a collection of publications and patents that 

Pdl206 goes through a complicated thermolysis pathway, eventually resulting in cationic 

palladium hydride species. Protasiewicz et al.,2' 3 suggested the route to the cationic 

palladium hydride species using a series of synthesis and substitution reactions and basic 

thermolysis experiments. The aim of this work is to focus on what is actually happening 

during thermolysis with a view to using this new mechanistic information to improve the 

yields of the cationic palladium hydride species, thought responsible for catalytic activity. 

The thermolysis of Pdl206 at varying temperatures in THF-t / 8 was monitored via 3 1 P and ' H 

V T - N M R spectroscopy to find the optimum temperature that would make it possible to view 

any thermolysis intermediates, aiding the elucidation of the themolysis pathway, scheme 2.1. 

In all cases the solution develops a red colour and eventually produces palladium metal, as a 
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black precipitate. Analysis o f the reaction mixture by combined ! H and 3 1 P N M R 

spectroscopy at regular time intervals during the thermolysis reaction reveals the telltale 

signatures for cationic palladium complexes, although a greater variety o f transient species 

could be observed at lower temperatures, with 55°C proving the most revealing. 

The thermolysis data obtained using 3 1 P N M R at four different temperatures was used to 

determine the first order rate constants for the decomposition o f Pdl206, by taking the 

gradient o f a plot o f ln([Pdl206]/[Pdl206] 0) versus time, figure 2.1. 

Time (s) 

0 

-0.05 

-0.1 

-0.15 

f 
< 

2 
^ -0.25 
= 

-0.35 

-0.4 

-0.45 

-0.5 

Figure 2.1. First order fitting for Pdl206 thermolysis. 

The first order rate constants obtained in figure 2.1, can be used to calculate the activation 

energy for the Pdl206 thermolysis utilising the Arrhenius equation, ln(k) = ln(A) - EJRT. 

The activation energy (E a ) is calculated using the gradient o f the plot o f ln(k) versus 1/T, 

figure 2.2, E a = R x gradient = 8.314 * 400.22 = 3.33 kJmol"1. The pre-exponential factor 

(A) = e" 1 8 2 4 3 = 0.161 s"1. 

1600 

• 55°C 

A6TC 
X64°C 

-04x 
R = 9.86E-01 

y = -LME-04x 
R 2 = 9.99E-01 

y = -•J^4E-04x 
R 2 = 9*>E-01 

y = -3T^E-04x 
R 2 = 9.^E-01 
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Figure 2.2. Calculation of activation energy for thermolysis Pdl206 in THF-ds. 

2.2.3 Thermolysis of [Pd(P-i-Pr 3)2(NCCH3)(OAc)][B(C6F 5) 4] (Pdl206) in THF-ds at 

55°C 

The main product of the thermolysis is the cationic palladium hydride complex [Pd(P-i-

Pr 3) 2(NCCH3)(H)][B(C 6F5)4] (Pdl l48) , scheme 2.1. The palladium hydride species ("Pd-H) 

gives a distinctive triplet in the ' H NMR spectrum at -15.2 ppm and also a signal in the 3 , P 

NMR spectrum at 56.9 ppm. P d l l 4 8 is found to be surprisingly stable under the conditions 

of thermolysis and be formed in less than 50 % yield. This yield is in agreement with the 

findings of Bell et al.,2 2005. 

Monitoring the thermolysis of Pdl206 by 3 1 P V T - N M R spectroscopy, figure 2.3, shows that 

[Pd(P-i-Pr 3 )2(K 2 -OAc)][B(C 6 F 5 )4] (Pdl l65) at 71.4ppm, appears as a transient species, 

suggesting it to be a necessary precursor to palladium hydride formation, scheme 2.1. 

Monitoring the thermolysis by 'H NMR spectroscopy shows that the signal for free acetic 

acid increases over time, which suggests that the reaction pathway to the palladium hydride 

species involves an acetate abstraction process. These findings are in accordance with the 

sunstitution reactions carried out by Protasiewicz et al.,3 2005. *H NMR spectroscopy also 

reveals that signals in the region of 7.5 - 4.5 ppm also increase during the thermolysis 

suggesting unsaturation is developing in the (P-i-Pr 3) ligand. This agrees with the notion that 

the trialkylphosphine ligands are providing the hydride ligand, and hence leaving a double 

bond on one of the trialkylphosphine ligands. This idea was first mentioned in a patent by 
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Bell et al.,2 but the exact nature of the cationic palladium species resulting was not defined 

until after consultation with this new work. 

A small and unusual AB-type resonance in the 3 1 P NMR spectra appears as a transient 

species during the thermolysis of Pdl206. Further studies shown later in this chapter prove 

this species to be [Pd(P-i-Pr3)((i-Pr2)P-C(CH3)=CH2)(NCCH3)(H)][B(C6F5)4] (Pdl l46H) , 

containing the two different fraws-phosphine ligands, P-i-Pr3 and (i-Pr2)P-C(CH 3)=CH2, 

figure 2.14. The huge excess of competing T H F ligand probably encourages the rapid 

conversion of P d l l 4 6 H into Pd l l48 during this thermolysis. This helps to displace and 

interconvert phosphine ligands, but leaves the question of what happens to the (i-Pr2)-

C(CH3)=CH2 ligand after it has been displaced. The answer to this question is investigated 

later in this chapter, section 2.2.12. Notably, the P d l l 4 6 M intermediate, first identified by 

Protasiewicz et al.,2, 3 is not visible in the 3 1 P NMR during the thermolysis of Pdl206, 

probably due to its high instability and rapid conversion to P d l l 4 6 H , scheme 2.1. 

The signal for [Pd(P-i-Pr3)2(NCCH3)(CH3)][B(C6F5)4] (Pdl l62) is evident in the l H NMR 

spectra (triplet at 0.43 ppm) and the 3 1 P NMR spectra (41.3 ppm) both during and after the 

thermolysis of Pdl206 This evidence may seem contradictory to the proposed acetate 

abstraction route to Pd l l48 (Pd-H) already discussed, unless there are multiple reaction 

pathways, scheme 2.1. 
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Figure 2.3. Thermolysis o f Pdl206 at 55°C in THF-c/8-

2.2.4 Thermolysis of [Pd(P-i-Pr 3 )2(NCCH3XCH 3 )] [B(C6F 5 ) 4 ] (Pdl 162) 

Monitoring the thermolysis o f P d l l 6 2 (Pd-Me) by 3 1 P and ' H N M R spectroscopy at 55°C in 

THF-t/g shows no evidence for the formation o f palladium hydride species 

(Pdl l48 /Pdl l46H) , figure 2.4. The Pdl 162 concentration decreases with the formation o f 

two new species, but the identities o f the species formed are unknown. 
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Figure 2.4. Thermolysis o f P d l l 6 2 at 55°C in THF-</8. 

The GCMS analysis o f the gaseous products produced during the thermolysis o f Pdl206 was 

carried out by Promerus L L C and revealed that CO2 and CH4 were not produced as volatile 

products. The rate o f decomposition o f P d l l 6 2 at 55°C is coincidently the same as the rate 

o f decomposition o f Pdl206 under identical conditions but this has no obvious meaning, 

compare figures 2.1 and 2.5. 

Ti me (s) 
1 

2000 4000 6000 10000 8000 

1.15E-0<k+ 1.19&02 
jg -0 .6 

I 
-0.8 

2 - 1 

• 1 . 2 

- 1 . 4 J 

Figure 2.5. First order fi t t ing for thermolysis o f P d l l 6 2 at 55°C in THF-J 8 . 
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The P d l l 6 2 (Pd-Me) was a transient species in the thermolysis of Pdl206, figure 2.3, and 

yet it does not produce the palladium hydride species when heated on its own, figure 2.4. 

This suggests that other labile ligands in the reaction mixture are allowing this Pd-Me 

species to re-enter the thermolysis pathway or it is simply decomposing, scheme 2.1. 

2.2.5 Thermolysis of [Pd(P-i-Pr3)2(NCCH 3)(CH3)][B(C 6Fs) 4] (Pdl 162) + Acetic Acid in 

THF-</„ 

The thermolysis of P d l l 6 2 with 1 equivalent of acetic acid was monitored by 3 I P and ' H 

NMR spectroscopy at 55°C in THF-dg. The solution went from a very pale yellow colour to 

a dark green/yellow colour, with a palladium precipitate evident. Telltale signals in the 3 1 P 

NMR spectra were evident for P d l l 6 5 (71.0 ppm) and two different palladium hydride 

species (56.4 and 55.8 ppm), figure 2.6. 
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Figure 2.6. 3 1 P N M R spectrum o f P d l l 6 2 + acetic acid in THF-ds, after 160 minutes at 

55°C. 

The *H N M R spectra also gave evidence for two different palladium hydride species, giving 

broad signals at -14.5 and -15.1 ppm, respectively. These results suggest that the acetic acid 

is capable o f protonating-off the methyl group f rom the P d l l 6 2 (Pd-Me) to re-enter the 

cycle as P d l l 6 5 and/or Pdl206, scheme 2.1. 

2.2.6 Thermolysis of [PdCP-i-PraMNCCHaXCHa)][B(C 6 F 5 ) 4 ] (Pdl 162) + Formic Acid 

The results f rom the previous acetic acid experiment lead to the investigation o f the chain 

transfer type-effect o f formic acid in the absence o f norbornene monomer on the thermolysis 

o f P d l 162. The addition o f an excess o f formic acid to a solution (CDC1 3) o f P d l 162 

resulted in the slow, unclean conversion to P d l 148, with many side products and palladium 

metal being produced. The reaction was driven to completion by heating at 40°C for 24 
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hours, although this also increased the undesirable side products, shown by P N M R 

spectroscopy. 

2.2.7 Thermolysis of [PdfP-i-PraM^-OAc)] [B(C6F 5 ) 4 ] (Pdl 165) at 55°C in THF-rfg 

Monitoring the thermolysis o f P d l 165 by 3 1 P and lH N M R spectroscopy, at 55°C in THF-J 8 , 

figure 2.7, shows evidence for the formation o f a cationic palladium hydride species. The ! H 

N M R spectra have a telltale signal at -19.1 ppm. There is no acetonitrile present in the 

solution so this palladium hydride species is likely to be a THF adduct o f Pdl l48 . The 

species at 45.6ppm is unknown. 
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Figure 2.7. Thermolysis o f P d l l 6 5 at 55°C in THF-dg. 

The first order rate constant for the decomposition o f P d l l 6 5 at 55°C (figure 2.8) is 6 times 

greater than that o f Pdl206 and P d l 162 (figures 2.1 and 2.5) under identical conditions, 

suggesting this species to be relatively unstable. This explains the small concentration o f 

P d l l 6 5 detected by 3 1 P N M R , during the thermolysis o f Pdl206, figure 2.3. 
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Figure 2.8. First order plot for thermolysis o f P d l 165 at 55°C in THF-</8. 

2.2.8 Thermolysis of [Pd(P-i-Pr 3)2(K 2-OAc)]IB(C6F5)4] (Pdl l65) + Acetonitrile 

Monitoring the thermolysis o f P d l 165 wi th 1 equivalent o f acetonitrile by 3 1 P and J H N M R 

spectroscopy, at 55°C in THF-dg, reveals that the formation o f the metallated intermediate, 

P d l l 4 6 M , is the key to understanding the formation o f palladium hydride species, scheme 

2.1. The thermolysis is already well underway before the first spectra could be run due to 

the rapid conversion o f P d l 165 into P d l l 4 6 M , figure 2.9. The P d l l 4 6 H can be seen as a 

transient species, in relatively large concentrations (> 10%) during the thermolysis, due to 

the large concentration o f P d l l 4 6 M , f rom which i t is formed. 
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Figure 2.9. Thermolysis o f P d l l 6 5 + acetonitrile at 55°C in THF-dg. 

I t is notable that no appreciable amount o f P d l l 6 2 is generated during this thermolysis, 

confirming that the Pd-CH 3 is formed from Pdl206. This also has the effect o f making the 

thermolysis much cleaner wi th respect to palladium metal formation and less unknown 

signals in the 3 1 P N M R spectra. 
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Figure 2.10. First order plot for thermolysis o f P d l 165 + acetonitrile at 55°C in THF-t/g. 

The first order rate constant for the decomposition o f P d l l 6 5 at 55°C is slower with 

acetonitrile, figure 2.10, confirming that the acetonitrile plays a significant role in the 

thermolysis pathway, scheme 2.1. 

2.2.9 Synthesis and Characterisation of 

cis- & fra/is-[Pd(P-i-Pr3)(P(i-Pr2)(K2-C(CH3)2))(NCCH3)][B(C6F5)4] (Pdl l46M) 

When P d l 165 is dissolved in acetonitrile for just a short period o f time, a new species is 

reversibly formed which gives two distinctively broad signals in the 3 1 P N M R spectra at 51.9 

and 43.3 ppm. This suggests that the two phosphine ligands are non-identical and in rapid 

exchange, figure 2.11. This new species is thought to be P d l l 4 6 M which has the tertiary 

carbon o f an isopropyl group bonded directly to the palladium centre. I t is formed via a 

reversible carboxylate abstraction process, scheme 2.1. It has been found by Protasiewicz et 

al.,2'3 that P d l l 4 6 M can be synthesised in a relatively pure form at low temperatures by 

adding a base such as sodium bicarbonate to the Pdll65/acetonitrile mixture. This is 

believed to drive the carboxylate abstraction process through to completion by neutralising 

the free acetic acid produced. The addition o f carboxylic acids to P d l l 4 6 M has been shown 

by Protasiewicz et al.2'3 to be a good route to any o f the K 2 species (i.e. Pd l l65) and relies 

on the reversible carboxylate abstraction process already described, scheme 2.1. 
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The characterisation of the P d l l 4 6 M in solution has proved problematic since it is 

susceptible to rapid thermolysis at temperatures above approximately 0°C. Protasiewicz et 

al.,2'3 has shown that this problem can be partially resolved via the addition of an excess of 

pyridine (5 equivalents) to P d l 165 or P d l l 4 6 M , this readily converts both species to the 

metallated pyridine adduct [Pd(P-i-Pr3)(P(i-Pr 2)(K 2-C(CH 3) 2))(C6H 5N)][B(C6F 5)4] (Pdl 184) 

due to pyridine being a good base, and less labile than acetonitrile, as shown in the reaction 

scheme 2.1. This is useful because the P d l 184 species shows a slower phosphine exchange 

and gives two fairly distinct doublets in the 3 I P NMR spectrum at 49.8 and 37.9ppm, with a 

coupling constant of 30.8 Hz, which authenticates the proposed c/s-structure2'3 The P d l 184 

has been found to be stable to thermolysis up to a minimum of 65°C in THF. 

The structure and exchange mechanism observed for P d l l 4 6 M and its thermolysis products 

were investigated via low temperature NMR spectroscopy studies, which should slow the 

thermolysis and rapid phosphine exchange, hence aiding characterisation, figure 2.11. The 

experiment was carried out using CDCI3 as a solvent because a non-coordinating solvent 

would also help to slow the thermolysis process. Whilst observing the 3 1 P NMR, the 

phosphine ligand exchange decreased and the signals sharpened for all species as the 

temperature was decreased. 

It can be seen in the 3 1 P VT-NMR spectra that the signals for the c /5-Pdl l46M species 

sharpen into two clean doublets (J = 31.6 Hz) whilst the temperature and hence phosphine 

ligand exchange is decreased allowing it to be characterised. It is also notable that the two 

doublets for c /s-Pdl l46M shift up-field as the temperature is decreased. Simultaneously 

two new and unexpected doublet signals at approximately 38.2 and 15.8 ppm begin to 

sharpen and shift down-field with a coupling constant {J = 236.3 Hz) indicative of a trans-

deposition of phosphines around the palladium centre. 
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Figure 2.11. 3 1 P VT-NMR spectroscopic characterisation of Pdll46M. 

The shifting of the two different sets of doublet signals in the 3 1 P VT-NMR is indicative of 

two species in exchange. The obvious explanation of these new doublets with a trans 
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disposition of phosphines that are seemingly in exchange with c/s-Pdll46M is trans-

Pdll46M. Low temperature VT-NMR suggests a cisltrans mixture of isomers in a ratio of 

93/7, respectively, figure 2.12. The broad 3 1P NMR resonance of Pdll46M at ambient 

temperatures is actually an average for the respective cis- and fraws-isomers, in both position 

and integral value. 

Resonances for the unavoidable thermolysis products; Pdll46H, Pdll48, Pdll65, and 

Pdll44H are also visible in figure 2.12 and will be discussed later in section 2.2.10. 

60°C in CDCh A A A r \ _ \ . ® 
\ A . f f i Pel 

N (i-Pr)3P N P(i-Pr)3 A/ 
\ / CH 3 

c;.y-Pdll46M 
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\ 
i 
rm > • * • * • « • n 

Figure 2.12. Low temperature (-60°C) ^ P l ' H } NMR spectrum of Pdll46M. 

Exchange spectroscopy (EXSY), which is a form of 3 1P- 3 1P 2D NMR, was attempted at 

temperatures ranging from 25 to -60°C to find the temperature at which the cis- and trans-

Pdl 146M would be visible but still displaying a high enough level of exchange necessary to 

run the NMR experiment. 
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Figure 2.13. 3 1P- 3 1P 2D-NMR spectrum (EXSY) of Pdll46M at -20°C. 

A positive correlation in the 2D-NMR between the two different sets of doublets belonging 

to cis- and *ra«s-Pdll46M would prove that the two species are in exchange and hence 

confirm the cis- and fra/zs-structure. A positive correlation and hence conclusive structural 

identification for cis/'trans-Vdll46M was observed at -20°C, figure 2.13. 

2.2.10 Synthesis and Characterisation of 

[Pd(P-i-Pr3)((i-Pr2)P-C(CH3)=CH2)(NCCH3)(H)][B(C6F5)4] (Pdl 146H) 

The Pdll46M generated as described in section 2.2.9, undergoes a clean thermolysis to 

Pdll46H, which rapidly converts to Pdll48 in THF-dg at ambient temperature. This 

inherent instability in coordinating solvents such as THF explains why both complexes are 

only ever present in small concentrations during the thermolysis of Pdl206, figure 2.3. 
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The thermolysis of Pdll46M was investigated at ambient temperature in the non-

coordinating solvent, C D C I 3 , in an attempt to produce a stable form of Pdll46H, which 

would allow structural determination, figure 2.14. This attempt was only partially successful 

because it enabled the formation of Pdll46H in relatively large concentrations, but it did not 

push the thermolysis of Pdll46M to completion without causing the Pdll46H to undergo 

partial thermolysis, to produce Pdll48. The Pdll46H can be seen in the 3 1 P NMR spectra 

as an AB-system of signals (J = 322.0 Hz), which is consistent with two slightly different 

/raws-phosphine ligands positioned around the palladium centre. 

Pdl148 
P d l l 4 6 H Pdll46M 

/ 
Pdl165 
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Figure 2.14. 3 1P NMR spectrum of Pdll46H in CDC13. 

Pdll46H can also be identified in the *H NMR spectra by the characteristic resonances for 

the vinylic protons in the phosphine ligand and the Pd-H^ generated via the rearrangement of 

Pdll46M, figure 2.15. The integral value for the vinyl resonance is exactly twice the 

intensity of the hydride resonance. The *H NMR coupling constants of Vph = 34.8 (trans to 

P) and Vph = 16.1 (cis to P) Hz, observed for the vinylic protons are consistent with 3-bond 

coupling to a cis- and tfroras-phosphine across the double bond. Although you would expect 

the Pd-H resonance coupling to be in the form of a doublet of doublets, you actually see a 

relatively clean triplet suggesting that the phosphines behave as near identical with respect to 

the hydride. 
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Figure 2.15. *H NMR spectrum of Pdll46H in CDC13. 

2.2.11 Thermolysis of [PdCP-i-PraXPti-PrzXi^-CCCHa^XNCCHjJlIBCCeFs)^ 

(Pdll46M) at 35°C 

The thermolysis of Pdll46M (in CDCI3) at 35°C, over a period of 12 hours generates 

numerous cationic palladium hydride complexes, which are attributed to new tris-phosphine 

species. The 3 1P NMR coupling constants characterise a cationic palladium species with an 

ABB disposition of phosphines around palladium, with A and B trans, figure 2.16. This 

allows Pdl273H or Pdl275H species to be postulated based on these 3 1P NMR 

spectroscopic assignments. The new species accounts for approximately 60% of the 3 1P 

NMR resonances. The Pdl 148 can also be seen in the 3 1P NMR. 

69.8ppm(dd,. /= 
29.3 & 110.4 Hz) 

60.0ppm(dd,y= 
29.3 & 32.5 Hz) 

/ ^P(i-Pr), 

56.9ppm(dd, J= 
32.5 & 110.4 Hz) 

W W 
56 ppa 

Figure 2.16. 3 , P NMR spectrum of Pdl273H or Pdl275H 

There are also a number of new unknown species generated during this thermolysis. Two 

doublets represent the most interesting species, at 44.6 and -48.1 ppm, with a coupling 

constant of 362.0 Hz. This coupling constant is indicative of two non-identical phosphines 
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in a trans deposition around palladium. The position of these doublets is quite perplexing, 

considering the 92.7 ppm gap between the resonances. 

r 

2.2.12 The Fate of the (i-Pr 2)P-C(CH 3)=CH 2 Ligand 

During the thermolysis of Pdl206, Pdll65 and Pdll46M in coordinating solvents such as 

THF, the only fully characterized and thermally stable product is Pdll48. According to the 

thermolysis mechanism there should be a 1:1 ratio of P(i-Pr)3 to (i-Pr2)P-C(CH3)=CH2, after 

complete thermolysis, giving a 50% maximum theoretical yield of Pdll48. The yield of 

Pdll48 in all the above cases is always < 50%, which is consistent with the mechanism of 

thermolysis already suggested, considering loss of phosphine ligand due to side reactions. 

The rapid thermolysis of Pdll46H in coordinating solvents suggests that the 

(i-Pr2)P-C(CH3)=CH2 ligand is much more labile that the P(i-Pr3). An important issue 

arising from the proposed mechanism is, where the (i-Pr2)P-C(CH3)=CH2 ligand goes after it 

is replaced by an P(i-Pr3) during the rearrangement of Pdll46H to give Pdll48. 

A close examination of the 3 1 P and *H NMR spectra, both during and after the thermolysis of 

Pdl206, reveals many clues, figure 2.17. There are three broad resonances in the 3 1 P NMR 

spectra; 67.0 (light blue), 50.5 (dark blue) and 36.6 (red) ppm, which shift as their 

concentrations change, indicating that their phosphines are in exchange. This would be 

likely for any species containing the highly labile (i-Pr2)P-C(CH3)=CH2 ligand. The 

corresponding 'H NMR spectra reveal a scrambling of the vinylic signals displayed by the (i-

Pr2)P-C(CH3)=CH2 ligand in Pdll46H, suggesting that it is coordinated to numerous 

cationic palladium species. 

3 1 P - 1 H 2D-NMR spectroscopy was used to investigate if the new vinylic signals in the 'H 

NMR spectra correlate to any of the broad resonances in the 3 1 P NMR spectra, at the end of 

Pdl206's thermolysis. The vinylic signals in the ] H NMR spectra correlated with the broad 
3 1 P NMR signals as shown in the correlation diagram. 
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Figure 2.17. 3 1 P - ! H 2D-NMR spectra near the end of the Pdl206 thermolysis. 

The vinylic signals in the ! H NMR spectra at 6.16 and 5.91 ppm, with coupling constants of 

37.0 and 18.0 Hz, respectively, are the most significant in size and were shown to correlate 

(light blue line) to the large, broad, shifting 3 1P NMR resonance at approximately 67 ppm. 

These resonances closely resemble the ! H NMR vinylic signals displayed by Pdll46H and 

the 3 1P NMR resonance for Pdll48, which suggests this species, could be a close analogue, 

suchasPdll44H. 

The *H NMR vinylic signals at 4.48 and 4.23 ppm, with coupling constants of 14.1 and 28.7 

Hz, respectively, were shown to correlate (red line) to the large, sharp, shifting, 3 1P NMR 

resonance at approximately 36 ppm. The nature of this species is unknown. 

As expected a correlation occurs (yellow line) between the 3 1P NMR resonance for Pdll62 

at 41. lppm and the triplet in the lH NMR at 0.42ppm (Pd-Me4) but surprisingly a correlation 

also occurs to a relatively small area of vinylic signals at 4.03 and 4.51 ppm, with coupling 

constants of 27.8 and 15.5 Hz, respectively. This suggests that the (i-Pr2)P-C(CH3)=CH2 

ligand is in exchange with P(i-Pr)3 for most species during the thermolysis of Pdl206. 
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2.2.13 Effect of Additives on Generation of [Pd(P-i-Pr3)2(NCCH3)(H)][B(C6F5)4] from 

[Pd(P-i-Pr3)2(NCCH3)(OAc)]lB(C6F5)4] 

During the thermolysis of Pdl206 numerous new, unidentifiable species were generated, 

which could be viewed by 3 1 P NMR spectroscopy. Attempts were made to identify these by 

matching the 3 1 P NMR signals to some likely model species such as triisopropylphosphine 

(20.9 ppm), triisopropylphosphine oxide (61.8 ppm), triisopropylphosphonium FABA (44.8 

ppm) and Pd(i-Pr3)2(OAc)2 (33.6 ppm). These tests showed that the above compounds were 

not present during any of the thermolysis experiments. 

Promerus L L C have been using additives during polymerisations using the initiators 

discussed, to increase the yield of polymer product. It was speculated that these additives 

were increasing the Pdl206's activity by increasing the yield of palladium hydride generated 

upon thermolysis. The yield of palladium hydride species produced during the thermolysis 

of Pdl206 is of importance because it is thought to be the most active species and will 

therefore have a direct effect on this complexes ability to polymerise norbornene monomers. 

LiFABA and DANFABA have both been used as additives and can both be used to convert 

neutral species such as Pd(i-Pr3)2(OAc)2 into active cationic species such as Pdl206.'' 2 l 3 

The effects of these as additives were investigated during Pdl206's thermolysis. Both of 

these additives had a negative effect on the thermolysis, creating more palladium metal and 

less palladium hydride. This result confirms that Pd(i-Pr3)2(OAc)2 is not observed during the 

thermolysis. 

During the thermolysis of Pdl206 an unwanted decarboxylation side reaction occurs to give 

Pdll62, which readily decomposes to give palladium metal and other unknown complexes. 

The use of acetic acid as an additive to the thermolysis of Pd1206 was investigated, hoping 

that it would mop-up any of the Pdll62 produced, bringing it back into the thermolysis loop 

as Pdl206, therefore reducing the level of unwanted palladium metal produced. In practice 

this acetic acid additive was shown to have a negative effect, increasing the production of 

Pdll62 and palladium metal and decreasing the level of palladium hydride production. 

Triisopropylphosphine was used as an additive in the thermolysis of Pdl206, hoping that it 

would deter unwanted side reactions and give a cleaner product. It was found to make the 
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thermolysis much slower and also cleaner, with less Pdll62 and palladium metal produced. 

The yield of Pdll48 was lower but this was due to the difficulty in pushing the thermolysis 

to completion. 

The conversion of Pdll65 through to Pdll46M is driven by the addition of bases to the 

reaction mixtures. Therefore, the use of organic bases were investigated as additives in the 

thermolysis of Pdl206 and Pdll65, to evaluate whether it pushed the thermolysis through 

more quickly. This would mean that the complex would not have to be heated for as long, 

decreasing side reactions and palladium metal production. Experimentally this was not 

shown to be the case, with 2,6-di-tert-butylpyridine and bis(dimethylamino)naphthalene 

causing the decomposition of Pd1206 and Pdll65 into palladium metal. 

Promerus L L C have been using chain transfer reagents, such as formic acid and triethylsilane 

(EtsSiH), as additives during polymerisations because they believed that their additions 

increase the yield and give a lower polydispersity for the resulting polymer. 

The effect of Et)SiH upon the polymerization catalyst, Pdl206, was investigated under 

various conditions. The addition of 1 equivalent of EtsSiH to a solution of Pdl206 resulted 

in the near quantitative generation of Pdll48 even at ambient temperature. The reaction was 

relatively rapid, with 50% conversion after 15 minutes and complete conversion within 60 

minutes. A small quantity of palladium metal and unwanted side products could be viewed 

via 3 L P NMR spectroscopy. A close study of the *H NMR spectra reveals that no 

unsaturation is generated during this reaction, suggesting that the complicated thermolysis 

sequence already discussed for Pdl206 is obviated by the addition of EtsSiH. These 

conclusions suggested that EtsSiH may be employed for the conversion of any general 

complex, [Pd(PR3)2(OAc)(NCCH3)][FABA], into [Pd(PR3>2(H)(NCCH3)][FABA], for any 

trialkylphosphine. This methodology was used to attempt the lg-scale synthesis of Pdll48 

from Pdl206 The synthesis was successful in generating Pdll48 in high yield, but the 

small, undesirable side products could not be removed from the final product using 

precipitation of the complex from dichloromethane into hexanes. 
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2.2.14 Comparison of Polymerisation Activities 

The work described above suggests that the likely active species during polymerisations 

involving Pdl206 is its stable palladium hydride thermolysis product Pdll48. The 

palladium hydride is only produced in approximately 50% yield during thermolysis so it 

would be of interest to directly compare the activity of Pdl206 versus Pdll48 in a model 

system. 

The polymerisation of endb/exo-5-decyl-2-norbornene was carried out in toluene-dg, at 70°C 

in an NMR tube, in a ratio of 50 monomer: 1 catalyst, figure 2.18 and 2.19. The rate of 

polymerization would be calculated via the reduction in the monomer vinyl resonances in the 

' H NMR spectra, over the first 5-6% conversion. 
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1 y = -2.25&03x 
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Figure 2.18. First order kinetic plot for the polymerisation of endo/exo-NBdecy\ 

by Pdl206 (50 monomer: 1 catalyst) at 70°C in toluene-tfe 

The Pdll48 (k = 4.54 x 10"3 s"1) polymerizes ent/o/exo-5-decyl-2-norbornene approximately 

four times faster than Pdl206 (k = 1.28 x 10"3 s"1). 
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Figure 2.19. First order kinetic plot for the polymerisation of ewdb/exo-5-decyl-2-

norbornene by Pdll48 (50 monomer : 1 catalyst) at 70°C in toluene-dg-

The GPC data for the same polymerisations on a l g scale showed that Pdll48 generates a 

lower molecular weight polymer (Mw = 33000 versus 60000), sharper PDI (MJMn =1.87 

versus 2.87), and higher yield than Pdl206 under the same conditions. 

These results compare favorably with the results of Protasiewicz et al.,2 where 

polymerisations were carried out in toluene (17 mL) for 3 hr at 63°C at 10.7 mM of 5-decyl-

2-norbornene and 0.4 uM of catalyst concentrations (5-decyl-2-norbornene/Initiator ratio: 

26700). The GPC data for these polymerisations showed that Pdll48 generates a lower 

molecular weight polymer ( M w = 1369000 versus 1924000), sharper PDI (MJMD = 1.8 

versus 3 .1), and higher yield (92% versus 66%) than Pdl206 under the same conditions. 

Protasiewicz et al.,2 also demonstrated that the related cationic palladium hydride, 

[Pd(PCy3)2(NCCH3)(H)][B(C6F5)4] (Pdl388), displayed slightly improved polymerisation 

activity than Pdll48. The GPC data for these polymerisations showed that Pdl388 

generates a lower molecular weight polymer ( M w = 1311000 versus 1369000), similar PDI 

(MJMQ = 1.8 versus 1.8), but a higher yield (98% versus 92%) than Pdll48 under the same 

conditions. This is thought to be due to the higher purity of the Pdl388 catalyst versus 

Pdll48 
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2.3 Conclusions 

The results suggest that the cationic palladium hydride complexes are the active initiators 

during the polymerisation of norbornene type monomers, when this family of thermally 

activated complexes are utilised. The Pdll48 is shown to be thermally stable under the 

conditions of thermolysis. It is expected than a better quality of polymer would be produced 

via the use of pure cationic palladium hydride initiators since a lower concentration of 

initiator could be used without the unnecessary production of palladium metal, observed 

during the thermolysis of Pdl206. The use of a thermally stable discrete cationic palladium 

hydride polymerisation catalyst should also allow more accurate mechanistic studies of 

polymerisation mechanism, enabling further advances in the polymeric materials to be made. 

2.4 Experiment 

2.4.1 Glossary of Cationic Palladium Species 

Pdl206 = [Pd(P-i-Pr3)2(NCCH3)(OAc)][B(C6F5)4] 

Pdll65 = [Pd(P-i-Pr 3) 2(K 2-OAc)][B(C 6F 5) 4] 

Pdll46M = [Pd(P-i-Pr3)(P(i-Pr2)(K2-C(CH3)2))(NCCH3)][B(C6F5)4] 

Pdll46H = [Pd(P-i-Pr3)((i-Pr2)P-C(CH3)=CH2)(NCCH3)(H)][B(C6F5)4] 

Pdll48 = [Pd(P-i-Pr 3) 2(NCCH 3)(H)][B(C 6F 5) 4] 

Pdl388 = [Pd(PCy 3) 2(NCCH 3)(H)][B(C 6F 5) 4] 

Pdll44H = [Pd(P(i-Pr 2)(C(CH 3)=CH 2)) 2(NCCH 3)(H)][B(C 6F 5) 4] 

Pdl275H = [Pd(P-i-Pr3)2((i-Pr2) P-C(CH 3)=CH 2)(H)][B(C 6F 5) 4] 

Pdl273H = [Pd(P-i-Pr3)((i-Pr2)P-C(CH3)=CH2)2(H)][B(C6F5)4] 

Pdl271H = [Pd((i-Pr 2)P-C(CH 3)=CH 2) 3(H)][B(C 6F 5) 4] 

Pdll62 = [Pd(P-i-Pr 3) 2(NCCH 3)(CH 3)][B(C 6F 5) 4] 

Pdll84M = [Pd(P-i-Pr3)(P(i-Pr2)(K2-C(CH3)2))(C5H5N)][B(C6F5)4] 
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2.4.2 Materials 

The palladium catalysts, Li(Et 2 0) 2 5[B(C 6F 5)4] (LiFABA), K[B(C 6 F 5 ) 4 ] (KFABA), 

[HN(Ph)(Me)2][B(C6F5)4] (DANFABA) and triisopropylphosphine were supplied by 

Promerus LLC and used without further purification. The following materials and solvents 

were purchased from Sigma Aldrich and used without further purification: sodium mesylate, 

sodium tosylate, lithium bromide, lithium inflate, magnesium sulphate, hydrogen peroxide, 

bis(dimethylamino)naphthalene, 2,6-di-tert-butylpyridine, formic acid, acetic acid, 

triethylsilane, acetonitrile, pyridine, dichloromethane, acetonitrile, diethylether. 

Al l liquid monomers were degassed by freeze-thaw-pump cycles before being taken into the 

glove box. 

Tetrahydrofuran-dg, chloroform-^, dichloromethane-ck, benzene-^ and toluene-dg were used 

as supplied in pre-sealed ampules and kept refrigerated in a glove box. 

2.4.3 Instrumentation and Measurements 

2.4.3.1 Nuclear Magnetic Resonance 

'H NMR spectra were recorded on a Varian Mercury 400 or a Varian Inova 500 using 

deuteriated solvent lock. Chemical shifts are quoted in ppm, relative to tetramethylsilane 

(TMS), as the internal reference. 3 I P NMR spectra were recorded on a Varian/Mercury 400 

or a Varian Inova 500 at 121.4 MHz and 202.4 MHz, respectively. The following 

abbreviations are used in listing NMR spectra: s = singlet, d = doublet, t = triplet, q = quartet, 

b = broad, m = multiplet. 

2.4.3.2 Gel Permeation Chromatography (GPC) 

Gel permeation chromatography (GPC) data was obtained using a Viscotek TDA 302 

equipped with 2 x 300 mm PLgel 5um mixed C columns. Tetrahydrofuran was used as the 
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eluent, at a flow rate of 1.0 mL/min at 30°C. The detectors were calibrated using 

polystyrene standards. This type of conventional GPC analysis, based on polystyrene 

standards, is unsuitable to determine actual molecular weights of poly(norbornene) 

derivatives, but can be used to compare relative molecular weights. 

2.4.4.1 Synthesis of [Pd(P-i-Pr3)2(NCCH3)(OAc)][B(C6Fs)4] (Pdl206) Using LiFABA 

Li(Et 20)2.5[B(C 6F5)4] (960 mg, 1.102 mmol) was added to a stirred solution of Pd(P-i-

Pr3MOAc)2 (600 mg, 1.102 mmol) in acetonitrile (30 mL). The mixture was stirred for 4 

hours although 3 1P NMR spectroscopy showed the reaction to be almost instantaneous. The 

mixture was filtered to remove LiOAc salt and the solvent removed under reduced pressure, 

taking care not to heat the solution. The product was dissolved into dichloromethane (25 

mL), dried over MgSCu, filtered, and solvent removed under reduced pressure to yield a 

bright yellow solid in > 95% yield. The *H and 3 IP NMR spectra showed the sample to be 

clean, figure 2.20. 

'H NMR (300 MHz, THF-d&): 6 (ppm) = 2.43 (s, 3H, -0 2 CCHj), 2.26 (m, 6H, -P(CHMe2)3), 

1.90 (s, 3H, -NCCH3), 1.39 (m, 36H, -P(CHMe?)Q. 

3 1P NMR (121.4 MHz, THF-cfe): 5 (ppm) = 45.6. 

2.4.4 Synthesis and Characterisation 

+ 

N 

CH [B(C 6 F 5 ) 4 ] 

( i - P r ) 3 P — P d — P ( i - P r ) 3 

O 

O 

Figure 2.20 

58 



2.4.4.2 Synthesis of Pdl206 Using DANFABA 

[HN(PhXMe)2][B(C6F5)4] (880 mg, 1.102 mmol) was added to a stirred solution of Pd(P-i-

Pr3)2(OAc)2 (600 mg, 1.102 mmol) in acetonitrile (30 mL). The mixture was stirred for 4 

hours although 3 1P NMR spectroscopy showed the reaction to be complete almost 

instantaneously. The mixture was filtered and the solvent was removed under reduced 

pressure taking care not to heat the solution. The product was dissolved into DCM (25 mL), 

dried over MgS0 4 , filtered, and the solvent reduced under reduced pressure. The remaining 

solution (~ 3 mL) was precipitated into hexanes to yield a bright yellow solid in > 95% yield. 

The 'H and 3 I P NMR spectra showed the sample to be clean. 

2.4.4.3 Attempted Synthesis of Pdl206 Using KFABA 

K[B(C 6 F 5 ) 4 ] (600 mg, 0.884 mmol) and Pd(P-i-Pr3)2(OAc)2 (456 mg, 0.884 mmol) were 

added to stirred acetonitrile (42 mL). The conversion was followed via 3 I P NMR 

spectroscopy, after 24 hours the conversion had stopped at 40%. The following additives 

were used to push the reaction to completion without success: water, diethyl ether, NaOMs, 

NaOTs, LiBr. 

2.4.4.4 Synthesis of Pdl206 Using KFABA and L i [ 0 3 S C F 3 ] 

The following solids were added to stirred acetonitrile (42 mL), K[B(C6F5)4] (600 mg, 0.884 

mmol), Pd(P-i-Pr3)2(OAc)2 (456 mg, 0.884 mmol), LiOTf (132 mg, 0.884 mmol). The 

mixture was stirred for 1 hour although 3 1P NMR spectroscopy showed the reaction to be 

complete almost instantaneously. The mixture was filtered and the solvent removed under 

reduced pressure taking care not to heat the solution. The product was dissolved into DCM 

(25 mL), dried over MgS0 4 , filtered, and solvent removed under reduced pressure to yield a 

bright yellow solid in > 95% yield. The *H and 3 1P NMR spectra showed the sample to be 

clean. 
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2.4.4.5 Synthesis of Triisopropylphosphine Oxide 

Triisopropylphosphine (10 mg) was dissolved in THF-t/g (0.6 raL) and hydrogen peroxide 

was added dropwise (10 drops). The sample was subjected to 3 I P NMR spectroscopy. 

3 1P NMR (121.4 MHz, THF-c/g), 5 (ppm): 59.2. 

2.4.4.6 Triisopropylphosphonium FABA 

The compound was provided by Promerus LLC as a reference material. 

3 1P NMR (121.4 MHz, THF-dg), 6 (ppm): 44.8. 

2.4.4.7 Thermolysis of Pdl206 in THF-rfg 

Pdl206 (50 mg, 4.15 x 10"5 mol) was dissolved in THF-t/g (0.6 mL) and transferred to an 

NMR tube fitted with a Young's tap. The solution was then subjected to thermolysis at 

various temperatures inside the NMR probe. 'H NMR spectra or 3 IP NMR spectra were 

taken at regular time intervals during the thermolysis. The integral values of peaks, of 

known identity, were plotted in tables and graphs. The solution developed a red colour and 

produced a black palladium precipitate in all cases. 

The table shows selected peaks and integral values during the thermolysis of Pdl206 by 'H 

NMR spectroscopy at 50°C. The numbers in the table have no real meaning, only to show 

how functionalities increase or decrease during thermolysis. 
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Table 2.1 

10.34 ppm 7.5 - 4.5 ppm 2.61 ppm 
Time/Minutes (CHaCOzH) (vinyl) (CH 3 C0 2 -Pd) -15.26 ppm(Pd-H) 

2.19 0.12 30 
10.93 0.65 
22.49 0.93 28.99 
27.49 2.29 
32.49 0.98 28.15 
42.5 1.26 26.73 
47.5 2.42 
57.5 1.57 24.84 0.92 

117.52 3.06 3.54 18.07 1.88 
177.52 3.32 4.63 13.6 2.4 
237.52 3.77 5.11 10.25 2.85 
297.53 3.75 5.9 8.24 3.12 

The fol lowing are selected 3 1 P N M R spectroscopy data for the thermolysis o f Pdl206 at 

55°C. 

3 I P N M R (121.4 MHz, THF-<4), 8 (ppm): Time = 0; 45.6 (100%, Pdl206). Time = 1000 

mins; 71.4 (1.5%, Pdl l65) , 66.3 (8.2%, broad), 56.9 (41.9%, Pdl l48) , 50.5 (4.0%, broad), 

43.8 (3.7%), 41.3 (4.7%, Pdl l62) , 36.6 (9.6%). 

2.4.4.8 Thermolysis of Pdl206 + L i F A B A in THF-</ 8 

Pdl206 (60.3 mg, 5.0 x 10"5 mol) and L i F A B A (43.5 mg, 5.0 x 10"5 mol) were dissolved in 

THF-i/g (0.6 mL) and transferred to an N M R tube fitted with a Young's tap. The solution 

was then subjected to thermolysis at 55°C for 450 minutes in an oil bath. ! H and 3 1 P N M R 

spectra were recorded at the end o f the thermolysis. The solution developed a red colour and 

produced a black palladium precipitate. 

3 1 P N M R (121.4 MHz, THF-J 8 ) , 5 (ppm): 71.4 (3.0%, Pdl l65) , 57.1 (9.3%), 56.9 (34.0%, 

Pdl l48) , 36.1 (13 .7%). Lots o f small signals between 52 and 39 ppm. 

' H N M R (299.9 MHz, THF-rf 8 ) , 5 (ppm): 10.6 (0.6H, broad, C H 3 C 0 2 H ) , 7-5 (0.49H, m, 

vinyl) , 0.40 (0.04H, m, Pd-CHj), -15.1 (0.27H, m, Pd-H). 
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2.4.4.9 Thermolysis of Pdl206 + D A N F A B A in THF-rf 8 

Pdl206 (60.3 mg, 5.0 x 10"5 mol) and D A N F A B A (40.1 mg, 5.0 x 10"5 mol) were dissolved 

in THF-dg (0.6 mL) and transferred to an N M R tube fitted with a Young's tap. The solution 

was then subjected to thermolysis at 55°C for 450 minutes in an oil bath. ' H and 3 I P N M R 

spectra were recorded at the end o f the thermolysis. The solution developed a red colour and 

produced a black palladium precipitate. 

3 1 P N M R (121.4 MHz, THF-</„), 8 (ppm): 71.4 (3.0%, Pdl l65) , 60.0 (9.0%, broad), 56.9 

(32.5%, Pdl l48) , 50.7 (4.6%, broad), 44.7 (6.8%), 43.8 (4.5%), 41.3 (2.6%, Pdl l62) , 36.1 

(7.2%). 

' H N M R (299.9 MHz, THF-rf 8 ) , 5 (ppm): 7-5 (1.02H, m, vinyl) , 0.40 (0.01H, m, Pd-CHj) -

15.1 (0.34H, m, Pd-H). 

2.4.4.10 Thermolysis of Pdl206 + 2,6-di-tert-butylpyridine in THF-</ 8 

Pdl206 (60.3 mg, 5.0 x 10"5 mol) and 2,6-di-tert-butylpyridine (9.6 mg, 5.0 x 10' 5 mol) were 

dissolved in THF-^s (0.6 mL) and transferred to an N M R tube fitted with a Young's tap. 

The solution was then subjected to thermolysis at 55°C for 450 minutes in an oil bath. ' H 

and 3 I P N M R spectra were recorded at the end o f the thermolysis. The solution initially 

developed a yellow colour but eventually produced an orange solution. 

3 1 P N M R (121.4 MHz, THF-cfe), 8 (ppm): Huge amount o f small unidentified signals, 56.4 

(Pdl l48, 2%). 

' H N M R (299.9 MHz, THF-40, 8 (ppm): 7-5 (0.81H, m, vinyl) , 0.40 (0.11H, m, Pd-CHj) -

15.1 (0.06H, m, Pd-H). 
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2.4.4.11 Thermolysis of Pdl206 + Bis(dimethylamino)naphthalene in THF-</ 8 

Pdl206 (60.3 mg, 5.0 x 10"5 mol) and bis(dimethylamino)naphthalene (10.7 mg, 5.0 x 10"5 

mol) were dissolved in THF-c/ 8 (0.6 mL) and transferred to an N M R tube fitted with a 

Young's tap. The solution was then subjected to thermolysis at 55°C for 450 minutes in an 

oil bath. ' H and 3 I P N M R spectra were recorded at the end o f the thermolysis. The solution 

produced a very dark red solution. 

3 I P N M R (121.4 MHz, THF-c/ 8), 5 (ppm): Huge amount o f small unidentified signals, 56.4 

(Pdl l48, 8%). 

' H N M R (299.9 MHz, THF-rf 8 ) , 5 (ppm): 7-5 (0.37H, m, vinyl) , -15.1 (0.12H, m, Pd-H). 

2.4.4.12 Thermolysis of Pdl206 + Triisopropylphosphine in THF-cfa 

Pdl206 (60.3 mg, 5.0 x 10"5 mol) and triisopropylphosphine (8.0 mg, 5.0 x 10"5 mol) were 

dissolved in THF-dg (0.6 mL) and transferred to an N M R tube fitted with a Young's tap. 

The solution was then subjected to thermolysis at 55°C for 450 minutes in an oi 1 bath. ' H 

and 3 I P N M R spectra were recorded at the end o f the thermolysis. The solution developed a 

bright yellow colour. 

3 1 P N M R (121.4 MHz, THF-c/g), 8 (ppm): 71.4 (2.0%, Pdl l65) , 61.8 (3.5%), 59.2 (10%), 

56.9 (35%, Pdl l48) , 51.4 (8%), 21.0 (3%). Lots o f small, broad signals between 50 and 35 

ppm. 

' H N M R (299.9 MHz, THF-</ 8), 5 (ppm): 11.4 (0.58H, broad, C H 3 C 0 2 H ) , 7-5 (0.84H, m, 

vinyl) , -15.1 (0.77H, m, Pd-H). 

2.4.4.13 Thermolysis of Pdl206 + Acetic Acid in THF-rf 8 

Pdl206 (60.3 mg, 5.0 x 10' 5 mol) and acetic acid (3.0 mg, 5.0 x 10"5 mol) were dissolved in 

THF-d 8 (0.6 mL) and transferred to an N M R tube fitted with a Young's tap. The solution 
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was then subjected to thermolysis at 55°C for 450 minutes in an oi 1 bath. ' H and 3 1 P N M R 

spectra were recorded at the end o f the thermolysis. The solution developed a dark brown 

colour and a lot o f palladium metal. 

3 I P N M R (121.4 MHz, THF-dg), 6 (ppm): 75.0 (4.0%, broad), 71.4 (3.0%, Pdl l65) , 62.0 

(9.0%, broad), 56.9 (14.2%, Pdl l48) , 55.2 (6.1%), 52.0 (2.0%), 46.1 (1.7%), 44.7 (4.0%), 

42.0 (2.8%), 41.1 ( P d l l 6 2 , 11.1%), 38.9 (3%). Lots o f small signals between 60 and 35 

ppm. 

' H N M R (299.9 MHz, THF-</ 8), 8 (ppm): 9.0 (1.85H, broad, C H 3 C 0 2 H ) , 7-5 (0.60H, m, 

vinyl),-15.1 (0.15H, m, Pd-H). 

2.4.4.14 Thermolysis of Pdl206 + Triethylsilane 

Pdl206 (l.OOg, 8.3 x 10"4 mol) and triethylsilane (96.3 mg, 8.3 x 10"4 mol) were dissolved in 

D C M (20 mL). The solution was stirred for 4 hours (colour change f rom yellow to red), 

dried over MgSCU, filtered and reduced to ~ 1.5 m L under reduced pressure. The filtrate was 

slightly grey coloured because of palladium metal mixed with MgSCv The D C M solution 

was precipitated into hexanes (5 mL) , filtered and dried under reduced pressure to yield a red 

powder (0.85g, 90%). The red coloured powder was analysed by ' H and 3 , P N M R 

spectroscopy. 

3 I P N M R (121.4 MHz, THF-c/g), 8 (ppm): 71.0 (Pdl l65 , 8.7%), 56.9 (Pdl l48, 72.4%), 55.3 

(1.9%), 48.7 (1.1%), 46.7 (4.2%), 45.9 (10.3%), 38.6 (1.4%). 

' H N M R (200.0 MHz, THF-</ 8), 8 (ppm): -15.20 (t, 2JPH = 7.35, Pd-H). 

2.4.4.15 Stability of P d l l 6 5 at 20°C in THF-rf 8 

P d l l 6 5 (25 mg, 2.15 x 10"5 mol) was dissolved in TUF-dg (0.6 m L ) and transferred to an 

N M R tube fitted with a Young's tap. The rube was left at room temperature for 24 hours to 

check the stability o f the P d l l 6 5 species in solution. 3 I P N M R spectra were run. 
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3 I P N M R (121.4 MHz, THF-rfg), 5 (ppm): Time = 0; 80.5 (7.8%), 71.0 (80.3%), 54.1 

(11.9%). Time = 24 hours; 80.5 (6.6%), 71.0 (36.5%), 54.0 (25.1%), 48 - 41 (many small 

peaks, 31.8%). 

2.4.4.16 Thermolysis of P d l l 6 5 at 55°C in THF-rfg 

P d l l 6 5 (25 mg, 2.15 x 10"5 mol) was dissolved in THF-c/g (0.6 mL) and transferred to an 

N M R tube fitted with a Young's tap. The solution was then subjected to thermolysis at 55°C 

inside the N M R probe. 3 1 P N M R (202 MHz, THF-£/ 8) spectra were recorded at regular time 

intervals. During the thermolysis o f Pdl l65 , 4 main peaks in the 3 1 P N M R spectra were 

detected and their normalised integral values plotted as a function o f time. 

Interesting peaks in the ' H N M R spectra were noted at the end o f the thermolysis. 

' H N M R (300 MHz, THF-dg): 8 (ppm) = 1 1 - 1 0 (br, 0.68H, C H 3 C 0 2 H ) , 7.68 (d, 0.39H, J = 

8.4), 7.25 (d, 0.38H, J= 8.4), 6.42 (d, 0.18H, J = 4.2), 4.85 (d, 0.19H, J = 4.2), -15.1 (m, 

0.13H, Pd-H), -19.1 (m, 0.36H, Pd-H). 

2.4.4.17 Thermolysis of 1 Pd l 165: 1 C H 3 C N at 20°C in THF-</„ 

P d l l 6 5 (25 mg, 2.15 x 10"5 mol) and acetonitrile (1.2 uL, 1.52 mg, 2.15 x 10"5 mol) were 

dissolved in THF-dg (0.6 mL) and transferred to an N M R tube fitted wi th a Young's tap. 

The solution was then subjected to thermolysis at ambient temperature for 120 minutes. The 

solution developed a red colour and produced no palladium precipitate. 

3 1 P N M R (121.4 MHz, THF-</ 8): 8 (ppm) = 71.0 (Pdl l65 , 31.0%), 56.4 (Pdll48, 5.0%), 

52.0 (Pdl l46M, 25%), 43.2 (Pdl l46M, 25%). 
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2.4.4.18 Thermolysis of 1 Pd l l65 : 1 C H 3 C N at 55°C in THF-rff 

P d l l 6 5 (25 mg, 2.15 x 10"5 mol) and acetonitrile (1.2 uL, 1.52 mg, 2.15 x 10"5 mol) were 

dissolved in THF-c/g (0.6 mL) and transferred to an N M R tube fitted with a Young's tap. 

The solution was then subjected to thermolysis at 55°C inside the N M R probe. 3 I P N M R 

(202 MHz, THF-dg) spectra were recorded at regular time intervals. The solution developed 

a red colour and produced a small amount o f black precipitate. During the thermolysis o f 

Pdl l65 , the main peaks in the 3 1 P N M R spectra were detected and their integral values 

plotted as a function o f time. 

Interesting peaks i n 3 1 P and ' H N M R spectra were noted at the end o f the thermolysis. 

3 1 P N M R (121.4 MHz, THF-cfe): 5 (ppm) = 71.0 (1.2%, Pdl l65) , 65.00 (5.1%), 56.4 (49%, 

Pdl l48) , 46.84 (3.3%), 43.80 (7.2%), 36.0 (3.3%). Lots o f small signals which are diff icul t 

to integrate. 

' H N M R (300 MHz, THF-Jg): 6 (ppm) = 7.68 (d, 0.39H, J= 7.8), 7.25 (d, 0.36H, J = 7.8), 

6.2 - 5.6 (m, 1.24H), -15.1 (m, 0.79H, Pd-H). 

2.4.4.19 Thermolysis of Pd l l62 at 55°C in THF-</ 8 

Pdl l62 (25 mg, 2.15 x 10"5 mol) was dissolved in THF-dg (0.6 mL) and transferred to an 

N M R tube fitted with a Young's tap. The solution was then subjected to thermolysis at 55°C 

inside the N M R probe. 3 1 P N M R (202 MHz, THF-J g ) spectra were recorded at regular time 

intervals. During the thermolysis o f Pdl l62 , the main peaks in the P N M R spectra were 

detected and their integral values plotted as a function o f time. 

No hydride peaks were detected in the *H N M R spectra at the end o f the decomposition. 

66 



2.4.4.20 Thermolysis of 1 P d l 162: 1 C H 3 C 0 2 H at 55°C in THF-rf 8 

P d l l 6 2 (25 mg, 2.15 x 10"5 mol) and acetic acid (1.23 uL, 1.29 mg, 2.15 x 10"5 mol) were 

dissolved in 7HF-d& (0.6 mL) and transferred to an N M R tube fitted with a Young's tap. 

The solution was then subjected to thermolysis at 55°C in an oil bath. The solution went 

f rom a very pale yellow to a dark green/yellow colour, with palladium precipitate evident. 
3 1 P N M R (121.4 MHz, THF-cfo) spectra were recorded at regular time intervals. 

New peaks in the 3 I P N M R spectrum appeared over time. Time = 160 minutes, 71.0 

(Pdl l65, 1.4%), 61.0 (5.3%), 56.4 (Pdl l48, 10.9%), 46.1 (9.6%), 43.8 (3.3%), 41.1 

(Pdl 162, 60.6%), 36.4 (6.6%). 

The *H N M R spectrum showed two separate hydride peaks, at -14.5 and -15.1 ppm. 

2.4.4.21 Thermolysis of P d l 162 + Formic Acid at 50°C in C D C 1 3 

P d l 162 (25 mg, 2.15 x 10"5 mol) and 10 equivaents o f formic acid (8.4 mg, 2.15 x 10"4 mol) 

were dissolved in CDCb (0.6 mL) and transferred to an N M R tube fitted with a Young's tap. 

The solution was then subjected to thermolysis at 50°C in an oi l bath for 2 hours. The 

solution went from a very pale yellow to a dark red colour, with palladium precipitate 

evident. The sample was subjected to 3 1 P and ' H N M R spectroscopy. 

3 I P N M R (121.4 MHz, CDCI3): 6 (ppm) = 69.2 (m, 3.8%), 64.0 (m, 5.3%), 55.9 (s, Pdl l48 , 

42.6%), 45.7 (s, 12.3%), 45.3 (s, 13.5%), 40.6 (s, P d l 162, 17.2%), 37.3 (m, 5.3%). 

' H N M R (499.8 MHz, C D C I 3 ) : 5 (ppm) = 0.40 (t, 0.30H, Pd-CHj - Pdl l62) , -15.20 (t, 

0.20H, P d - H - P d l 148). 
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2.4.4.22 Thermolysis of P d l l 6 5 with Pyridine in THF-</ 8 

P d l l 6 5 (25 mg, 2.15 x 10"5 mol) and pyridine (8.5 mg, 10.7 x 10"5 mol) were dissolved in 

THF-c/g (0.6 mL) and transferred to an N M R tube fitted with a Young's tap. *H and 3 I P 

N M R spectroscopy was run on the sample. C/ 1s ,-Pdll84M was observed, figure 2.21. This 

sample was heated to 65°C for 1 hour without showing any signs o f change. 

3 I P N M R (121.4 MHz, CDC1 3): 5 (ppm) = 49.8 (d, IP, non-metallated P, J= 30.8), 38.0 (d, 

IP, metallated P,J= 30.8). 

' H N M R (499.8 MHz, CDC1 3): 5 (ppm) = 8.51 (d, 2H, J= 4.20, C 5 H 5 N ) , 7.87 (t, 1H, J = 

7.20, C5H5N), 7.50 (t, 2H, J = 6.30, C5H5N), 2.50 (m, 2H, -CH(CH 3 ) 2 ) , 2.00 (m, 3H, -

CH(CH 3 ) 2 ) , 1.50-1.40 (m, 12H, - C H ^ H j ^ ) , 1.20-1.15 (m, 24H, -CH(CHj ) 2 , ring-C(CHj)2). 

2.4.4.23 Synthesis and Characterisation of P d l l 4 6 M 

Pdl l65 (200 mg, 1.32 x 10"4 mol) was dissolved in acetonitrile (dry, 4 mL) and left for 24 

hours at room temperature. The acetonitrile was then removed under reduced pressure. 

Some of the resulting P d l l 4 6 M solid (25 mg), figure 2.22, was dissolved in THF-dg (0.6 

mL) and transferred to an N M R tube fitted with a Young's tap. 

3 1 P N M R (121.4 MHz, THF-d 8 ) : 6 (ppm) = 51.9 (broad, non-metalated P), 43.3 (broad, 

metalated P). 

[ B ( C 6 F , ) 4 ] 

- r 
Pd 

(i-Pr) 3P 

Figure 2.21 
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' H N M R (499.8 MHz, CDC1 3): 5 (ppm) = 2.48 (m, 2H, -CH(CH 3 ) 2 ) , 2.40 (s, 3H, NCCH3), 

2.85 (m, 3H, -CH(CH 3 ) 2 ) , 1.54 (m, 6H, ring-C(CH3) 2), 1.40 (m, 12H, -CH(CH3) 2), 1.32-1.12 

(m, 18H, -CH(CHj) 2 ) . 

Some of the resulting solid (50 mg) was dissolved in C D C I 3 (0.6 mL) and transferred to an 

N M R tube fitted with a Young's tap. The sample was submitted for 3 1 P and ' H V T - N M R 

spectroscopy. 

3 I P N M R at 20°C (202.3 MHz, CDC1 3): 8 (ppm) = m - P d l l 4 6 M , 100%; 51.8 (b, non-

metalated P), 43.3 (b, metalated P). 

3 1 P N M R at 10°C (202.3 MHz, CDC1 3): 8 (ppm) = cw -Pdl l46M, 100%; 51.7 (d, non-

metalated ?,J= 31.56), 43.0 (d, metalated P, J= 31.56). 

3 I P N M R at 0°C (202.3 MHz, CDC1 3): 8 (ppm) = m - P d l l 4 6 M , 9 1 % ; 51.5 (d, non-

metalated P, J = 31.56), 42.8 (d, metalated P, J = 31.56). trans-Pdll46M, 9%; 39.9 (bd, 

non-metalated P, J= 236.30), 16.8 (bd, metalated P, J = 236.30). 

3 I P N M R at -10°C (202.3 MHz, CDC1 3): 8 (ppm) = c/s-Pdll46M, 93.5%; 51.2 (d, non-

metalated P, J = 31.56), 42.6 (d, metalated P, J = 31.56). trans-VdlU6M, 6.5%; 39.5 (d, 

non-metalated P,J= 236.30), 16.2 (d, metalated P, J= 236.30). 

3 I P N M R at -20°C (202.3 MHz, CDC1 3): 8 (ppm) = m - P d l l 4 6 M , 91.7%; 51.0 (d, non-

metalated P, J = 31.56), 42.4 (d, metalated P, J = 31.56). trans-YU1146M, 8.3%; 39.3 (d, 

non-metalated P, J = 236.30), 15.9 (d, metalated P, J = 236.30). 

+ 
[ B ( C 6 F 5 ) 4 ] 

- r 
Pd 

N / C H 
(i-Pr) 3P 

Figure 2.22 
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3 I P N M R at -40°C (202.3 MHz, CDCI3): 5 (ppm) = cw -Pdl l46M, 92.6%; 50.8 (d, non-

metalated P, J = 31.56), 42.2 (d, metalated P, J= 31.56). ftww-Pdll46M, 7.4%; 38.8 (d, 

non-metalated ?,J= 236.30), 15.2 (d, metalated P, J = 236.30). 

3 I P N M R at -50°C (202.3 MHz, C D C I 3 ) : 6 (ppm) = cw -Pdl l46M, 92.6%; 50.6 (d, non-

metalated P, J = 31.56), 42.0 (d, metalated P, J = 31.56). f ra/ is-Pdll46M, 7.4%; 38.4 (d, 

non-metalated P, J = 236.30), 14.8 (d, metalated ?,J= 236.30). 

3 1 P N M R at -60°C (202.3 MHz, CDCI3) : 6 (ppm) = cw -Pdl l46M, 92.6%; 50.4 (d, non-

metalated P, J = 31.56), 41.7 (d, metalated P, J = 31.56). trans-VdlU6M, 7.4%; 38.2 (d, 

non-metalated P, J = 236.30), 14.8 (d, metalated P, J= 236.30). 

' H N M R at -60°C (499.8 MHz, CDC1 3): 8 (ppm) = 2.48 (m, 2H, -CH(CH 3 ) 2 ) , 2.40 (s, 3H, 

NCCH3), 2.85 (m, 3H, -CH(CH 3 ) 2 ) , 1.54 (m, 6H, ring-C(CH3) 2), 1.40 (m, 12H, -CH(CH3) 2), 

1.32-1.12 (m, 18H, -CH(CHj) 2 ) . 

From the V T - N M R spectroscopic data it is clear that the cis and trans-Fdll46M isomers are 

in exchange. 3 I P- 3 I P 2D-NMR spectroscopy (EXSY-noesy) was run on the sample at -20°C 

to confirm this observation. 

2.4.4.24 Thermolysis of P d l 146M at Ambient Temperature in THF-t/g 

P d l l 4 6 M (50 mg, 4.36 x 10"5 mol) was dissolved into THF-c/8 (0.6 mL) and subjected to 3 I P 

and ' H spectroscopic analysis after 7 hours. 

' H N M R (200.0 MHz, THF-rf 8 ) : 8 (ppm) = 6.1 - 5.4 (m, 1.18H, vinylic) , -15.2 (m, 0.59H, 

Pd-H). 

3 , P N M R (81.0 MHz, THF-rf 8 ) : 8 (ppm) = 54.6 (41.3%, Pdl l48) , 52.5 (5.6%), 49.5 (b, 

28.6%, Pdl 146M), 41.5 (b, 24.5%, Pd l l46M) . 
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2.4.4.25 Thermolysis of Pd 1146M at 20°C in C D C 1 3 

P d l l 4 6 M (50 mg, 4.36 x 10"5 mol) was dissolved into CDC1 3 (0.6 mL) and subjected to 3 1 P 

and ' H N M R spectroscopic analysis at different time intervals. 

3 , P N M R at 40 minutes (121.4 MHz, CDC1 3): 5 (ppm) = 57.2 (d, J= 322.0, P d l l 4 6 H , 10%), 

52.7 (d, J = 322.0, P d l l 4 6 H , 10%), 51.7 (b, P d l l 4 6 M , 40%), 43.3 (m, P d l l 4 6 M , 40%). 

' H N M R at 40 minutes (200.0 MHz, CDC1 3): 5 (ppm) = 5.86 (d, 1H, V P H = 34.8, vinylic H 

trans to P), 5.67 (d, 1H, 3 J P H = 16.1, vinylic H cis to P), -15.25 (t, 1H, J= 7.16, Pd-H). 

3 I P N M R at 7 hours (121.4 MHz, CDC1 3): 5 (ppm) = 70.0 (3%, Pdl l65) , 57.2 (d, J= 322.0, 

P d l l 4 6 H , 27%), 56.0 (s, P d l 148, 12%), 52.2 (d, J = 322.0, P d l l 4 6 H , 27%), 51.7 (b, 

P d l l 4 6 M , 10%), 47.5 (2%), 47.3 (2%), 45.8 (4%), 45.1 (2%), 43.3 (m, P d l l 4 6 M , 10%). 

' H N M R at 7 hours (200.0 MHz, CDC1 3): 5 (ppm) = 5.86 (d, 1H, 3 J P H = 34.8, vinylic H trans 

to P), 5.67 (d, 1H, VpH = 1 6 . 1 , vinylic H cis to P), -15.25 (t, \H,J= 7.16, Pd-H). 

2.4.4.26 Thermolysis of P d l 146M at 35°C in C D C I 3 

P d l l 4 6 M (50 mg, 4.36 x 10"5 mol) was dissolved into CDC1 3 (0.6 mL) and subjected to 

thermolysis at 35°C for 12 hours in an oil bath. 3 1 P and ' H N M R spectroscopy were run. 

3 I P N M R (121.4 MHz, CDC1 3): 5 (ppm) = 69.8 (dd, J= 110.4 & 29.3, P A , 20%), 60.0 (dd, J 

= 32.5 & 29.3, P A , 20%), 56.9 (dd, J = 110.4 & 32.5, P B , 20%), 56.0 (Pdl l48 , 6%), 47.5 

(12%), 45.8 (8%), 44.6 (d, J= 362.0, P a, 7%), -48.1 (d, J= 362.0, P b, 7%). 

' H N M R (200.0 MHz, CDC1 3): 6 (ppm) = 7-4 (m, 2H, vinyl) , -15.1 (m, 1H, Pd-H). 
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2.4.4.27 Attempted Thermolysis of P d l l 4 8 

P d l l 4 8 (50 mg, 4.36 x 10"5 mol) was dissolved into THF-d 8 (0.6 mL) and heated at 55°C for 

90 minutes. P and H N M R spectroscopy showed no change. 

2.3.4.28 Attempted Synthesis of [Pd(P-i-Pr 3)((i-Pr2)P-C(CH 3)=CH2)2(H)l-

[ B ( C 6 F 5 ) 4 ] (Pdl273H) 

P d l l 4 8 (57.4 mg, 5.0 x 10"5 mol) and triisopropylphosphine (8.0 mg, 5.0 x 10 s mol) were 

dissolved into THF-dg (0.6 mL) and stirred for 60 minutes. 3 I P and ' H N M R spectroscopy 

were run. 

' H N M R (300 MHz, THF-<4): 5 (ppm) = -14.51 (b, 0.04H, Pd-H), -15.11 (b, 0.72H, Pd-H). 

3 , P N M R (121.4 MHz, THF-cfe): 8 (ppm) = 56.9 (50%, Pdl l48) , 56.0 (3%), 37.0 (4%), 21.1 

(43%). 

2.4.4.29 Characterisation of [Pd(P-i-Pr 3 ) 2 (K 2 -OAc)] [B(C 6 F 5 )4 j (Pdl 165) 

The catalyst was used as supplied by Promerus L L C and characterised using N M R 

spectroscopy, figure 2.23. 

' H N M R (300 MHz, THF-d 8 ) : 8 (ppm) = 2.50 (m, 6H, -P(CHMe 2 ) 3 ) , 1.98 (s, 3H, -O2CCH3) , 

1.51 (m, 36H, -PfCHMeQO. 

3 'P N M R (121.4 MHz, THF-</ 8): 8 (ppm) = 71.4. 
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Figure 2.23 

2.4.4.30 Characterisation of [Pd(P-i-Pr 3) 2(Me)(MeCN)] [ B ( C 6 F 5 ) 4 ] (Pdl 162) 

The catalyst was used as supplied by Promerus L L C and characterised using N M R 

spectroscopy, figure 2.24. 

' H N M R (300 MHz, THF-rf 8 ) : 5 (ppm) = 2.60 - 2.20 (m, 6H, -P(CHMe 2 ) 3 ) , 1.75 (s, 3H, -

NCCH 3 ) , 1.37 (m, 36H, -P(CHMe?)Q. 0.45 (t, 3 H , 7 = 5.70, Pd-CHj). 

3 1 P N M R (121.4 MHz, THF-rfg): 6 (ppm) = 41.3. 

N 

CH, 
+ 
[B (C 6 F S ) J 

( i -Pr ) 3 P—Pd—P( i -Pr ) 3 

H 3 C 

Figure 2.24 

2.4.4.31 Characterisation of (Pd (P- i -Pr 3 ) 2 (H)(MeCN)) |B(C 6 F 5 ) 4 ] (Pdl 148) 

The catalyst was used as supplied by Promerus L L C and characterised using N M R 

spectroscopy, figure 2.25. 

' H N M R (300 MHz, THF-</ 8): 5 (ppm) = 2.33 (s, 3H, -NCCHj) , 2.24 (m, 6H, -P(CHMe 2 ) 3 ) , 

1.18 (m, 36H, -P(CHMe2) 3), -15.4 (t, 1H, 2 J P H = 7.35, Pd-H). 
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3 1 P N M R (121.4 MHz, THF-</ 8): 5 (ppm) = 56.9. 

+ 
[ B ( C 6 F 5 ) J 

Figure 2.25 

2.4.4.32 N M R Scale Polymerisation of ew</0/ex0-5-decyl-2-norbornene using Pdl206 

Pdl206 (4.3 mg, 3.60 x 10"6 mol) was dissolved in toluene-dg and the solution then added to 

endolexo--5-decyl-2-norbornene (42.1 mg, 1.80 x 10"4). The solution was syringed into an 

N M R tube and analysed by *H N M R spectroscopy at 70°C within the N M R probe. The 

changes in intensity o f the monomer vinyl resonances were measured against the internal 

standard over time. First order plots were used to measure the rate o f polymerisation o f the 

ew/o/exo-NBdecyl. 

k (era/o-5-decyl-2-norbornene) = 1 . 1 8 x 1 0 " s" . 

k (ejco-5-decyl-2-norbornene) = 2.25 x 10"3 s"1 

k (e«<ato/exo-5-decyl-2-norbornene) = 1.28 x 10" s" 

2.4.4.33 N M R Scale Polymerisation of e/i</0/ex:0-5-decyl-2-norbornene using Pd l l48 

P d l l 4 8 (4.1 mg, 3.60 x 10"6 mol) was dissolved in toluene-^ and the solution then added to 

e/7c/o/exo-5-decyl-2-norbornene (42.1 mg, 1.80 x 10"4). The solution was syringed into an 

N M R tube and analysed by ' H N M R spectroscopy at 70°C within the N M R probe. The 

change in intensity o f the monomer vinyl resonances was measured against the internal 

standard over time. First order plots were used to measure the rate o f polymerisation o f the 

eni/o/ejt:o-5-decyl-2-norbornene. 

N 

C H , 

( i - P r ) 3 P — P d — P ( i - P r ) 3 

H 
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k (ewfo-5-decyl-2-norbornene) = 4.54 x 10"3 s"1 

k (exo-5-decyl-2-norbomene) = 9.37 x 10"3 s"1 

k (ew/o/e.x0-5-decyl-2-norbornene) = 4.78 x 10"3 s"1 
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Chapter 3 

Fundamental Studies on Cationic Palladium Hydride Initiators for the Addition 

Polymerisation of Functionalised Norbornene Monomers 

3.1 Introduction 

The cationic palladium catalysed addition polymerisation of functionalised norbornenes is of 

immense current interest due to its perceived ability to generate polymers, which can f u l f i l the 

electronics industries needs for highly transparent, lithographic materials. These advanced 

lithographic materials require very specific physical properties. However, even low levels of 

residual metal and phosphines and anything but excellent polymer homogeneity, can cause an 

unfavourable distortion o f these properties. Reliably producing these physical properties in 

the lithographic material is reliant on being able to gain fu l l control o f the polymerisation 

system. This can only be fu l ly realised by gaining an appreciation for how the key factors 

such as initiator character and monomer functional group affect the polymerisation system. 

The use o f N M R spectroscopy as a tool for probing the key features o f polymerisation 

reactions is not a new one and owes much of its development to the pioneering work o f the 

early ROMP specialists. This technique has enabled important mechanistic information 

regarding initiation and propagation to be assessed, using discrete catalysts, with a view to 

improving catalytic activity. 

A l l previous work undertaken in the field o f addition polymerisation has tended to focus on 

the use o f in-situ generated catalysts, with GCMS as the analytical tool, with limited success.1 

This technique can give useful information regarding polymerisation rates but nothing with 

respect to the intricacies o f initiation and polymerisation. 

This chapter w i l l demonstrate the use o f ' H N M R spectroscopy as an analytical tool for the 

investigation o f cationic palladium hydride in the addition polymerisation o f functionalised 

norbornene monomers. The investigations w i l l focus on the rates o f initiation and 
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propagation o f stable cationic palladium hydride initiators during the polymerisation o f 

functionalised norbomene monomers. The influence o f the catalyst character, nature of the 

substituents on norbornene, and polymerisation conditions, on the polymerisation reaction 

wi l l be assessed. 

The investigations w i l l particularly focus on the initiation and propagation steps of the stable 

cationic palladium hydride species, [Pd(PCy 3)2(NCCH3)(H)][B(C 6F 5)4] (Pdl388), with a 

range o f technologically important functionalised norbornenes. The main aim o f these 

investigations is to gain an appreciation o f how the fol lowing affect the polymerisation 

system: 

• Initiator Character 

• Temperature 

• Solvent 

• Additives 

• Functional group on norbornene: 

o Steric size 

o Regiochemistry 

o Methylene spacing (homologation) 

o Coordination 
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3.2 Results and Discussion 

3.2.1 ' H N M R Spectroscopy - Analytical Tool for Probing Addition Polymerisation 

The synthesis and isolation o f initiators o f general structure 

[Pd(PR 3)2(NCCH3)(H)][B(C6F5)4], by Promerus L L C , has provided the opportunity to 

investigate the initiation and polymerisation o f functionalised norbornene monomers by ' H 

N M R spectroscopy for the first time. Using the model initiator, Pd 1388, it was envisaged that 

it would be possible to measure the rate o f initiation via the reduction in the very distinct 

palladium hydride resonance, which shows as a triplet at ~ -15.1 ppm. The rate o f 

polymerisation could be measured via the decrease in the vinyl signals o f norbornene, which 

appear at ~ 6 ppm, after initiation is complete. 

It was found that the ideal monomer:initiator ratio was 50:1, to ensure that signals due to the 

vinyl monomer, figure 3 .2, and the hydride o f the initiator, figure 3 . 1 , would both be suitably 

visible by ' H N M R spectroscopy. The polymerisation o f endo (N)- and exo ( X ) -

functionalised norbornene (NB-FG) isomers can be monitored independently via careful 

integration o f the vinyl signals o f the monomer. 

Time (s) 

5(1(1 1(100 1500 2000 °° -0.05 
r*~, 

' I ' M ! o.i 1.2E-04x 
I ' (| a R' = 9.8E-01 0.15 3C 

!<-! 0.2 

• £ -0.25 -I 

Time 

Figure 3.1. Palladium hydride *H NMR signal (Pdl388) versus time, 50 endo/exo-5-hexyl-2-

norbornene: 1 Pdl388, at 20°C in CDC1 3 . First order kinetic plot to show rate o f initiation. 
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• N/X-NB-hexyl Time 
y--0.0004x 

X-NB-texyl R = 0.9949 

Figure 3.2. Monomer vinyl lH NMR signal versus time, 50 e/tt/o/ejro-5-hexyl-2-norbornene: 

1 Pdl388, at ambient temperature in C D C I 3 . First order kinetic plot to show rate of 

polymerisation. 

3.2.2 Effect of Initiator on the Rates of Initiation and Polymerisation 

The effect of the steric size of the trialkylphosphine ligand of the initiator, 

[Pd(PR3)2(NCCH3)(H)][B(C6F5)4], was investigated by monitoring the polymerisation of 

e/K/o/exo-5-decyl-2-norbornene (N/X-NBdecyl) by the initiators described in table 3.1. The 

polymerisations were carried out at a monomer:initiator ratio of 50:1, using C D C I 3 as solvent, 

at ambient temperature. GPC data was obtained on the recovered polymer at the end of the 

polymerisations. 

Table 3.1. Polymerisation data for different initiator, PR 3 ligands. 50 N/X-NBdecyl: 1 

initiator, in CDCI3, at ambient temperature. 

Initiator P R 3 ki ( s ' ) kp/k, Mn M w MJMa 

Pdl388 P(Cy) 3 
18 x 10° 16 x 10° 0.89 17500 29800 1.70 

Pdl336 P(Cy)2(«Bu) 17 x 10"5 32 x l(y5 1.88 13700 29100 1.80 

Pdl l48 PCPr)3 18 x 10-5 56 x 10"5 3.11 14200 17900 1.87 

Pdl304 P(Cp)3 
12 x lO"5 49 x icr5 4.08 19100 39400 2.06 

Pd 1388 + C u C l P(Cy)3 
- 52 x 10-5 - 11100 14900 1.57 

The Palladium hydride species appear to initiate the polymerisation of the norbornene 

monomer at approximately the same rate, with PCy2lBu ~ PCy3 ~ P'Pr3 > PCp3. The initiators 

with the smaller trialkylphosphines appear to give higher rates of polymerisation, with PCp3 > 

P'Pr3 > PCy2lBu > PCy3. The ratio of kp/kj is the best indicator of polymerisation rate because 

the initiation was not complete before the rate of polymerisation was measured. 
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The polydispersity index (PDI) o f the resulting polymers is in agreement with the initiation 

and polymerisation data, with k p /k j increasing in the same order as Mw/Mn. 

3.2.3 Effect of Copper Salts on the Rates of Initiation and Polymerisation 

Whilst monitoring the polymerisation o f alkyl norbornenes by ' H N M R spectroscopy, it was 

noticeable that not all of the palladium hydride initiator is consumed even at 50% monomer 

conversion. Some of the early work carried out in the field o f ROMP of norbornene 

monomers showed that the addition o f copper salts to the polymerisation mixture increased 

the rates o f initiation and polymerisation by forming complexes with "free" phosphine 

ligands. The formation o f these Cu(PR3)x complexes is thought to increase the concentration 

of free active sites on the active metal centre, enabling more norbornene monomer to 

coordinate, insert and polymerise. 

The polymerisation o f erafo/e;c0-5-decyl-2-norbornene (N/X-NBdecyl), without and with 1 

equivalent o f added CuCl per Pdl388, was used to investigate this theory, figure 3.3. It is 

notable that the CuCl only becomes soluble when both initiator and norbornene monomer are 

added to the C D C I 3 solution. This confirms that "free" trialkylphosphine is needed to 

improve the solubility o f the copper salt. The N M R sample, which contained CuCl displayed 

no palladium hydride signal in the ' H N M R spectra. 
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Figure 3.3. First order plot to show the rate o f polymerisation o f 50 (N/X-NBdecyl): 1 

Pd 1388, with and without added CuCl, in C D C I 3 at ambient temperature. 

The rate o f polymerisation for the system containing CuCl was shown by *H N M R 

spectroscopy to be ~ x 3 greater than the same system without CuCl. The GPC data showed 

the polymer resulting f rom the addition o f CuCl to have an MJMn = 1.6, which is only 

marginally lower than for the polymer obtained without CuCl (MJM„ = 1.7). This is an 

unexpected result because the polymerisation system containing CuCl appeared to initiate 

very quickly. I t is likely that the CuCl is deactivating the catalyst in some way during the 

polymerisation, resulting in the high polydispersity index. 

These results compare favorably wi th the results o f Protasiewicz et al ,2 where 

polymerisations were carried out in toluene (17 mL) for 3 hr at 63°C at 10.7 m M o f 5-decyl-2-

norbornene and 0.4 u M o f Pdl388 catalyst concentrations (5-decyl-2-norbornene/Initiator 

ratio: 26700). The GPC data for these polymerisations showed that the Pdl388 generates a 

polymer wi th similar PDI (MJMB = 1.8). 
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3.2.4 Effect of Temperature on the Rates of Polymerisation 

The effect o f temperature on the rate o f polymerisation o f 5-decyl-2-norbornene (N/X-

NBdecyl) by Pdl388, in benzene-c4, was investigated by measuring the rate of 

polymerisation at 40, 50 and 70°C. The Arrhenius plot showed that the rate of 

polymerisation increases as the temperature increases, in line with the Arrhenius equation, 

figure 3.4. 

l/T 
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Figure 3.4. Arrhenius plot for polymerisation o f (50 N/X-NBdecyl: 1 Pdl388), in benzene-c4 

at 40, 50 and 70°C. The Activation Energy (E a ) for N/X-NBdecyl in benzene-J6 = 55.6 

kJmol" 1. 

3.2.5 Effect of Solvent on the Rate of Polymerisation 

The effect of polymerisation solvent was investigated by determining the rate o f 

polymerisation o f 50 N/X-NBdecyl: 1 Pdl388, by *H N M R spectroscopy at 40°C, figure 3.5. 

The deuterated solvents used in the study were selected to cover a range of solvent polarities: 

toluene (P' = 2.4); benzene (P' = 2.7); chlorobenzene (P1 = 2.7); dichlorobenzene (P' = 3.1) and 

tetrachloroethane (P' = 3.1). The general trend shows an increase in polymerisation rate, with 

an increase in polymerisation solvent polarity, which is as expected. The solvent effect is 

quite large with the polymerisation range being of a x 12 magnitudes. 
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Figure 3.5. Graph shows rate o f polymerisation o f 50 N/X-NBdecyl: 1 Pdl388, in different 

solvents at 40°C, where P1 = Rohrschneiders polarity parameter. 

The 5-decyl-2-norbornene polymerisation rates, figure 3.5, were difficult to measure using ' H 

N M R when the rate exceeds 2.0 x 10"4 s"1. This suggests that the most appropriate solvent 

system in which to run further polymerisation experiments should be selected f rom either 

toluene or benzene. 

• 
• 

3.2.6 Effect of Functional Group on the Rate of Polymerisation 

The role o f the functional group (FG) in the monomer during the polymerisation o f 

functionalised norbornenes (NB-FG) has been widely studied and yet the complexities o f its 

influences have often led to misunderstanding and incorrect interpretations. Herein, we w i l l 

attempt to unfold the different ways in which the substituent can influence the activity o f 

palladium(II) catalysed addition polymerisation, wi th a view to developing monomers which 

are more likely to create polymers wi th greater homogeneity. 

The graph shown in figure 3.6, displays a remarkable range o f polymerisation rates for a range 

o f functionalised norbornenes, under identical polymerisation conditions. For instance, exo-5-

trimethoxysilyl-2-norbornene (X-NB-Si(OMe)3) polymerises ~ x 700 faster than endo-5-

trimethylsilyl carboxylate-2-norbornene (N-NB-C0 2 TMS) . Through studying and comparing 
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the polymerisation kinetics o f particular families o f functionalised norbornenes it is now 

possible to explain these seemingly improbable differences in rates. 
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Figure 3.6. Scale and Log scale graphs showing differences in polymerisation rate for 

functionalised norbornenes at 70°C in benzene-*^, 50 monomer: 1 Pdl388. 

3.2.7 Steric Size of the Functional Group in Norbornene Monomers 

There is a preferential uptake o f the X-isomer (cream bars) over the N-isomer (blue bars) in 

the polymerisation o f N/X-alkylnorbornenes by Pdl388, in CD 2 C1 2 , at 20°C, figure 3.7. 
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Figure 3.7. Polymerisation data o f 50 N/X-NB-FG: 1 Pdl388, at 20°C in CD 2 C1 2 . 

More importantly, it was possible to show that the rate o f polymerisation is independent o f the 

steric size o f an exo-functionality for X-NB-FG (cream bars), wi th the rate o f polymerisation 

displaying no apparent trend, Bu (4.6 x 10"4 s"1) > Dec (4.4 x 10"4 s"1) > Me (4.1 x 10"4 s"1) > 

Hex (3.9 x 10"4 s"1), figure 3.7. However, the rate o f polymerisation for the endo-

functionalised regioisomer, N-NB-FG (blue bars), was shown to decrease in the order Me (1.5 

x 10"4 s-') = Bu (1.5 x 10 - 4 s"1) > Hx (1.7 x 10"4 s"1) > Dec (1.8 x 10"4 s"1), figure 3.7. The 

steric effect o f the functional group in the eAw/o-regioisomer is caused by an unfavourable 

steric interaction between the functional group and the vinylic hydrogen that is being 

rehybridised from sp 2 to sp3 upon coordination and insertion into the palladium-hydride bond, 

scheme 3.1. 
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Scheme 3.1 

The ratio o f N/X-regioisomers in the alkyl norbornenes is approximately 80:20, respectively. 

This causes the era/o-regioisomer to dominate the overall combined rate o f polymerisation of 

both regioisomers, meaning the N / X - mixture follows a similar trend to the endo-

regioisomers, compare blue and purple bars, figure 3.7. 

An interesting observation f rom figure 3.7 is that even though X-NB-FG shows no obvious 

signs o f steric effects, it's rate of polymerisation is still not as fast as norbornene, with 

norbornene having a rate approximately x 1.5 faster. This suggests that the alkyl group is 

having some deactivating effect upon the polymerisation o f functionalised norbornenes, 

compared with the hydrogen substituent in norbornene. 

3.2.8 Penultimate Group Effect 

The polymerisation reaction o f two or more monomers leads to co-polymers and the extent o f 

incorporation o f each monomer unit into the co-polymer chain is rarely equal. The factors 

that affect this are: concentration o f each monomer; reactivity o f each monomer; conversion 

(influences monomer concentrations), and reactivity o f the cationic Pd-alkyl produced via the 

insertion o f the last monomer into the polymer chain (penultimate group effect). The so-

called "penultimate group effect" is where the rate o f the last monomer inserted into the 

polymer chain has an effect on the next monomers insertion rate. 

In essence the N - and X-regioisomers can be classified as different monomers and in theory, 

the polymerisation reaction o f an N/X-NB-FG monomer is a co-polymerisation reaction. The 
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co-polymerisation reaction o f the N-NB-FG ( M N ) and X-NB-FG (Mx) monomers, can 

effectively be described by four reactions: 

+ P d - M N + M N • + P d - M N - M N 

^ N X 
+ P d - M N + M x • + P d - M x - M N 

^ X X 
+ P d - M x + M x • + P d - M x - M x 

+ P d - M x + M N

 + P d - M N - M x 

km and kxx are the rate constants for self-propagation and k^x and kxN are the rate constants 

for cross-propagation. 

The reactivity ratio is a useful parameter, which is described as the rate o f self-propagation 

compared to the rate o f cross-propagation: TN = kNN/kNx and rx = kxx/kxN- Thus, i f : > 1, 
+Pd-MN prefers to react with M N (km > knx), tendency to homo-polymerise; TN < 1, +Pd-MN 

prefers to react with M x (k-m < kNx), tendency to co-polymerise. 3 

The reactivity ratios can be used to describe five general types o f co-polymerisation: random, 

IN = rx = 1 ; ideal, TN x rx = 1 ; alternating, TN = rx < 0 . 1 ; statistical, 0 < TN x rx > 1 ; blocky, TN > 

1, rx > 1. See figure 3 . 8 . Only a purely random co-polymerisation reaction shows no 

penultimate group effect. 3 

The type o f co-polymerisation reaction occurring between two different monomers can be 

ascertained by observing the characteristics o f a plot o f Fi versus f|, where: 

F, = l _ F 2 = d [ M | ] / d ( [ M | ] + [ M 2 ] ) 

f, = l - f 2 = [ M 1 ] / ( [ M 1 ] + [ M 2 ] ) 

F| is defined as the mole fraction o f M i in the co-polymer and f i is defined as the mole 

fraction o f M | in initial monomer mixture (so-called feed-ratio). 3 

8 7 



I 
7 

/ 
/ 

i / 
/ 0.75 

/ 

/ 
t£T 0.5 

/ / 
s / 

/ 
0.25 random 

ideal 

alternating 
statistical 

0.75 0 0.25 1 

Figure 3.8. Types o f co-polymerisation reaction.3 

The prediction o f co-polymerisation rates is complicated by the penultimate group effect, 

since it would change in severity for different types o f functionality and could only be 

measured for a particular monomer by varying the N - and X-regioisomer ratio and then 

measuring their rates independently. The polymerisation rate would have to only be measured 

under < 5% conversion, otherwise the ratio o f N : X regioisomers would change drastically and 

hence so would their polymerisation rates. 

The e«i/o/exo-N-(2-norbornene-5-methyl)-1,1,1 -trifluoromethanesulfonamide (N /X-NB-

CH2NHSO2CF3 = NB-CH2TFS) monomer was chosen to investigate whether the N - and X -

regioisomers o f the same monomer have a penultimate group effect upon each other during 

their co-polymerisation reactions. This investigation was made possible by new regioisomer 

specific synthesis routes developed by Promerus LLC. Co-polymerisation reactions o f the isl­

and X-regioisomers were carried out at different isomeric ratios, using Pdl388, in benzene-afe, 
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at 70°C, figure 3.9. The polymerisation rates were only measured over the first 5% monomer 

conversion because it was noted that the first order kinetic plots became increasingly non­

linear (curved) above these conversion levels. These curved plots are a result o f the 

penultimate group effect, since the isomeric ratios o f the reaction mixture change during the 

polymerisation reaction. 

1 0F.-O4 
• - X 
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Figure 3.9. Rates o f co-polymerisation o f the N - and X-NB-CH 2 TFS, at 50 NB-CH 2 TFS: 1 

Pdl388 in benzene-^ at 70°C, monitored via ! H N M R spectroscopy. 

It is very clear from figure 3.9 that a penultimate group effect is occurring during the co-

polymerisations, wi th the rate o f polymerisation for the N - and X-regioisomers and 

consequently for N/X-NB -CH2TFS being heavily dependent on the N : X regioisomer ratio. I f 

there were no penultimate group effect during the co-polymerisation reaction, we would 

expect to see a linear shaped line, in the graph in figure 3 .9. 

A clearer explanation for the rates o f co-polymerisation o f N - and X -NBCH2TFS can be seen 

from a similar plot to figure 3.8, see figure 3.10. This new graph can easily be generated 

using the data from figure 3 .9, since for a range o f feed ratios (fi) we can calculate the 

instantaneous co-polymer composition (Fi), from the known rates o f polymerisation for N -

and X-NBCH 2 TFS. 

89 



0.75 

liT 0.5 

0.25 

. A 

: ' 
:/ 

// 
/ / 

/ / 

/ 
/ 

/ 
/ 

\ / 

- X-NB-CH2TFS 

I — N-NB-CH2TFS 

0.25 0.5 0.75 

Figure 3.10. Instantaneous co-polymer composition (Fj) variation with monomer feed ratio 

(fi) for N - and X-NB-CH 2 TFS, at 50 NB-CH 2 TFS: 1 Pdl388, in benzene-<& at 70°C. 

The co-polymerisation plot in figure 3 .10 is a very close f i t to the statistical co-polymerisation 

plot (0 < r N x r x > 1) in figure 3.8. This means that both N - and X-NBCH 2 TFS have a 

preference for co-polymerisation, TN < 1, ^ T M - M N prefers to react with M x Qtm < ICNX); r x < 1, 

+ P d - M x prefers to react with M N (kxx < ICXN). 

This evidence has serious implications for the production o f homogeneous polymers f rom 

monomers containing mixtures o f regioisomers, since the feed ratio (fl) changes as monomers 

are consumed at different rates, hence the instantaneous co-polymer composition (Fi) w i l l also 

change, figure 3.10. This is often termed as composition drif t and results in polymers wi th 

poor polymer homogeneity. 

The implication o f this behaviour is that pure norbornene isomers should yield polymers wi th 

greater homogeneity. 
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3.2.9 Homologation (Methylene Spacing) of Functional Group 

During efforts by Promerus L L C to ascertain the rates o f co-polymerisation reactions o f 

monomers which are technologically significant in the synthesis o f new lithographic 

materials, they noticed that monomers which had an increased "methylene spacing" between 

norbornene backbone and functional group, tended to show increased polymerisation activity. 

These observations were intriguing since it opposed the generally accepted idea that the 

electronic effect of the substituent upon the C=C bond in the norbornene backbone was 

minimal. 4 

In this work, the effect o f functional group methylene spacing was investigated by measuring 

the rates o f polymerisation in different families o f functionalised norbornene monomers. 

3.2.9.1 Trifluoromethanesulfonamide Functionalised Norbornenes 

The investigation o f the N/X-NB-(CH2) n TFS (trifluoromethanesulfonamide = TFS = 

NHSO2CF3) family o f monomers revealed that the methylene group spacing o f the functional 

group from the norbornene structure increased the polymerisation rate for both the N - (blue 

bars) and X-isomers (cream bars), figure 3 . 11 . More importantly the magnitude o f this 

increase in rate appears to be independent o f functionalised norbornene regioisomer, table 3 .2 . 
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I 

Figure 3.11. Polymerisation data for 50 N/X-NB-(CH 2 ) n TFS . 1 Pdl388, at 70°C in benzene-

The effect o f the methylene group spacing on the rate o f polymerisation is decreasing as the 

functional group moves further away f rom the norbornene structure. The rate o f 

polymerisation increases by a factor o f x 5.3, when n goes from 1 to 2 and a factor o f * 1.8 

when n goes from 2 to 3, table 3.2. This information suggests that the magnitude o f the 

spacing effect w i l l continue to decrease, as more methylene spacers are added. The 

polymerisation rate for N/X-NBdecyl (k = 1.79 x 10"3 s"1) is approximately * 12 faster than 

N/X-NB-(CH 2)3TFS under identical conditions. I t is unlikely that the rate o f polymerisation 

of NB-(CH 2)3TFS w i l l increase by a factor o f x 12 upon further methylene spacing, 

suggesting that the simple coordination o f the TFS functional group to the Pd centre is also in 

part responsible for this monomer's slower rates. 
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Table 3.2. Polymerisation data for 50 N/X-NB-(CH 2 ) n TFS : 1 Pdl388 ; at 70°C in benzene-c/6 

n k P ( N ) k P ( X ) kp(N/X) [k p (X) ] / [kp(N) ] 

(»•*) (»-') (s"') 

1 1.1 x 10"5 3.5 x l O 5 1.6 x 10"5 3.2 

2 7.5 x 10"5 20.2 x 10 - 5 8.4 x 10 - 5 2.7 

3 13.9 x 10"5 41.2 x 10"5 15.4 x 10' 5 3.0 

It appears, f rom the polymerisation data, that the chelation o f the functional group in the N -

isomer does not have a major influence on the polymerisation rate, since [ k p (X)] / [ k p (N)] 

changes very little, between n = 1, 2 and 3, table 3.2. I f chelation was taking place in the N -

isomers, the potential chelate ring sizes would change between n = 1, 2 and 3, and the 

[ k p (X)] / [ k p (N)] value would be expected to change with a change in n. The 

[ k p (X)] / [ k p (N)] data in table 3.2 is comparable to a [ k p (X)] / [ k p (N)] = 2, for N/X-NBdecyl 

under identical polymerisation conditions. 

3.2.9.2 Trimethylsilyl Carboxylate Functionalised Norbornenes 

The N / X - N B - ( C H 2 ) n C 0 2 T M S (trimethylsilyl carboxylate = TMS = C0 2 SiMe 3 ) family of 

monomers also reveals that the methylene group spacing o f the functional group from the 

norbornene structure increases the polymerisation rate for both the N - and X-isomers, 

approximately equally, figure 3.12. The rate o f polymerisation increases by a factor o f x 2.3, 

when n goes from 0 to 1 and a factor o f x 13.0 when n goes from 1 to 2, table 3.3. This data 

suggests that the nature o f the "methylene group spacing" effect is dependant on the nature o f 

the functionality, since the increase in magnitude o f polymerisation rate upon methylene 

spacing is not the same for the - C 0 2 T M S (* 13.0 for n: \->2) and -TFS (x 5.3 for n: \->2) 

families o f monomers. 
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Figure 3.12. Polymerisation data o f 50 N / X - N B - ( C H 2 ) n C 0 2 T M S : 1 Pdl388, at 70°C in 

benzene-t4 

The polymerisation data suggest that the chelation o f the functional group in the N-isomer 

does not have a major influence on the polymerisation rate, since [kp (X)] / [kp (N)] ~ 3, when 

n = 0, 1 and 2, table 3.3. This is very surprising since a favourable six-membered chelate ring 

could potentially form i f chelation occurred in N-NB-CO2TMS. This would be expected to 

slow the polymerisation o f N-NB-CO2TMS compared with X-NB-CO2TMS, giving a 

[ k p ( X ) ] / [ k p ( N ) ] > 3 . 

Table 3.3. Polymerisation data o f 50 N / X - N B - ( C H 2 ) „ C 0 2 T M S : 1 Pdl388, at 70°C in 

benzene-de 

n M N ) M X ) k p ( N / X ) [ k p ( X ) ] / [ k p ( N ) ] 

C- 1) i f 1 ) 

0 6 x 10-6 18 x 10"6 7 x 10* 3.0 

1 13 x lO - 6 37 x 10"6 16 x 1C 6 2.8 

2 183 x 1Q-6 573 x 10^ 208 x 10"6 3.1 
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The polymerisation rate for the pure N-NB-CO2TMS monomer (k = 6 * 10"6 s"1) is identical to 

that in the N/X-mixture (75N:25X) but the pure X - N B - C 0 2 T M S (k = 21 x 10"6 s"1) 

polymerises slightly faster than in the N/X-mixture (k = 18 * 10"6 s"1) due to a small 

penultimate group effect, table 3.3. The penultimate group effect does not appear to have a 

major influence over the N/X-NB -CO2TMS polymerisation, which is in contrast to the major 

effect witnessed for the polymerisation o f the N/X -NBCH2TFS monomer, shown in figure 

3.9. 

The variation of penultimate group effect highlights just how diff icul t it would be to gain 

control over the composition o f monomers in a co-polymerisation reaction involving two or 

more components. This is owing to the effects discussed here, which influence each 

monomer within the co-polymerisation differently. 
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3.2.9.3 Hexafluoroalcohol Functionalised Norbornenes 

The N / X - N B - ( C H 2 ) n H F A (hexafluoroisopropanol = H F A = - C ( C F 3 ) 2 O H ) family o f monomers 

display many unexpected polymerisation rates. 
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N/X-M 
O.E+00 

9 N-M 
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Figure 3.13. Polymerisation data for 50 N / X - N B - ( C H 2 ) n H F A : 1 Pdl388, at 7 0 ° C in 

benzene-i4 

The rate o f polymerisation increases by a factor o f x 14.7, when n increases f rom 1 to 2, for 

the N/X-NB-(CH2)nHFA monomers, table 3.4, which is similar to the increase for the -

C 0 2 T M S family o f monomers. The homo-polymerisation rate o f X - N B - C H 2 H F A (k = 83.0 x 

10"5 s"1) is x 5 faster than the X-regioisomer (k = 1 6 . 1 * 10"5 s"1) within the N /X - co -

polymerisation (75N:25X) reaction, figure 3.13. This suggests a very strong penultimate 

group effect. 
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Table 3.4. Polymerisation data for 50 N / X - N B - ( C H 2 ) n H F A : 1 Pdl388, at 70°C in benzene-

n k P ( N ) k P ( X ) k p (N/X) [ k p ( X ) ] / [ k p ( N ) ] 

<»-') ( s 1 ) 

1 2.7 x 10"5 16.1 x i f ) " 5 3.5 x 10"5 6.0 

2 42.6 x 10"5 106.3 x 10 - 5 51.6 x 10"5 2.5 

The -TFS, -HFA and -CO2TMS families o f norbornene monomers discussed here have all 

displayed a large increase in polymerisation rate, as the functional group has been spaced 

away from the norbornene moiety by methylene groups. The -TFS, -HFA and -CO2TMS 

functional groups are all highly electron withdrawing, which suggests that the withdrawal of 

negative charge f rom the norbornene bicyclic structure has a deactivating effect upon the 

norbornene structure, with respect to polymerisation. This idea would explain why the 

alkylnorbornenes show very good polymerisation activity, since an alkyl group is not likely to 

withdraw charge f rom the norbornene structure. 

3.2.9.4 Trimethoxysilyl Functionalised Norbornenes 

The N/X-NB-(CH 2 ) n Si (OMe) 3 (trimethoxysilyl = TMS = -Si(OMe) 3 ) family o f norbornene 

monomers is very interesting since the TMS functional group is slightly electron donating in 

nature, so one might expect to see a reversal of the methylene group spacing trend, with the 

polymerisation rate decreasing as the methylene spacing (n) increases. 

Table 3.5. Polymerisation data for 50 N/X-NB-(CH 2 ) n Si (OMe) 3 : 1 Pdl388, at 70°C in 

benzene-cfo 

n k P ( N ) k P ( X ) k p (N/X) N:X Monomer Ratio 

( s 1 ) (»•') <»') 

0 106 x 10' 5 409 x 10 - i 178 x 10 0 64:36 

2 149 x 10"5 332 x 10 - 5 167 x 1Q-5 79:21 
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There is no significant difference in the rate o f polymerisation between n = 0 or 2, table 3.5. 

Any differences which may have been visible are complicated by the penultimate group 

effect, since the regio isomeric ratios are different when n = 0 and 2. 

It is notable that these monomers polymerise at a slightly faster rate than alkylnorbornenes 

under identical conditions, which adds weight to the theory that the norbornene substituent 

has an electronic influence upon the norbornene structure, which ultimately controls 

polymerisation activity. 

3.3 Conclusions 

This chapter has successfully demonstrated the use o f *H N M R spectroscopy as an analytical 

tool for the investigation o f cationic palladium hydride initiators in the addition 

polymerisation o f functionalised norbornene monomers. The initiator identity and the 

reaction conditions predictably affect the polymerisation reaction. £ra/o-substituted 

norbornenes are polymerised more slowly than their corresponding exo-isomers, with the 

steric size o f the substituent playing a role. However, the electronic nature o f the functionality 

plays the major role in lowering polymerisation activity; with electron withdrawing 

functionalities causing reduced polymerisation activity. The introduction o f methylene 

spacers between norbornene and its functionality reduces the electronic effect of the 

functionality and increases the monomers polymerisation activity. The co-polymerisation 

reaction o f functionalised norbornene monomers is also shown to be greatly effected by the 

nature o f the functional group, with the -TFS functionalised monomers displaying a large 

penultimate group effect during co-polymerisation reactions. The exact cause and generality 

of this penultimate group effect for other types o f functionalised norbornene monomers is not 

known and further reactivity studies are needed for general conclusions to be made. 

It is clear that in order to simplify co-polymerisation reactions and reduce polymerisation 

attenuating functional group electronic and steric effects; single regioisomer, methylene or 

multi-methylene spaced, functionalised norbornene monomers must be employed. 
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3.4 Experiment 

3.4.1 Materials 

The palladium catalysts were supplied by Promerus L L C and used without further 

purification. A l l liquid monomers were degassed by freeze-thaw-pump cycles before being 

taken into the glove box. THF-d%, chloroform-^, dichloromethane-^, tetrachloroethane-c^, 

benzene-c4, chlorobenzene-^s and toluene-c/s were used as supplied in pre-sealed ampoules 

and subsequently kept refrigerated in a glove box. A l l other solvents were used without prior 

purification. Copper chloride was used as supplied by Sigma Aldrich. 

3.4.2 Instrumentation and Measurements 

3.4.2.1 Nuclear Magnetic Resonance 

'LI N M R spectra were recorded on a Varian Mercury 400 or a Varian Inova 500 using 

deuteriated solvent lock. Chemical shifts are quoted in ppm, relative to tetramethylsilane 

(TMS), as the internal reference. 3 I P N M R spectra were recorded on a Varian/Mercury 400 or 

a Varian Inova 500 at 121.4 MHz and 202.4 MHz, respectively. I 3 C N M R spectra were 

recorded at 125 M H z (2000 scans) using continuous broad band proton decoupling and a 3 S 

recycle delay, and are therefore not quantative; chemical shifts are quoted in ppm, relative to 

CDCb (77.550 ppm). The fol lowing abbreviations are used in listing N M R spectra: s = 

singlet, d = doublet, t = triplet, q = quartet, b = broad, m = multiplet. 

3.4.2.2 Gel Permeation Chromatography ( G P C ) 

Gel permeation chromatography (GPC) data was obtained using a Viscotek T D A 302 

equipped with 2 x 300 mm PLgel 5um mixed C columns. Tetrahydrofuran was used as the 

eluent, at a f low rate o f 1.0 mL/min at 30°C. The detectors were calibrated using polystyrene 

standards. This type o f conventional GPC analysis, based on polystyrene standards, is 
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unsuitable to determine actual molecular weights o f poly(norbornene) derivatives, but can be 

used to compare relative molecular weights. 

3.4.2.3 Mass Spectroscopy 

Electron Impact (EI) and Electrospray (ES +) mass spectra were recorded on a Micromass 

Autospec spectrometer operating at 70 eV with the ionisation mode as indicated. 

3.4.2.4 Infra-red Spectroscopy 

Infra-red spectra were recorded on a Perkin Elmer 1600 series FTIR. The spectra obtained 

were o f the pure compound between sodium chloride discs. 

3.4.3 NMR Scale Addition Polymerisation Reactions - Logistics and E r r o r 

A l l addition polymerisation reactions were prepared in a Braun glove box under an inert 

atmosphere. Typically, the relevant palladium complex (3.60 x 10"6 mole, 1 equivalent) was 

dissolved in deuterated solvent. The relevant monomer (1.80 x 10"4 mole, 50 equivalents) was 

then added to the initiator solution. The solutions were transferred to an N M R tube fitted with 

a Young's tap, allowing the vessel to be closed under a nitrogen atmosphere. The reactions 

were monitored using arrayed ' H spectroscopy. In all cases, the integrated intensities o f the 

vinyl signals o f the monomer (polymerisation) and initiator Pd-H signal (initiation) were 

measured against the previous N M R integrations. Selected experiments were also subjected to 

GPC analysis. 

A preliminary estimate o f uncertainty in the polymerisation rate results is obtained f rom 2 

polymerisation reactions for the X/N-NB -CO2TMS monomer. Replicated runs provide 

information about the expected variation in polymerisation rate results produced under 

identical conditions. This information may be used as a baseline for comparing 

polymerisation rate results produced under different conditions (different monomers). The 

results f rom the replicated runs are in table 3.6. 
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Table 3.6. Propagation rate results f rom replicated runs. 

Run k p N ( s ' ' ) k p X (s"1) 

1 1.265 x 10"5 3.657 x 10 _ i 

2 1.283 x 10"5 3.652 x 10"5 

Average 1.274 x 10' 5 3.6545 x 10"5 

Std. Dev. 1.27279 x 10""'. 3.53553 x 10"8 

Range 1.8000 x 10""' 5.0000 x 10 s 

To conclude that different monomers yield significantly different k p results, the observed 

difference between monomers should be at least 6.4 x 10"7 for the N-regioisomer and 1.8 x 10" 
7 for the X-regioisomer. These values are 5 times the standard deviation in replicated run 

results for the N and X-regioisomers, respectively. 

3.4.3.1 Effect of Initiator, Phosphine Ligand (PR3) on Polymerisation of endo/exo-5-

Decyl-2-norbornene 

Table 3.7 shows the experimental details and results for the polymerisation of endolexo-5-

decyl-2-norbornene (N/X-NBdecyl) using different initiators, under identical conditions. The 

polymerisations were set up as described in section 3.3.3. 
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Table 3.7. Polymerisation of 50 N/X-NBdecyl (42.1 mg, 1.80 * lO^mol ) : 1 initiator. 

Initiator Temp 

(°C) 

Solvent ki (s 1) kP (s 1 ) M„ MJMn 

Pd 1388 (5.0 mg, 20°C DCM-J 2 18 x 105 16 x 10"5 17500 29800 1.70 

3.60 x 10"6mol) 

Pd 1336 (4.8 mg, 20°C DCM-^2 17 x 10"5 32 x 10"5 13700 29100 1.80 

3.60 x 10"6mol) 

Pdl 148 (4.1 mg, 20°C DCM-d2 18 x 10"5 56 x 10 5 14200 17900 1.87 

3.60 x 10'6mol) 

Pdl304 (4.7 mg, 20°C DCM-d2 12 x 10"5 49 x 10-5 19100 39400 2.06 

3.60 x 10-6mol) 

Pdl388 (5.0 mg, 20°C D C M - ^ - 52 x 10"5 11100 14900 1.57 

3.60 x 106mol), 

CuCl (0.36 mg, 

3.60 x 10"6mol) 

3.4.3.2 Polymerisation of e/!</0/£Jt0-5-alkyl-2-norbornene using Pdl388 

Table 3.8 shows the experimental details and results for the polymerisation of endolexo-S-

alkyl-2-norbornene (N/X-NBalkyl) using the initiator Pdl388, under differing conditions. 

The polymerisations were set up as described in section 3.3.3. 

Table 3.8. Polymerisation o f 50 N/X-NBalkyl : 1 Pdl388 (5.0 mg, 3.60 x 10"6 mol). 

Monomer Temp Solvent k p (N/X) k P (N) kp(X) ki(N/X) 

(°C) (s-') (s 1 ) (s-') 

N/X-NBdecyl (42.1 mg, 40 Benzene- 14 x lO"' 11 x 105 27 x 10"5 52 x io 5 

1.80 x 10"* mol) d(, 

N/X-NBdecyl (42.1 mg, 50 Benzene- 60 x 10"5 50 x 10'5 114 x |0"5 70 x 10"5 

1.80 x lO^mol) d6 

N/X-NBdecyl (42.1 mg, 70 Benzene- 179 x 10'5 164 x 10 5 321 x 10"5 179 x 10-5 

1.80 x 10^ mol) de 

N/X-NBdecyl (42.1 mg, 40 Toluene- 10 x 1Q-5 8 x 10"5 20 x 10"5 -
1.80 x 10"4 mol) dg 
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Monomer Temp Solvent kp(N/X) k P (N) kP (X) kj(N/X) 

(°C) (•') (••') (•*> (•*) 

N/X-NBdecyl (42.1 mg, 40 Benzene- 14 x lO"5 11 x 10"5 27 x 10"S 52 x 10"5 

1.80 x lO"4 mol) d6 

N/X-NBdecyl (42.1 mg, 40 Chlorobe 35 x 10"5 30 x 10'5 59 x 10"5 23 x 10"5 

1.80 x 10"4 mol) nzene-i/s 

N/X-NBdecyl (42.1 mg, 40 DCM-c/2 128 x 10"5 109 x 10 -5 241 x 10"5 -

1.80 x 10"4 mol) 

N/X-NBdecyl (42.1 mg, 40 TCE- d2 
131 x 10 5 111 x 10"5 247 x 10"5 129 x 10 -5 

1.80 x lO"4 mol) 

N/X-NBdecyl (42.1 mg, 20 DCM-^ 2 17 x 10"5 15 x 10'5 44 x lO"5 14 x 10"5 

1.80 x lO^mol) 

N/X-NBhexyl (32.1 20 DCM-^ 2 18 x 10 5 15 x i o 5 39 x I0"5 11 x 10'5 

mg, 1.80 x 10"4 mol) 

N/X-NBbutyl (27.0 mg, 20 DCM-d2 
21 x 10 s 17 x 10"5 46 x 10"5 12 x 10 -5 

1.80 x 10"4 mol) 

N/X-NBmethyl (19.5 20 DCM-d2 23 x 10 - 5 18 x if)"5 41 x 10"5 15 x 10"5 

mg, 1.80 x lO - 4 mol) 

NB (42.1 mg, 1.80 x 20 DCM-d2 
67 x 10"5 - - 12 x 10"5 

10"4 mol) 

N/X-NB(CH2)2Ph (35.7 20 DCM-d2 7.4 x lO - 5 17 x 10"5 

mg, 1.80 x lO"4 mol) 

N/X-NBdecyl (42.1 mg, 50 Benzene- 60 x 10"5 50 x 10"5 114 x 10 5 -

1.80 x lCr4 mol) d6 

N/X-NBhexyl (32.1 50 Benzene- • 44 x lO"5 39 x 10 5 89 x 10"5 -

mg, 1.80 x lO^mol) db 

N/X-NBbutyl (27.0 mg, 50 Benzene- 52 x 10'5 45 x 10"5 97 x 10'5 -

1.80 x lO^mol) d6 

N/X-NBmethyl (19.5 50 Benzene- 40 x 10 5 32 x 10"5 81 x 10"5 -

mg, 1.80 x lO - 4 mol) d6 

N/X-NB(CH2)2Ph (35.7 50 Benzene- 21 x 10"5 17 x 10"5 44 x 10"5 -

mg, 1.80 x 10-4mol) d6 
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3.4.3.3 Polymerisation of Trifluoromethanesulfonamide Functionalised Norbornenes 

(NB(CH 2 )„TFS) using Pdl388 

Table 3.9 shows the experimental details and results for the polymerisation o f -TFS 

functionalised norbornenes using the initiator Pdl388, under identical conditions. The 

polymerisations were set up as described in section 3.3.3. 

Table 3.9. Polymerisation o f 50 NB(CH 2 ) n TFS : 1 Pdl388 (5.0 mg, 3.60 x 10"6 mol). 

Monomer Temp Solvent k p (N/X) k P (N) kp(X) 

CO (•') (•') 

N-NBCH 2 TFS (45.9 mg, 1.80 x 70 Benzene-^6 - 9 x 10" -

10"" mol) 

N-NBCH 2TFS (11.5 mg, 0.45 x 70 Benzene-^6 33 x 10"6 20 x ]0* 33 x 10"6 

10"4 mol) + X-NBCH 2TFS (34.4 

mg, 1.35 x 10"4 mol) 

N-NBCH 2 TFS (22.9 mg, 0.9 x 70 Benzene-c^ 48 x 10"6 33 x 10"6 67 x 10"6 

lO 4 mol) + X-NBCH 2 TFS (22.9 

mg, 0.9 x 10"4 mol) 

N-NBCH 2TFS (34.4 mg, 1.35 x 70 Benzene-c/6 16 x 10-6 11 x 10"6 35 x 10"6 

10"4 mol) + X-NBCH 2TFS (11.5 

mg, 0.45 x lO -4 mol) 

X-NBCH 2TFS (45.9 mg, 1.80 x 70 Benzene-d^ - - 95 x 10 6 

10"4 mol) 

N/X-NBCH 2TFS (45.9 mg, 1.80 70 Benzene-c4 16 x 10 6 11 x lO-6 35 x lO - 6 

x 10 -4 mol) 

N/X-NB(CH 2) 2TFS (48.4 mg, 70 Benzene-c/6 
84 x io 6 75 x lO - 6 202 x 10 - 6 

1.80 x HT4 mol) 

N/X-NB(CH 2) 3TFS (50.9 mg, 70 Benzene-^6 154 x 10 6 139 x 10"6 412 x 10"6 

1.80 x 10^ mol) 
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3.4.3.4 Polymerisation of Trimethylsilyl Carboxylate Functionalised Norbornenes 

( N B ( C H 2 ) „ C 0 2 T M S ) using Pdl388 

Table 3.10 shows the experimental details and results for the polymerisation o f -CO2TMS 

functionalised norbornenes using the initiator Pdl388, under identical conditions. The 

polymerisations were set up as described in section 3.3.3. 

Table 3.10. Polymerisation o f 50 N B ( C H 2 ) n C 0 2 T M S : 1 Pdl388 (5.0 mg, 3.60 x 10"6 mol) 

Monomer Temp Solvent k p (N/X) k P (N) k P (X) 

(°C) (•') (•') 
N-NB-C0 2TMS (37.8 mg, 70 Benzene-c/6 - 6 x 10"6 -
1.80 x 10"4 mol) 

X-NB-CO2TMS (37.8 mg, 70 Benzene-^6 - - 21 x 10"6 

1.80 x lO^mol) 

N/X-NB-CO2TMS (37.8 mg, 70 Benzene-c/6 
7 x 10-6 6 x 10"6 18 x lO"6 

1.80 x lO^mol) 

N/X-NB-CH 2C0 2TMS (40.3 70 Benzene-^6 16 x 10"6 13 x 10"6 37 x 10"6 

mg, 1.80 x 10"4 mol) 

N/X-NB(CH 2) 2TMS (42.8 mg, 70 Benzene-^ 208 x 10'6 183 x 1Q-6 573 x 10"6 

1.80 x lO^mol) 

3.4.3.5 Polymerisation of Hexafluoroisopropanol Functionalised Norbornenes 

(NB(CH 2 )„HFA) using Pdl388 

Table 3.11 shows the experimental details and results for the polymerisation of - H F A 

functionalised norbornenes using the initiator Pdl388, under varying conditions. The 

polymerisations were set up as described in section 3.3.3. 
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Table 3.11. Polymerisation o f 50 N B ( C H 2 ) n H F A : 1 Pdl388 (5.0 mg, 3.60 * 10"6 mol) 

Monomer Temp Solvent k p (N/X) k P(N) k P ( X ) 

(°C) (•') (*') (•') 
X-NB-CH 2HFA (50.0 mg, 70 Benzene-^6 - - 83 x io 5 

1.80 x 10"mol) 

N/X-NB-CH 2HFA (50.0 70 Benzene-^ 3.5 x 10"5 2.7 x 10'5 16.1 x 10'5 

mg, 1.80 x 10" mol) 

N/X-NB-(CH 2) 2HFA (52.5 70 Benzene-^ 51.6 x 10 s 42.6 x 10"5 106.3 x 10"5 

mg, 1.80 x 10" mol) 

X-NB-CH 2HFA (50.0 mg, 50 Benzene-^6 - - 30 x 10 -5 

1.80 x 10"mol) 

N/X-NB-CH 2HFA (50.0 50 Benzene-^6 1.4 x lQ-5 1.0 x 10"5 4.8 x 10'5 

mg, 1.80 x 10" mol) 

3.4.3.6 Polymerisation of Trimethoxysilyl Functionalised Norbornenes 

(NB(CH 2 )nSi(OMe) 3 ) using Pdl388 

Table 3.12 shows the experimental details and results for the polymerisation o f -Si(OMe)3 

functionalised norbornenes using the initiator Pdl388, under varying conditions. The 

polymerisations were set up as described in section 3.3.3. 

Table 3.12. Polymerisation o f 50 NB(CH 2 ) n Si (OMe) 3 : 1 Pdl388 (5.0 mg, 3.60 x 10"6 mol) 

Monomer Temp Solvent k p (N/X) k P (N) kp(X) 

( ° Q <•') (*'') 

N/X-NB-Si(OMe)3 (38.5 mg, 70 Benzene-d6 
17.8 x 10" 10.6 x 10" 40.9 x 10" 

1.80 x lO"4 mol) 

N/X-NB-(CH2)2Si(OMe)3 70 Benzene-^ 16.7 x 10" 14.9 x 10" 33.2 x 10" 

(43.6 mg, 1.80 x 10"mol) 

N/X-NB-Si(OMe)3 (38.5 mg, 50 Benzene-^4 7.0 x 10" 4.3 x 10"4 9.9 x 10" 

1.80 x 10"mol) 

N/X-NB-(CH 2) 2Si(OMe) 3 50 Benzene-^6 3.9 x 10" 2.6 x 10" 7.5 x 10" 

(43.6 mg, 1.80 x 10" mol) 

106 



Monomer Temp 

( ° Q 

Solvent kp(N/X) 

(•') 

kp(N) k P (X) 

(»"') 
N/X-NBSi(OMe)3 (38.5 mg, 

1.80 x lO^mol) 

N/X-NB(CH 2) 2Si(OMe) 3 

(43.6 mg, 1.80 x lO^mol) 

ambient 

ambient 

DCM-d2 

DCM-d2 

2.7 x 10"4 

1.7 x 10"4 

2.4 x 10"4 

1.2 x 10"4 

2.9 x 10^ 

3.8 x 1Q-4 

3.4.4 Characterisation of Monomers 

The fol lowing monomers were supplied by Promerus L L C and characterised without further 

purification. In all cases the monomers were o f greater than 99% purity by GCMS. 

3.4.4.1 Characterisation of the twr/o-Rcgioisomer in ewrfo/ex:0-5-Methyl-2-norbornene 

The monomer was characterised by ! H N M R , l 3 C N M R , GCMS and IR. The numbering 

system shown in figure 3.14 was used for the assignment o f the peaks in the N M R spectra. 

' H N M R (500 MHz, CDC1 3): 8 (ppm) = 6.14 (dd, 1H, J= 5.62 & 3.04, H 2 ) , 5.96 (dd, \U,J = 

5.62 & 2.98, H 3 ) , 2.76 (bs, 1H, H, ) , 2.67 (bs, 1H, H 4 ) , 2.11 (m, 1H, H 5 ) , 1.88 (ddd, 1H, J = 

11.28 & 9.11 & 3.86, H 7 ) , 1.40 (m, 1H, H 6 ) , 1.26 (m, 1H, H 6 ) , 0.80 (d, 3H, J = 6.92, H 8 ) , 0.45 

(ddd, \H,J= 11.28 & 4.29 & 2.61, H 7 ) . 

I 3 C N M R (125.7 MHz, CDC1 3): 8 (ppm) = 137.21 (C 2 ) , 132.67 (C 3 ) , 50.41 (C 6 ) , 47.55 (C 4 ) , 

43.42 ( d ) , 34.05 (C 7 ) , 32.76 (C 5 ) , 19.65 (C g ) . 

GCMS (EI + ) : RT = 5.01, N - N B - C H 3 (80%), 108.0 ( C g H 1 2 , M + ) . 

IR (KBr disc, cm" 1): 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H stretching). 

107 



3.4.4.2 Characterisation of the euco-Regioisomer in e«</o/ex:o-5-IVIethyl-2-norbornene 

The monomer was characterised by *H N M R , 1 3 C N M R , GCMS and IR. The numbering 

system shown in figure 3.14 was used for the assignment o f the peaks in the N M R spectra. 

' H N M R (500 MHz, CDC1 3): 8 (ppm) = 6.12 (dd, 1H. J= 5.62 & 3.04, H 2 ) , 6.02 (dd, 1H, J = 

5.62 & 2.98, H 3 ) , 2.80 (bs, 1H, H, ) , 2.41 (bs, 1H, H 4 ) , 1.47 (m, 1H, H 5 ) , 1.40 (m, 1H, H 6 ) , 

1.31 (m, 1H, H 6 ) , 1.30 (m, 1H, H 7 ) , 1.09 (d, 3H, J= 7.01, H 8 ) , 1.07 (m, 1 H , H 7 ) . 

I 3 C N M R (125.7 MHz, CDC1 3): 6 (ppm) = 137.31 (C 2 ) , 136.26 (C 3 ) , 48.50 (C 4 ) , 45.03 (C 6 ) , 

42.52 (C,), 34.76 (C 7 ) , 32.76 (C 5 ) , 21.84 (C 8 ) . 

GCMS (EI + ) : RT = 5.01, X - N B - C H 3 (20%), 108.0 ( C 8 H 1 2 , M + ) . 

3.4.4.3 Characterisation of the e/irfo-Regioisomer in e/i</o/evo-5-Butyl-2-norbornene 

The monomer was characterised by "H N M R , l 3 C N M R , GCMS and IR. The numbering 

system shown in figure 3.15 was used for the assignment o f the peaks in the N M R spectra. 

*H N M R (500 MHz, CDC1 3): 6 (ppm) = 6.12 (dd, 1H, J= 5.75 & 3.12, H 2 ) , 5.93 (dd, 1H, J = 

5.75 & 2.83, H 3 ) , 2.78 (bs, 1H, H , & 4 ) , 2.78 (bs, 1H, H , & 4 ) , 1.98 (m, 1H, H 5 ) , 1.87 (ddd, 1H, J 

= 11.23 & 8.99 & 3.91, H 7 ) , 1.40 (m, 1H, H 6 ) , 1.38- 1.24 (m, 4H, H 8 & 9 &io), 1-23 (m, 1H, H 6 ) , 

1.09 (m, 2H, H 8 & 9 & i o ) , 0.89 (m, 3H, H , , ) , 0.51 (ddd, 1H, J= 11.23 & 4.05 & 2.70, H 7 ) . 

7' 

1 

CH 
8 

H 7 H 

Figure 3.14. Assignment o f C and H atoms in N / X - N B - C H 3 . 
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1 3C NMR (125.7 MHz, CDCI3) : 8 (ppm) = 137.10 (C 2 & 3 ) , 132.73 (C 2 & 3 ) , 49.84, 45.69, 42.81, 

39.03, 34.81, 32.73, 31.23, 23.25, 14.44. 

GCMS ( E f ) : RT=9.91 (75%), N-NB-(CH 2) 3CH 3 , 150.1 (C, ,H, 8 , M + ) . 

IR (KBr disc, cm"1): 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H stretching). 

3.4.4.4 Characterisation of the ejco-Regioisomer in e«</o/ejco-5-Butyl-2-norbornene 

The monomer was characterised by 'H NMR, l 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.15 was used for the assignment of the peaks in the NMR spectra. 

*H NMR (500 MHz, CDC13): 8 (ppm) = 6.10 (dd, 1H. J= 5.69 & 3.00, H 2), 6.02 (dd, 1H, J = 

5.69 & 2.86, H 3 ) , 2.79 (bs, 1H, H1&4), 2.52 (bs, 1H, H 4 & 1 ) , other peaks obscured from view. 

I 3C NMR (125.7 MHz, CDC13): 8 (ppm) = 137.23 (C 2 & 3 ) , 136.42 (C 2 & 3 ) , 46.64, 45.50, 42.15, 

36.61,33.39,31.44,23.26,14.46. 

GCMS (EI +): RT = 9.91 (25%), X-NB-(CH 2) 3CH 3 , 150.1 (CnH^, M + ) . 

3.4.4.5 Characterisation of the enrfo-Regioisomer in e«</o/ejco-5-Hexyl-2-norbornene 

The monomer was characterised by 'H NMR, , 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.16 was used for the assignment of the peaks in the NMR spectra. 

T 

1 

8 10 11 

H 7 H 
\ / 

Figure 3.15. Assignment of C and H atoms in N/X-NB-(CH 2) 3CH 3 . 
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'H NMR (500 MHz, CDCb): 6 (ppm) = 6.12 (dd, 1H, J= 5.66 & 3.08, H 2 ) , 5.93 (dd, 1H, J = 

5.66 & 2.87, H 3 ), 2.77 (bs, 1H, H , & 4 ) , 2.75 (bs, 1H, H 1 & 4 ) , 1.98 (m, 1H, H 5 ) , 1.85 (ddd, 1H, J 

= 11.34 & 8.96 & 3.94, H 7 ) , 1.40 (m, 1H, H 6 ) , 1.38 - 1.24 (m, 8H, H 8 - i 2 ) , 1.23 (m, 1H, H 6 ) , 

1.09 (m, 2H, H 8 . , 2 ) , 0.90 (m, 3H, H, 3 ) , 0.51 (ddd, 1H,J = 11.34 & 4.30 & 2.63, H7-). 

I 3C NMR (125.7 MHz, CDC13): 5 (ppm) = 137.10 (C 2 & 3 ) , 132.73 (C 2 & 3 ) , 49.84, 45.69, 42.81, 

39.06, 35.13, 32.73, 32.25, 32.23, 29.91, 28.94, 23.00, 14.41. 

GCMS (EI +): RT =13.00 (79%), N-NB-(CH 2) 5CH 3 , 178.1 (C, 3 H 2 2 , M + ) . 

IR (KBr disc, cm"1): 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H stretching). 

3.4.4.6 Characterisation of the exo-Regioisomer in e/i</0/ex0-5-Hexyl-2-norbornene 

The monomer was characterised by *H NMR, l 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.16 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 5 (ppm) = 6.10 (dd, 1H. J= 5.71 & 3.08, H 2 ) , 6.03 (dd, 1H, J = 

5.71 & 2.91, H 3 ), 2.79 (bs, 1H, H1&4), 2.52 (bs, 1H, H4&1), other peaks obscured from view. 

I 3C NMR (125.7 MHz, CDC13): 6 (ppm) = 137.23 (C 2 & 3 ) , 136.42 (C 2 & 3 ) , 46.64, 45.50, 42.15, 

36.94, 33.38, 29.16, other peaks obscured from view. 

GCMS (EI +): RT =13.05 (21%), X-NB-(CH 2) 5CH 3 , 178.1 (C, 3 H 2 2 , M + ) . 

7' 

8 12 10 11 13 

H 7 H 

Figure 3.16. Assignment of C and H atoms in N/X-NB-(CH 2) 5CH 3 . 
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3.4.4.7 Characterisation of the e«</o-Regioisomer in e/i</o/exo-5-Decyl-2-norbornene 

The monomer was characterised by *H NMR, l 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.17 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 6 (ppm) = 6.12 (dd, 1H, J= 5.76 & 3.06, H 2 ) , 5.93 (dd, 1H, J = 

5.64 & 2.82, H 3 ) , 2.78 (bs, 1H, H , & 4 ) , 2.76 (bs, 1H, H , & 4 ) , 1.98 (m, 1H, H 5 ) , 1.86 (ddd, 1H, J 

= 11.15 & 9.00 & 3.96, H 7 ) , 1.40 (m, 1H, H 6 ) , 1.38 - 1.24 (m, 16H, H 8 . , 6 ) , 1.23 (m, 1H, H 6 ), 

1.08 (m, 2H 8 . , 6), 0.91 (m, 3H,H, 7 ) , 0.51 (ddd, 1H, J= 11.23 & 4.05 & 2.70, HT). 

, 3 C NMR (125.7 MHz, CDC13): 5 (ppm) = 137.10 (C 2 & 3 ) , 132.73 (C 2 & 3 ) , 49.85, 45.70, 42.82, 

39.06, 35.13, 32.74, 32.25, 30.26, 30.03, 30.02, 29.98, 29.69, 29.00, 23.01, 14.42. 

GCMS ( E f ) : RT = 18.18 (79%), N-NB-(CH 2) 9CH 3 , 234.2 (C, 7 H 3 0 , M+). 

IR (KBr disc, cm"1): 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H stretching). 

3.4.4.8 Characterisation of the exro-Regioisomer in e/irfo/exo-5-Decyl-2-norbornene 

The monomer was characterised by *H NMR, l 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.17 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 6 (ppm) = 6.10 (dd, 1H, J= 5.73 & 3.06, H 2 ) , 6.03 (dd, 1H, J = 

5.73 & 2.89, H 3 ), 2.79 (bs, 1H, H|& 4), 2.52 (bs, 1H, H1&4), other peaks obscured from view. 

1 3C NMR (125.7 MHz, CDC13): 6 (ppm) = 137.22 (C 2 & 3 ) , 136.42 (C 2 & 3 ) , 46.65, 45.51, 42.16, 

36.95, 33.40, 30.27, 30.05, 29.22, 23.01, 14.01. Other peaks obscured from view. 

GCMS ( E f ) : RT = 18.21 (21%), X-NB-(CH 2) 9CH 3 , 234.2 ( C n H 3 0 , M*). 
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Figure 3.17. Assignment of C and H atoms in N/X-NB-(CH 2)9CH 3 

3.4.4.9 Characterisation of the e/i</o-Regioisomer in e«</o/ejco-5-Benzyl-2-norbornene 

The monomer was characterised by 'H NMR, I 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.18 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 5 (ppm) = 7.34 (m, 2H, H,,), 7.25 (m, 3H, H, 2 &i 3 ) , 6.21 (dd, 1H, 

J = 5.53 & 3.00, H 2 ), 6.03 (dd, 1H, J= 5.53 & 2.73, H 3), 2,88 (bs, 1H, H , & 4 ) , 2.84 (bs, 1H, 

H , & 4 ) , 2.68 (m, 2H, H 9 ), 2.10 (m, 1H, H 5 ) , 1.94 (ddd, 1H,J= 11.12 & 9.04 & 3.97, H 7 ) , 1.60 

- 1.35 (m, 3H, H 6& 8) 1.30 (m, 1H, J= 7.95, H 6 ) , 0.63 (ddd, 1H, J= 11.12 & 3.93 & 2.59, H r ) . 

I 3 C NMR (125.7 MHz, CDC13): 5 (ppm) = 143.22 (-Ph), 137.36 (C 2 & 3 ) , 132.57 (C 2 & 3 ) , 128.61 

(-Ph), 128.49 (-Ph), 125.80 (-Ph), 49.85, 45.67, 42.83, 38.63, 37.00, 35.25, 32.65. 

GCMS ( E f ) : RT = 16.88, N-NB-(CH 2) 2Ph (80%), 198.1 (C 1 5 H, 8 , M+). 

IR (KBr disc, cm"1): 3080 (olefinic C-H stretching), 2990-2850 (saturated C-H stretching). 

3.4.4.10 Characterisation of the exo-Regioisomer in en</o/^jco-5-Benzyl-2-norbornene 

The monomer was characterised by *H NMR, l 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.18 was used for the assignment of the peaks in the NMR spectra. 
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'H NMR (500 MHz, CDC13): 8 (ppm) = 7.34 (m, 2H, H,,), 7.25 (m, 3H, H 1 2 & , 3 ) , 6.16 (dd, 1H, 

J = 5.58 & 3.02, H 2 ) , 6.10 (dd, 1H, J= 5.58 & 2.87, H 3 ) , 2,88 (bs, 1H, H 1 & 4 ) , 2.64 (bs, 1H, 

H1&4), 2.74 (m, 2H), 1.78 (m, 2H, He), 1.24 (m, 1H, H7 ), other peaks obscured from view. 

I 3 C NMR (125.7 MHz, CDC13): 8 (ppm) = 143.09 (-Ph), 137.07 (C 2 & 3 ) , 136.50 (C 2 & 3 ) , 128.65 

(-Ph), 128.53 (-Ph), 125.86 (-Ph), 46.63, 45.59, 42.19, 38.82, 38.68, 35.48, 33.34. 

GCMS (EI +): RT = 16.88, X-NB-(CH 2) 2Ph (20%), 198.1 (C, 5 H, 8 , M + ) . 
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Figure 3.18. Assignment of C and H atoms in N/X-NB-CH 2Ph. 

3.4.4.11 Characterisation of exo-Bis(trifluoromethyl)-2-norbornene-5-ethanol 

The monomer was characterised by 'H NMR, l 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.19 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 8 (ppm) = 6.13 (dd, 1H, J = 5.57 & 3.00, H 3 ) , 6.08 (dd, 1H, J = 

5.57 & 3.00, H 2 ) , 2.96 (bs, 1H, -OH), 2.88 (bs, 1H, H,), 2.65 (bs, 1H, H 4 ) , 2.12 (dd, 1H, J = 

15.14 & 5.30, H 8 ), 2.05 (dd, \W,J= 15.14 & 8.08, H 8 ) , 1.74 (m, 1H, H 5 ) , 1.46 (ddd, 1H,J = 

11.71 & 8.19 & 2.36, H 7 ) , 1.40 (m, 1H, J= 8.80, H 6 ) , 1.35 (m, 1H, H 6 ) , 1.30 (m, 1H, J = 

11.71,H r). 

I 3 C NMR (125.7 MHz, CDC13): 8 (ppm) = 137.09 (C 2), 136.65 (C 3), 123.51 (q, J = 286.29, 

Co), 76.94 (septet, J = 28. 65, C 9), 48.56 (C 4), 45.49 (C 6), 42.48 (C,), 36.60 (C 8), 34.78 (C 7), 

32.48 (C 5). 
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GCMS (EI +): RT = 9.70, X-NBCH 2C(CF 3) 2OH, 274.0 (C,,H 1 2OF 6 , M+). 

IR (KBr disc, cm"1): 3100-3650 (O-H), 3080 (olefinic C-H stretching), 2980-2867 (saturated 

C-H stretching). 

Figure 3.19. Assignment of C and H atoms in X- NB-CH 2C(CF 3) 2OH. 

3.4.4.12 Characterisation of the e/u/o-Regioisomer in ewrf0/ejc0-Bis(trifluoromethyl)-2-

norbornene-5-ethanol 

The monomer was characterised by 'H NMR, "C NMR, GCMS and IR. The numbering 

system shown in figure 3.20 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 5 (ppm) = 6.23 (dd, 1H, J= 5.72 & 3.04, H), 5.99 (dd, 1H, J = 

5.72 & 2.86, H), 2.93 (bs, 1H, -OH), 2.82 (bs, 1H, H4), 2.80 (bs, 1H, HI) , 2.38 (bs, 1H, H5), 

2.03 (ddd, 1H,J = 11.66 & 8.99 & 3.92, H7), 1.87 (dd, 1H,J= 15.30 & 6.48, H8), 1.70 (dd, 

\U,J= 15.30 & 7.29, H8), 1.46 (m, 1H, J= 8.35, H6), 1.29 (m, \U,J= 8.35, H6), 0.67 (ddd, 

l H , y = 11.66 & 4.19 & 2.80, H 7 '). 

1 3C NMR (125.7 MHz, CDC13): 8 (ppm) = 138.50 (C 2), 132.28 (C 3), 123.51 (q, J = 286.29, 

Co), 77.06 (septet, J = 28. 78, C 9), 49.82 (C 6), 47.32 (C 4), 42.83 (C,), 34.89 (C 8), 34.16 (C 7), 

32.60 (C 5). 

GCMS (EI +): RT = 9.67, N-NBCH 2C(CF 3) 2OH (80%), 274.0 (C|,H, 2OF 6 , M + ) . 

IR (KBr disc, cm"1): 3100-3650 (O-H), 3080 (olefinic C-H stretching), 2980-2867 (saturated 

C-H stretching). 
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Figure 3.20. Assignment of C and H atoms in N/X- NB-CH 2C(CF 3) 2OH. 

3.4.4.13 Characterisation of the £#i</0-Regioisomer in e/frf0/ex0-Bis(trifluoromethyl)-2-

norbornene-5-propanol 

The monomer was characterised by *H NMR, l 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.21 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 5 (ppm) = 6.17 (dd, 1H, J= 5.68 & 3.03, H 2 ), 5.94 (dd, 1H, J = 

5.68 & 2.89, H 3 ) , 3.18 (bs, 1H, -OH), 2.81 (m, 2H, H 1 & 4 ) , 2.03-1.87 (m, 2H, H 9 ), 1.95 (m, 1H, 

H5), 1.90 (m, 1H, H 7 ) , 1.45 (m, 1H, J = 8.29, H 6 ), 1.32 (m, 2H, H 8 ) , 1.25 (m, 1H, H 6 ), 0.54 

(ddd, 1H, J = 11.12 & 3.88 & 2.71, H 7 ) . 

1 3C NMR (125.7 MHz, CDC13): 5 (ppm) = 137.95 (C 2), 132.05 (C 3), 123.48 (q, J = 286.29, 

CO, 76.49 (septet, J = 28.78, C, 0), 49.83 (C 6), 45.39(C4), 42.78 (C,), 39.27 (C 5), 32.53 (C 7), 

29.75 (C 9), 26.91 (C 8). 

GCMS (EI +): RT - 11.33, N -NB(CH 2) 2C(CF 3) 2OH (80%), 288.0 (Ci 2 H, 4 OF 6 , M + ) . 

IR (KBr disc, cm"1): 3100-3650 (O-H), 3080 (olefinic C-H stretching), 2980-2867 (saturated 

C-H stretching). 
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3.4.4.14 Characterisation of the exo-Regioisomer in enrf0/ex0-Bis(trifluoromethyl)-2-

norbornene-5-propanol 

The monomer was characterised by 'H NMR, 1 3C NMR, GCMS and IR. The numbering 

system shown in figure 3.21 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 6 (ppm) = 6.10 (dd, 1H, J= 5.60 & 2.99, H 2 ), 6.06 (dd, 1H, J = 

5.60 & 2.88, H 3 ) , 3.28 (bs, 1H, -OH), 2.84 (m, 1H, H,), 2.56 (bs, 1H, H 4 ) , 1.98 (m, 2H, H 9 ), 

1.62 (m, 2H, H 8 ), 1.37 (m, 2H, H 6 ) , 1.33 (m, 1H, H 7 ), 1.30 (m, 1H, H 5 ) , 1.12 (m, 1H, J 

=10.65, H 7 ) . 

I 3 C NMR (125.7 MHz, CDC13): 8 (ppm) = 136.87 (C 2), 136.82 (C 3), 123.48 (q, J = 286.29, 

Cn), 76.53 (septet, J = 28.78, C, 0), 46.52 (C 4), 45.51 (C 6), 42.15 (C,), 39.44 (C 5), 33.21 (C 7), 

30.02 (C 9), 28.60 (C 8). 

GCMS (EI +): RT = 11.36, X-NB(CH 2) 2C(CF 3) 2OH (20%), 288.0 (C| 2 H 1 4 OF 6 , M + ) . 
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Figure 3.21. Assignment of C and H atoms in N/X- NB-(CH 2) 2C(CF 3) 2OH. 

3.4.4.15 Characterisation of £X0-5-TrimethylsiIyl Carboxylate-2-norbornene 

The monomer was characterised by ! H NMR, l 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.22 was used for the assignment of the peaks in the NMR spectra. 
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'H NMR (500 MHz, CDC13): 5 (ppm) = 6.11 (m, 2H, H 2 & 3 ) , 3.03 (m, 1H, H , & 4 ) , 2.89 (m, 1H, 

H , & 4 ) , 2.20 (m, 1H, H 5 ) , 1.88 (m, 1H, J= 11.78, H 7 ) , 1.47 (m, 1H, J = 8.22, H 6 ), 1.38-1.30 

(m, 2H, H 6 & 7 . ) , 0.28 (s, 9H, H 9 ) . 

I 3 C NMR (125.7 MHz, C D C I 3 ) : 5 (ppm) = 177.09 (Cg), 138.21 (C 2), 136.05 (C 3), 46.83 (C 4), 

46.56 (C 6), 44.99 (C 5), 41.90 (C,), 30.62 (C 7), 0.04 (C 9). 

GCMS ( E f ) : RT= 12.39, X-NB-C0 2TMS, 210.0 (C,,H, 8 0 2 Si, M + ) . 

IR (KBr disc, cm"1): 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H stretching), 

1736 (asymmetric and symmetric C=0 stretching). 
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Figure 3.22. Assignment of C and H atoms in X-NB-C0 2TMS. 

3.4.4.16 Characterisation of £/t</0-5-TrimethylsilyI Carboxylate-2-norbornene 

The monomer was characterised by *H NMR, 1 3C NMR, GCMS and IR. The numbering 

system shown in figure 3.23 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 5 (ppm) = 6.19 (dd, 1H, .7=3.01 & 5.62, H 2 ) , 5.91 (dd, 1H,J = 

2.82 & 5.62, H 3 ) , 3.18 (m, 1H, H 4 ) , 2.93 (m, 1H, J = 9.22 & 3.94, H 5 ) , 2.88 (m, 1H, H,), 1.86 

(ddd, l H , / = 11.63 & 9.21 & 3.74, H 7 ) , 1.44-1.34 (m, 2H, H 6&r), 1.26 (m, 1H, .7=8.10, H 6 ) , 

0.24 (s, 9H, H 9 ) . 

1 3C NMR (125.7 MHz, CDC13): 5 (ppm) = 175.63 (C 8), 138.04 (C 2), 132.37 (C 3), 49.95 (C 6), 

46.12 (C 4), 44.98 (C 5), 42.91(C), 29.32 (C 7), 0.00 (C 9). 
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GCMS (EI +): RT = 12.36, N-NB-C0 2TMS, 210.0 (C,,Hi80 2Si, M + ) . 

IR (KBr disc, cm"1): 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H stretching), 

1736 (asymmetric and symmetric C=0 stretching). 

7 T 

H 7 H 

1 

Figure 3.23. Assignment of C and H atoms in N-NB-C0 2TMS. 

3.4.4.17 Characterisation of endo/exo-5-Methyl Trimethylsilyl Carboxylate-2-

norbornene 

The monomer was characterised by 'H NMR, 1 3C NMR, GCMS and IR. The numbering 

system shown in figure 3.24 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 8 (ppm) = 6.15 (dd, 0.85H, J= 5.69 & 3.01, H 2 , N ) , 6.10 (dd, 

0.15H, J= 5.64 & 3.03, H 2 , x ) , 6.03 (dd, 0.15H, J= 5.72 & 2.85, H 3 , x ) , 5.92 (dd, 0.85H, J = 

5.73 & 2.90, H 3 > N ) , 2.80 (m, 1H), 2.76 (m, 0.85H, H N ) , 2.50-1.70 (m, 4.15H), 1.45-1.10 (m, 

2H), 0.55 (ddd, 0.85H, J= 11.70 & 4.33 & 2.64, H 7 ' , N), 0.26 (s, 9H, H, 0 ) . 

1 3C NMR (125.7 MHz, CDC13): 8 (ppm) - 174.35 (C 9 ,N ) , 174.13 (C9,x), 137.86 (C 2,N), 136.66 

(C 2 , x), 132.43 (C 3,N), 49.78 (CN), 46.52 (C x ) , 45.86 (C N), 45.27 (C x ) , 42.77 (C N), 42.72 (C x ) , 

42.26 (C x ) , 41.24 (C N), 35.18 (C N), 35.10 (C x ) , 32.73 (C x ) , 32.22 (C N), 0.00 (C l 0 ) . 

GCMS (EI +): RT = 13.78, N/X-NB-CH 2C0 2TMS (100%), 224.0 (C, 2 H 2 0 O 2 Si, M + ) . 

IR (KBr disc, cm"1): 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H stretching), 

1736 (asymmetric and symmetric C=0 stretching). 
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Figure 3.24. Assignment of C and H atoms in N/X-NB-CH 2C0 2TMS. 

3.4.4.18 Characterisation of endo/exo-5-Ethy\ Trimethylsilyl Carboxylate-2-

norbornene 

The monomer was characterised by 'H NMR, , 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.25 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 8 (ppm) = 6.12 (dd, 0.81H, J = 5.77 & 3.21, H 2 , N ) , 6.07 (dd, 

0.19H, J= 5.74 & 3.03, H 2,x), 6.01 (dd, 0.19H, J= 5.68 & 2.90, H 3 , x ) , 5.92 (dd, 0.81H, J = 

5.49 & 2.78, H 3 , N ) , 2.78 (m, 1.81H), 2.52 (m, 0.19H, H x ) , 2.35 (t, 0.38H, H9.x), 2.28 (t, 

1.62H, H 9 l N ) , 2.04-1.06 (m, 6.19H), 0.50 (ddd, 0.81H, J= 11.24 & 4.26 & 2.60, H r , N ) , 0.27 (s, 

9H,H„) . 

, 3 C NMR (125.7 MHz, CDC13): 8 (ppm) = 174.80 (C, 0 ,N ) , 174.74 (C,0,x), 137.49 (C 2,N), 

136.92 (C 2 , x), 136.66 (C3,x), 132.35 (C 3,N), 49.80 (C N), 46.33 (C x ) , 45.46 (CN), 45.39 (C x ) , 

42.74 (C N), 42.08 (C x ) , 38.60 (C x ) , 38.50 (CN), 35.5 (C x ) , 35.30 (C N), 33.06 (C x ) , 32.37 (C N), 

31.77 (C N), 30.09 (Cx),0.00 (C„). 

GCMS (EI +): RT =15.21, N-NBCH 2CH 2C0 2TMS (80%), 238.0 (Ci 3 H 2 2 0 2 Si , M + ) ; 15.25, X-

NBCH 2CH 2C0 2TMS (20%), 238.0 (C ) 3 H 2 2 0 2 Si , M + ) . 

IR (KBr disc, cm' 1): 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H stretching), 

1736 (asymmetric and symmetric C=0 stretching). 

1 
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Figure 3.25. Assignment of C and H atoms in N/X-NB-(CH 2 )2C0 2 TMS. 

3.4.4.19 Characterisation of e/irfo-N-(2-norbornene-5-methyl)-l ,1,1 -

trifluoromethanesulfonamide 

The monomer was characterised by 'H NMR, l 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.26 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDCb): 5 (ppm) = 6.22 (dd, 1H, J = 5.67 & 3.10, H 2 ), 5.97 (dd, 1H, J = 

5.67 & 2.88, H 3 ) , 5.29 (m, 1H, NH), 3.07 (m, 1H, H 8 ) , 2.96 (m, 1H, H 8 ), 2.86 (m, 1H, H 4 ), 

2.91 (m, 1H,H,),2.31 (m, 1H, H 5 ) , 1.90 (ddd, 1H,J= 11.70 & 9.10 & 3.81, H 7 ) 1.51 (m, 1H, 

J= 8.36, H 6 ) , 1.30 (m, 1H, .7=8.36, H 6 ) , 0.57 (ddd, 1H, J= 11.70 & 4.26 & 2.73, H r ) . 

1 3C NMR (125.7 MHz, CDC13): 5 (ppm) = 138.72 (C 2), 131.63 (C 3), 119.94 (q, J = 321.20, 

(C 9), 49.81 (C 6), 48.56 (C 8), 44.08 (C 4), 42.66 (C,), 39.70 (C 5), 30.06 (C 7). 

GCMS (EI +): RT = 14.71, N-NBCH 2NHS0 2CF 3 , 255.0 (C, 0 H, 4 NO 2 F 3 , M 4 ) . 

IR (KBr disc, cm"1): 3300, 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H 

stretching). 
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Figure 3.26. Assignment of C and H atoms in N-NBCH 2NHS0 2CF 3 . 
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3.4.4.20 Characterisation of 

trifluoromethanesulfonamide 

exo-N-(2-norbornene-5-methyl)-l,l)l-

The monomer was characterised by 'H NMR, l 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.27 was used for the assignment of the peaks in the NMR spectra. 

'H NMR (500 MHz, CDC13): 6 (ppm) = 6.11 (m, 2H, H 2 & 3 ) , 5.37 (m, 1H, NH), 3.35 (m, 1H, 

H 8 ) , 3.26 (m, 1H, H 8 ) , 2.88 (m, 1H, H,), 2.69 (m, 1H, H 4 ) , 1.41 (m, 1H, H 5 ) , 1.35 (ddd, 1H, J 

= 11.74 & 8.30 & 2.36, H 7 ) 1.29 (m, \H,J= 8.86, H 6 ) , 1.30 (m, 1H, J = 8.86, H 6 ), 0.57 (ddd, 

1H,J= 11.74 & 3.86 & 3.74, H 7 ) . 

, 3 C NMR (125.7 MHz, CDC13): 5 (ppm) = 137.44 ( C 2 ) , 136.16 (C 3), 119.95 (q, J = 321.20 

(C 9), 49.72 (C 8), 45.11 (C 6), 44.10 (C 4), 41.97 (C,), 39.83 (C 5), 30.90 (C 7). 

GCMS (EI +): RT = 14.62, X-NBCH 2NHS0 2CF 3 , 255.0 (C 1 0 H, 4 NO 2 F 3 , M+). 

IR (KBr disc, cm"1): 3300, 3080 (olefmic C-H stretching), 2980-2867 (saturated C-H 

stretching). 
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Figure 3.27. Assignment of C and H atoms in X-NBCH 2NHS0 2CF 3 . 

3.4.4.21 Characterisation of e/i(/o/ejco-N-(2-norbornene-5-ethyl)-l,l,l-

trifluoromethanesulfonamide 

The monomer was characterised by *H NMR, 1 3C NMR, GCMS and IR. The numbering 

system shown in figure 3.28 was used for the assignment of the peaks in the NMR spectra. 
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'H NMR (500 MHz, CDC13): 8 (ppm) = 6.17 (dd, 0.85H, J = 5.70 & 3.04, H 2 , N ) , 6.09 (dd, 

0.15H, J = 5.67 & 3.03, H 2 &3 ,x), 6.05 (dd, 0.15H, J= 5.67 & 2.92, H 2 & 3 , x ) , 5.93 (dd, 0.85H, J 

= 5.70 & 2.84, H 3 , N ) , 5.26 (m, 0.15H, NH X ) , 5.21 (m, 0.85H, NH N ) , 3.34 (m, 0.30H, H 9 , x ) , 

3.27 (m, 1.70H, H 9 , N ) 2.84 (m, 0.15H, H , & 4 , x ) , 2.80 (m, 0.85H, H, , N ) , 2.79 (m, 0.85H, H 4 ) N ) , 

2.54 (m, 0.15H, H , & 4 , x ) , 2.05 (m, 1H, H 5 ), 1.90 (ddd, 0.85H, J= 11.35 & 0.08 & 3.91, H 7 , N ) , 

1.69 (m, 0.30H, H 8 X ) , 1.50 (m, 1H, H 6 ) , 1.40 (m, 1.70H, H 8 , N ) , 1.35 (m, 1H, H 6 ), 1.34 (m, 

0.15H, H 7 , x ) 1-25 (d, 1H, J= 8.25, H), 1.12 (m, 0.15H, H r , x ) , 0.57 (ddd, 0.85H, J= 11.35 & 

4.21 &2.69, H 7 . N ) . 

I 3C NMR (125.7 MHz, CDC13): 8 (ppm) = 138.00 (C 2 , N), 136.76 (C 2 & 3 , x ) , 136.65 (C 2 & 3 , x ) , 

131.99 (C 3,N), 119.90 (q, J = 321.20, C 1 0 ), 49.81 (C 6), 46.37 ( C 1 & 4 ; X ) , 45.44 (C, & 4 , N ) , 44.03 

(C 9 , x), 43.97 (C 9 , N), 42.70 (C, & 4 , N ) , 42.14 (C I & 4 , X ) , 37.04 (C 8 , x), 35.81 (C 5 , x ), 35.77 (C 5 .N), 

35.36 (C 8), 32.90 (C 7 , x ) , 32.16 (C 7 ,N). 

GCMS ( E f ) : RT =16.06, N-NBCH 2CH 2NHS0 2CF 3 (86%), 269.0 (C,oH, 4N0 2F 3, M + ) ; 16.12, 

X-NBCH 2CH 2NHS0 2CF 3(14%), 269.0 (C,oH, 4 N0 2 F3, M + ) . 

IR (KBr disc, cm"1): 3300, 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H 

stretching). 
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Figure 3.28. Assignment of C and H atoms in N/X-NB(CH 2) 2NHS0 2CF 3 . 

3.4.4.22 Characterisation of e«</o/evo-N-(2-norbornene-5-propyl)-l,l)l-

trifluoromethanesulfonamide 

• 1 13 

The monomer was characterised by 'H NMR, , J C NMR, GCMS and IR. The numbering 

system shown in figure 3.29 was used for the assignment of the peaks in the NMR spectra. 
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'H NMR (500 MHz, CDC13): 5 (ppm) = 6.14 (dd, 0.85H, J = 5.65 & 2.98, H 2 , N ) , 6.09 (dd, 

0.15H, J= 5.65 & 3.05, H 2 & 3 , x ) , 6.04 (dd, 0.15H, J= 5.65 & 2.98, H 2 & 3 ,x) , 5.91 (dd, 0.85H, J 

= 5.65 & 2.86, H 3 ) N ) , 5.24 (m, 0.15H, NH X ) , 5.19 (m, 0.85H, NH N ) , 3.28 (m, 2H, H, 0 ) , 2.82 

(m, 0.15H, H, & 4 ,x) , 2.77 (m, 1.70H, H 1 & 4 ) N ) , 2.53 (m, 0.15H, H 1 & 4 > x ) , 1.99 (m, 0.85H, H 5 , N ) , 

I . 87 (m, 0.85H, H 7 , N ) , 1.60 (m, 2H, H, 0 ) , 1.40 (m, 1H, H 6 ), 1.33 (m, 0.15H, H 7 , x ) , 1.32 (m, 

0.15H, H 5 , x ) , 1 -20 (m, 1H, H 6 ), 1.17 (m, 2H, H 9 ) , 1.10 (m, 0.15H, H 7 , x ) ,0.50 (ddd, 0.85H, J = 

I I . 35 & 4.23 & 2.71, H 7 . N ) . 

1 3 C NMR (125.7 MHz, CDC13): 5 (ppm) = 137.68 (C 2 ,N ) , 136.90 ( C 2 & 3 , X ) , 136.65 ( C 2 & 3 , X ) , 

132.19 (C 3 ,N), 119.90 (q, J = 321.20, C,,), 49.81 ( C 6 , N ) , 46.49 ( C 1 & 4 , X ) , 45.53 (C 1 & 4 , N ) , 45.40 

(C6,x), 44.93 ( C S N), 44.89 (Cs.x), 42.75 (CI& 4 ,N ) 42.09 (C 38.52 ( C 5 I N ) , 38.44 (C 5 , x ), 

33.20 (C,0,x), 33.17 (C 7 , x), 32.48 ( C 7 , N ) , 31.49 ( C 1 0 , N ) , 29.66 (C9,x), 29.45 ( C 9 > N ) . 

GCMS (EI +): RT = 17.30, N-NBCH 2CH 2CH 2NHS0 2CF 3 (80%), 283.0 (C, |H, 6 N0 2 F 3 , M + ) ; 

17.37, X-NBCH 2CH 2CH 2NHSO 2CF 3(20%), 283.0 (C , ,H | 6 N0 2 F3 , M + ) . 

IR (KBr disc, cm"1): 3300, 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H 

Figure 3.29. Assignment of C and H atoms in N/X-NB(CH 2) 3NHS0 2CF 3 . 

3.4.4.23 Characterisation of e/irfo/exo-5-TrimethoxysiIyl-2-norbornene 

The monomer was characterised by *H NMR, l 3 C NMR, GCMS and IR. The numbering 

system shown in figure 3.30 was used for the assignment of the peaks in the NMR spectra. 

stretching). 

V 

1 

SOXF N 10 8 11 9 H 

H 7 H 
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'H NMR (500 MHz, CDC13): 5 (ppm) = 6.11 (dd, 0.64H, J= 5.56 & 2.97, H 2 & 3 , N ) , 6.03 (m, 

0.72H, H 2 & 3 ,x) , 5.91 (dd, 0.64H, J = 5.57 & 2.98, H 2 & 3 , N ) , 3.58 (s, 5.74H, H 8 , N ) , 3.51 (s, 

3.26H, H 8 i X ) , 3.02 (m, 0.36H, H x ) , 2.93 (m, 0.64H, H N ) , 2.89 (m, 1H), 1.88 (ddd, 0.36H, J = 

11.10 & 9.71 &3.76, H x ) , 1.76 (ddd, 0.64H, J= 11.36 & 5.78 & 3.55, HN ) , 1.37 (m, 0.36H, J 

= 7.85, H x ) , 1.30-1.04 (m, 3H), 0.50 (ddd, 0.64H, J= 9.75 & 5.76 & 1.91, H r , N ) . 

1 3C NMR (125.7 MHz, CDC13): 8 (ppm) = 137.75 (C 2 & 3 , N ) , 135.71 (C 2 & 3 , x ) , 134.86 (C 2 & 3 , x ) , 

133.95 (C2&3.N), 51.0(CX), 50.97, (C N), 50.73 (C x ) , 47.33 (C N), 44.20(CX), 42.83 (C N), 42.62 

(CN), 42.28 (C x ) , 26.94 (C x ) , 26.20 (C N), 20.28 (C x ) , 9.65 (CN). 

GCMS (EI +): RT = 12.46, N/X-NB-Si(OMe)3, 214.0 (C l 0 H 1 8 SiO 3 , M + ) . N:X = 64:36. 

IR (KBr disc, cm"1): 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H stretching), 

712(H-C=C). 

7 T 

H 7 H 

1 

Si(OMe) 
8 

Figure 3.30. Assignment of C and H atoms in N/X-NBSi(OMe) 3. 

3.4.4.24 Characterisation of endolexo-5-Ethy\ Trimethoxysilyl-2-norbornene 

The monomer was characterised by 'H NMR, 1 3C NMR, GCMS and IR. The numbering 

system shown in figure 3.31 was used for the assignment of the peaks in the NMR spectra. 

l H NMR (500 MHz, CDC13): 8 (ppm) = 6.09 (dd, 0.79H, J = 5.68 & 2.98, H 2 & 3 , N ) , 6.06 (dd, 

0.21H, J = 5.64 & 2.89, H 2 & 3 , x ) , 6.00 (dd, 0.21H,7= 5.64 & 2.92, H 2 & 3 , X ) , 5.89 (dd, 0.79H, J 

= 5.65 & 2.85, H 2 & 3 , N ) , 3.56 (s, 1.89H, H 1 0,x), 3.54 (s, 7.11H, H , 0 , N ) , 2.76 (m, 1H), 2.72 (m, 

0.79H, H N ) , 2.52 (m, 0.21H, H x ) , 1.93 (m, 0.79H, H N ) , 1.81 (ddd, 0.79H, J= 11.29 & 9.01 & 

3.92, H N ) , 1.51-1.00 (m, 4.21H), 0.75-0.55 (m, 2.42H), 0.47 (ddd, 0.79H, J= 11.24 & 4.21 & 

2.65, H7',N). 
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1 3C NMR (125.7 MHz, CDCI3): 5 (ppm) = 137.31 (C 2 & 3 , N ) , 137.05 (C 2 & 3 , x ) , 136.52 (C 2 & 3 ,x), 

132.36 (C 2 & 3 , N ) , 50.72 (C, 0), 50.69 (C l 0 ) , 49.71 (C N), 46.06 (C x ) , 45.33 (C x ) , 45.13 (C N), 

42.74 (C N), 42.32 (C x ) , 42.22 (C N), 42.01 (C x ) , 33.10 (Cx), 32.39 (C N), 29.29 (C x ) , 27.50 

(C N), 8.58 (C x ) , 8.25 (C N). 

GCMS (EI +): RT = 15.17, N-NB(CH 2) 2Si(OMe) 3 (79%), 242.0 (C, 2 H 2 2 Si0 3 , M + ) ; 15.21, X-

NB(CH 2) 2Si(OMe) 3 (21%), 283.0 (C, iH 1 6 N0 2 F 3 , M + ) . 

IR (KBr disc, cm'1): 3080 (olefinic C-H stretching), 2980-2867 (saturated C-H stretching), 

712 (H-C=C). 
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Figure 3.31. Assignment of C and H atoms in N/X-NB(CH 2) 2Si(OMe) 3. 
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Chapter 4 

Investigation of ew-Functionalised Norbornenes and Tetracyclododecenes 

4.1 Introduction 

Following on from the findings in Chapter 3, it is clear that new methods for the preparation 

of single regioisomers of functionalised norbornene monomers that display high 

polymerisation activity are necessary. It was also envisaged that in order to create co­

polymers with excellent homogeneity, it would be useful for the polymerisation rates of the 

co-monomers to be normalised. This normalisation of polymerisation rates would only be 

possible through a reduction or masking of the electronic effect of norbornene functional 

groups. The convenient synthesis and ease of elaboration of exo-5-hydroxy-2-norbornene 

(X-NB-OH) makes this an excellent base from which to create new high activity monomers. 

The alcohol can easily be converted into an acetate functionality, but these typically display 

high electron withdrawing properties and strong coordinating abilities, which would be 

expected to severely reduce polymerisation activity. The synthesis of single isomer acetate 

functionalised tetracyclododecenes from the corresponding functionalised norbornenes was 

expected to reduce these electronic effects by methylene spacing the functional group away 

from the vinyl group. These ideas were tested via the synthesis and polymerisation of a 

family of single regioisomer acetate functionalised norbornenes and tetracyclododecenes. 

The alcohol can be converted into an ether functionality, which is believed to show high 

polymerisation activity due to ethers typically displaying only weak electron withdrawing 

properties and only mild coordinating ability. These ideas were tested via the synthesis and 

polymerisation of a family of single regioisomer ether functionalised norbornenes. 
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4.2 Results and Discussion 

4.2.1 Synthesis and Characterisation of ex0-5-Hydroxy-2-norbornene 

The procedure used for the synthesis of exo-5-acetate-2-norbornene (X-NB-OAc), involves 

the reaction of acetic acid with an excess of norbornadiene at high temperature, to give the 

X-monoacetate, scheme 4.1, as a clear, colourless oil. 1 The reaction was shown by 1 3C NMR 

and GCMS to give a selectivity of > 98 % X-isomer. The selectivity of this reaction is quite 

amazing considering the absence of a catalyst. The reaction was first carried out on a trial 

basis using a Carius-tube reaction, with success and then on a much larger scale, using a 2L 

stainless steel reactor. It took three attempts using the reactor to produce the desired product, 

due to problems controlling the endotherm and exotherm generated during the course of the 

reaction. When the reaction looses control and gets too hot, due to the reaction generating an 

exotherm, the reagents polymerise. This problem was overcome by carefully monitoring the 

reaction temperature on an internal thermocouple and adjusting the heating accordingly. 

The main purification problem encountered with this reaction is the formation of a Cu 

impurity from the cycloaddition reaction between norbornadiene and cyclopentadiene at the 

temperatures needed for the high selectivity to be obtained. The impurity could not be 

removed from the desired product by distillation under reduced pressure, which was 

surprising considering the impurity's higher boiling point. The GCMS showed the impurity 

to account for ~ 2 % of the product after distillation. This impurity was not a major problem 

because it can be removed at a later stage down the synthesis tree, scheme 4.1. 
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Scheme 4.1 

The saponification of the exo-5-acetate-2-norbornene (X-NB-OAc) with aqueous sodium 

hydroxide, followed by the standard work-up, affords the exo-5-hydroxy-2-norbornene (X-

NB-OH) in high yield (90 %) , as soft, white crystals. The isomeric purity of the product is 

unchanged by the reaction (98 % X). The C12 impurity is also still present in the alcohol but 

can be removed via recrystallisation from a minimum amount of hexanes. Care has to be 

taken when drying and storing the X-NB-OH since it readily sublimes. Many attempts were 

made to grow single crystals for X-ray diffraction analysis via sublimation, but no crystals of 

high enough quality could be produced. 

The cheap cost of the reagents, high selectivity and excellent yields of product generated in 

this reaction make it a good way to produce an X-functionalised norbornene monomer. 
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4.2.2 Synthesis and Characterisation of £/!</o-5-Hydroxy-2-norbornene 

The oxidation of exo-5-hydroxy-2-norbornene (X-NB-OH) using Cr03 and pyridine in 

dichloromethane proved to be a very dirty, time consuming, low yielding reaction.2 

Therefore the alternative method utilising oxalyl chloride was used, since this method 

provided the desired 2-norbornene-5-one (NB=0) in high yield and purity,3 scheme 4.1. 

The reduction of NB=0 using Lithium tri-sec-butylborohydride solution (L-Selectride) 

proved to be a very unpredictable reaction, with a great range in purity and yield obtained, 

although it did provide the desired e«do-5-Hydroxy-2-norbornene (N-NB-OH) with > 99:1 

N/X selectivity. The reduction of NB=0 using sodium borohydride (NaBH4) proved to be a 

more convenient route,4 since it gave the desired N-NB-OH in high yield and purity, with a > 

99:1 N/X selectivity, scheme 4.1. 

4.2.3 Derivatisation of endo- or £K£>-5-Hydroxy-2-norbornene 

The reaction of X- or N-NB-OH with acetic anhydride, in the presence of base, produced the 

corresponding NB-OAc, 2 scheme 4.1. The products were purified using distillation under 

reduced pressure, to give clear, colourless oils, in excellent yields (> 85% yield). The GCMS 

of X-NB-OAc showed the product to have no impurities and consist of X- and N-isomers in a 

ratio of 98:2, respectively. The GCMS of N-NB-OAc showed the product to have no 

impurities and consist of X- and N-isomers in a ratio of 1:99, respectively. 

The Williamson ether synthesis was used to prepare the exo-5-methoxy-2-norbornene (X-

NB-OMe) in good yield (55%),5 scheme 4.1. The product was purified using distillation 

under reduced pressure to give a clear, colourless oil. The GCMS and NMR spectroscopic 

analyses of the purified X-NB-OMe, indicated the product to be a mixture of N - and X-

isomers in a ratio of 1:99, respectively. An impurity (< 1%) was detected in the GCMS, 

which was of identical molecular mass (Mr = 124.1), similar fragmentation pattern, and 

similar retention time to the X-NB-OMe product. This impurity is likely to be an unknown 

rearrangement product. 
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The aromatic ethers X-NB-OCH2Ph, X-NB-OCH2C6H4Ph and X-NB-OCHjCeUtBr were 

prepared from the reaction of the corresponding benzyl bromides and chlorides with X-NB-

OH, 2 scheme 4.1, in good yield and purified via silica column chromatography, eluting with 

hexanes. 

4.2.4 Characterisation of endo- and ex»-5-CarboxyIic Acid-2-norbornene 

Promerus LLC kindly provided the samples of the pure regioisomers of e/tt/o-5-carboxylic 

acid-2-norbornene (N-NB-CO2H) and exo-5-carboxylic acid-2-norbornene ( X - N B C O 2 H ) for 

this work. The growth of single crystals of N-NB -CO2H and X - N B C O 2 H was unsuccessfully 

attempted using slow recrystallisation or evaporation from solvent systems based on hexanes, 

ethyl acetate, diethyl ether, dichloromethane, toluene, methanol and tetrahydrofuran. 

Single crystals of X-NB -CO2H and N - N B C O 2 H were only successfully produced via their 

slow sublimation at ambient temperature and an X-ray structural diagram was produced 

using single-crystal X-ray diffraction, figures 4.1 and 4.2, respectively. 

Figure 4.1. X-ray structural diagram of X-NB-C0 2 H. 

The analysis of N-NB -CO2H gave full structural refinement, whilst that of X - N B C O 2 H gave 

structural verification but without full refinement. 
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Figure 4.2. X-ray structural diagram of N-NB-C0 2 H. 

4.2.5 Synthesis and Derivatisation of endo and exo-5-Methyl Hydroxy-2-norbornene 

The endo and exo-5-methyl hydroxy-2-norbornene (N- and X-NB -CH2OH) were prepared 

from the reduction of the corresponding acids (kindly supplied by Promerus LLC) using 

sodium bis(2-methoxyethoxy)aluminum hydride (VitrideT ), which is similar to LiAJLU, 

scheme 4.2. The reactions proceeded very cleanly in high yield and further purification 

beyond standard work-up was not needed before further derivatisation. 

C 0 2 H 
Vitride™ i £ 2 CH 2 OH 

( H 3 C C O ) 2 0 , pyridine 
C H 2 O A c 

Toluene DCM 

Nan, Mel 
THF 

CH.OMe 

Scheme 4.2 
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The reaction of X- or N-NB-CH2OH with acetic anhydride, in the presence of base, produced 

the corresponding exo- and emfo-5-methyl acetate-2-norbornene (X- or N-NB-CH2OAC), 

scheme 4.2. The products were purified using distillation under reduced pressure, to give 

clear, colourless oils, in excellent yields (> 85% yield). The GCMS of N-NBCH 2OAc 

showed the product to have no impurities and consist of 100% N-isomer. The GCMS of X-

NBCH2OAC showed the product to have no impurities and consist of 100% X-isomer. 

The Williamson ether synthesis was used to prepare the endo- and exo-5-methyl methoxy-2-

norbornene (N- or X-NB-CF^OMe) in good yield (55%), scheme 4.2. The products were 

purified using distillation under reduced pressure to give clear, colourless oils. The GCMS 

and NMR spectroscopic analyses of the purified N - or X-NB-CH 2OMe, indicate the products 

to be 100% pure and of pure respective isomer. 

4.2.6 Derivatisation of endo/exo-5-Ethyl Hydroxy-2-norbornene 

The N/X- or X-NB(CH2)20FG (FG = OAc, OMe) were prepared from the corresponding 

alcohols (kindly supplied by Promerus LLC) using standard methods, scheme 4.3. The 

monomers were purified using distillation under reduced pressure to give the respective 

products in high purity and yield. The GCMS of endo/exo-5-ethy\ acetate-2-norbomene 

(N/X-NB(CH2)20Ac) showed the product to have no impurities and consist of N - and X-

isomers in a ratio of 80:20, respectively. The GCMS of endo/exo-5-elhy\ methoxy-2-

norbornene (N/X-NB(CH 2) 2OMe) showed the product to have no impurities and consist of 

N- and X-isomers in a ratio of 80:20, respectively. 

/C2 CH2CH2OMe 
NaH, Mel 

CH 2CH 2OH 
(H 3CCO) 20, pyridine /C2 CH 2CH 2OAc 

THF DCM 

Scheme 4.3 
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4.2.7 Synthesis and Characterisation of exo-Tetracyclododecene Acetate 

It is well known that Diels-Alder cycloadditions to the norbornene (bicyclo[2.2.1]heptenyl) 

fragment occur selectively at the exo-face.6 This is in stark contrast to the known propensity 

of cyclopentadiene to add to the double bond of bicyclo[2.2.2]-octenyl with profound endo 

selectivity.7 

The Diels-Alder cycloaddition reaction of a two-fold excess of X-NB-OAc, with 

cyclopentadiene at 222°C for 8 hours, afforded the new exo-tetracyclododecene acetate (X-

TD-OAc) product and other higher molecular weight materials, scheme 4.1. The excess X-

NB-OAc can be recovered via distillation of the reaction mixture. The X-TD-OAc can be 

purified via distillation at 130°C under reduced pressure to give a > 50% yield of a white 

semi-solid. A soft clear crystal of X-TD-OAc was produced using a solution of (X-TD-OAc: 

hexanes = 95: 5, WAV %, respectively). Crystallisation occurred at -10°C over 4 weeks. X-

ray diffraction analysis of the crystal provided a structure with full refinement, figure 4.3. 

C2 C12 CI 
01 

C4 C3 

CIO C6 C5 C7 
02 

Figure 4.3. X-ray structural diagram of X-TD-OAc. 

The structure of the X-TD-OAc was elucidated using the evidence from ] H , I 3 C, HSQC, 

HMBC, COSY and NOESY NMR spectroscopy 
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Figure 4.4. Structure and numbering system used for the characterisation of X-TD-OAc by 

NMR spectroscopy. 

The 2D-NMR spectroscopic evidence was particularly useful; since the combination of 

correlations described below could only be ascribed to the structure of X-TD-OAc, figure 

4.4. The NOESY (what the atoms see in space) shows positive correlations between: H2&3 

and H 7 , H2&3 and H | & 4 , H2&3 and H| 2 ' , Hr and H 5 & 6 , H 5 & 6 and H 9 , H 5 & 6 and H | 0 , H 9 and H i 0 , 

H i & 4 and Hi i & 8 , H12 and H] 0 ' . 

The HMBC (looking for 3-bond Z couplings) shows positive correlations between: C2&3 and 

H 7 ' , C2&3 and H 5 & 6, C1&4 and H2&3, C 5 & 6 and H i 2 , C 5 &6 and H 7 , C5&6 and Hn&g, C n & g and 

H5&6, C11 and H 8 , Ci2 and H | 0 , C ) 2 and H 9 , C 9 and H | 2 ' , C| 0 and Hi 2-. 

The COSY (looking at 4-bond W couplings) shows positive correlations between: H2&3 and 

H1&4, H2&3 and H 5 & 6 , H2&3 and H r , H 4 & i and H 5 & 6 , Hn and H g , H i 0 and H12, H 9 and Hi 2 ' . 

Also H12 does not couple strongly to anything. 

4.2.8 Synthesis and Characterisation of enrfo-Tetracyclododecene Acetate 

The Diels-Alder cycloadditon reaction of a two-fold excess of N-NB-OAc, with 

cyclopentadiene at 222°C for 8 hours, afforded the expected era/o-tetracyclododecene acetate 

(N-TD-OAc) product and other higher molecular weight materials, scheme 4.1. The excess 

N-NB-OAc can be recovered via distillation of the reaction mixture. The N-TD-OAc can be 

purified via distillation at 130°C under reduced pressure to give a > 50% yield of a clear 
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colourless oil. The structure of the N-TD-OAc was confirmed using the evidence from the 

GCMS, *H, , 3 C, HSQC, HMBC, COSY and NOESY NMR spectroscopy. 
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Figure 4.5. Structure and numbering system used for the characterisation of N-TD-OAc by 

NMR spectroscopy. 

The 2D-NMR spectroscopic evidence was particularly useful; since the combination of 

correlations described below could only be ascribed to the structure of N-TD-OAc, figure 

4.5. The NOESY (what the atoms see in space) shows positive correlations between: H2&3 

and H1&4, H2&3 and H12', H7> and H5&6, H5&6 and RV, H.6 and H10, H9 and H i 2 , H9 and Hie, 

H1&4 and Hi i& 8. H5&6 doesn't correlate to H9. 

The HMBC (looking for 3-bond Z couplings) shows positive correlations between: C2&3 and 

H5&6, C2&3 and H 7 ' , C1&4 and H2&3, C5&6 and H12, C6 and Hio-, C(, and H | 2 , Cs&6and H7, C5&6 

and Hi i & 8 , Ci i & 8 and H5&6, C| i and H 8 , C ) 2 and H 5 & 6 , C 5 and H 9 . 

The COSY (looking at 4-bond W couplings) shows positive correlations between: H2&3 and 

H1&4, H4&1 and H 5 & 6 , Hi i and H 8 , H ] 0 and H ) 2 ' , H 9 and H ) 2 , H 9 and H ! 0 ' . 

4.2.9 Polymerisation of exo- and ^/»/o-5-Acetate-2-norbornene 

The polymerisation of the X-NB-OAc (X:N, 98:2, respectively) gave a peculiar result, with 

the polymerisation rate decreasing rapidly, with complete termination of the polymerisation 
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reaction at approximately 3% monomer consumption, green trend line in figure 4.6. The lack 

of a Pdl388 initiator (Pd-H) signal in the J H NMR spectrum at the end of the polymerisation 

reaction, lead to the possibility that the small N-isomer content could be inserting into the Pd-

H bond and deactivating the initiator via chelation of the acetate carbonyl, to palladium. This 

would require the unfavourable insertion through the endo face of norbornene to give a 7-

memebered chelate ring. Although a 7-membered chelate ring would be a rarity, many 

similar 6-membered chelate rings are described in the literature.8 There were no easily 

visible, new, unexpected signals generated in the ' H NMR spectra during the polymerisation 

reaction. 
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Figure 4.6. Polymerisation of N - and X-NB-OAc at 50°C in TCE-d2 (50 Monomer: 1 

Pdl388) 

To test this theory, N-NB-OAc was produced as previously described in section 4.2.3 and its 

polymerisation reaction attempted. Surprisingly the N-NB-OAc polymerised without 

showing any of the polymerisation termination displayed by its close relative, X-NB-OAc, 

red trend line in figure 4.6. Therefore, the formation of the stable 7-membered chelate ring 

must not be occurring. 

This evidence leaves the unanswered question of what is happening during the 

polymerisation of X-NB-OAc that could lead to the premature termination of the 

polymerisation reaction. 
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4.2.10 Poly merisation of Acetate Functionalised Norbornenes (NB(CH2)„OAc) 

The polymerisation rate of the NB(CH2)nOAc increases with an increase in methylene 

spacing as expected for an electron withdrawing group such as -OAc, table 4.1. It is notable 

that the rate of polymerisation of N/X-NB(CH2)20Ac, is the same as the rate for endo/exo-5-

decyl-2-norbornene under identical polymerisation conditions. This suggests that the simple 

coordination of the -OAc functional group to the cationic palladium centre is not a major 

hindrance to polymerisation and that the deactivating electronic effect of the -OAc group is 

negligible beyond 2 methylene spacings. 

Table 4.1. Polymerisation data for 50 NB-(CH 2)„OAc: 1 Pdl388, at 70°C in benzene-^. 

n k P (N) M X ) k p (N/X) [kp(X)]/[kp(N)] 

(«"') <•-') (s 1 ) 

0 0.82 x 10"4 Termination - -

1 1.66 x 10" 4.70 x 10" - 2.8 

2 16.26 x 10-4 32.19 x 10"4 17.88 x 10"4 2.0 

These results suggest that the TD-OAc monomers should have good polymerisation activity 

since the -OAc group will effectively be ethylene spaced and the coordination of the 

functional group does not seem to reduce polymerisation activity. 

4.2.11 Poly merisation of exo- and ewrfo-Tetracyclododecene Acetate 

An examination of the structures of X- and N-TD-OAc suggest that the regio chemistry of 

the functional group should have a minimal effect upon the polymerisation rates, since it is 

sufficiently spaced away from the vinylic hydrogens to not cause unfavourable steric 

interactions as in N-functionalised norbornenes. 
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Figure 4.7. Polymerisation of N - and X-TD-OAc at 70°C in benzene-fife (50 Monomer : 1 

Pdl388) 

The deactivating electronic effect of the -OAc functional group upon the double bond, with 

respect to polymerisation, should be similar in X-NB-OAc and N-TD-OAc. This is not 

reflected in the respective polymerisation rates, with N-NB-OAc (k = 8.2 x 10"5 s"1) 

polymerising slightly faster than X-TD-OAc (k = 7.6 x 10"5 s"1), at 70°C in benzene-fife, 

figure 4.7. The unexpectedly slow polymerisation rate of both TD-OAc monomers can be 

attributed to the unfavourable steric interaction between Hn- and the vinylic hydrogens, 

which are being rehybridised from sp2 to sp3, upon coordination and insertion into the 

palladium-alky 1 bond, scheme 4.8. This raises the energy barrier for insertion into the 

palladium alkyl bond, resulting in a decreased polymerisation rate. 
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Figure 4.8 
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The polymerisation of the X-TD-OAc, which is synthesised from X-NB-OAc, displays a 

decreasing polymerisation rate, which is indicative of a termination step, figure 4.7. There 

are no easily visible, new signals forming in the *H NMR spectra during polymerisation. It 

seems likely that the polymerisation termination step during the polymerisations of X-NB-

OAc and X-TD-OAc are closely related but the exact nature of this termination eludes us. 

4.2.12 Poly merisation of Methoxy Functionalised Norbornenes (NB(CH2)„OIVIe) 

The rate of polymerisation of X-NB-OMe is unsurprisingly fast considering the -OMe 

functionality is not strongly electron withdrawing. The polymerisation rate of the N/X-

NB(CH2)nOMe increases by a different factor, with an increase in methylene spacing, for the 

N - and X-isomers, table 4.2. The polymerisation rate of N-NBCF^OMe could be lower than 

expected due to the formation of a favourable 6-membered chelate ring via coordination of 

the ether functionality to palladium. The rate of polymerisation of N/X-NB(CH2)20Me, is 

slightly lower than the rate for N/X-NBdecyl under identical polymerisation conditions. This 

evidence is in agreement that the ether functionality coordinates to cationic palladium, 

reducing the polymerisation rate. 

Table 4.2. Polymerisation data for 50 NB-(CH 2) nOMe : 1 Pdl388, at 70°C in benzene-^-

n k P (N) M X ) k p (N/X) [k p (X)] / [k p (N)] 

(s 1) 

0 - 6.68 x 10-4 - -

1 3.50 x 10"4 15.35 x lO"4 - 4.4 

2 13.66 x 1Q-4 24.99 x 10"4 19.44 x 1Q-4 1.8 

The N/X-NB(CH 2) nOMe family of monomers shows significant solvent effects, with regard 

to polymerisation rate. In particular this seems to affect the rates of polymerisation of X- and 

N- isomers with respect to each other. Notice the [k p (X)] / [k p (N)] factors in the two 

different solvents, tables 4.2 and 4.3. 
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Table 4.3. Polymerisation data for 50 NB-(CH 2) nOMe : 1 Pdl388, at 50°C in TCE-d2. 

n k P (N) k P (X) k p (N/X) [k p (X) ] / [k p (N)] 

(•') 
0 - 5.22 x 10"4 - -

1 1.50 x 10"4 17.54 x \0A - 11.7 

2 6.79 x 10^ 79.70 x 10"4 7.39 x 10-4 11.7 

4.3 Conclusions 

The convenient synthesis and ease of elaboration of X-NB-OH makes it a good base from 

which to create new single regioisomer functionalised norbornene monomers that display 

high polymerisation activity. X-NB-OMe showed very high polymerisation activity. 

Surprisingly, X-NB-OAc showed lower polymerisation activity than N-NB-OAc. The new 

single isomer acetate functionalised tetracyclododecenes, X-TD-OAc and N-TD-OAc, show 

low polymerisation activity due to steric effects that will be general to all functionalised 

tetracyclododecene monomers. The single regioisomer monomers, X-NB-CH 2OMe and X-

NB-CH2OAc show greater polymerisation activity than the analogous N-NB-CH 2OMe and 

N-NB-CH 2OAc monomers. The single regioisomer, methylene or multi-methylene spaced, 

functionalised norbornene monomers employed in this chapter could be used to simplify co-

polymerisation reactions and reduce polymerisation attenuating functional group electronic 

and steric effects. 
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4.4 Experimental 

4.4.1 Materials 

The palladium catalyst, [Pd(PCy3)2(NCCH3)(H)][B(C6F5)4] (Pdl388) was supplied by 

Promerus LLC and used without further purification. Al l liquid monomers were degassed by 

freeze-thaw-pump cycles before being taken into the glove box. Tetrachloroethane-^ and 

benzene-^ were used as supplied in pre-sealed ampules and subsequently kept refrigerated in 

a glove box. All other solvents (toluene, tetrahydrofuran, chloroform, diethyl ether, dimethyl 

sulfoxide, hexanes, ethyl acetate, dichloromethane (DCM) and methanol) were used without 

prior purification. The following reagents were purchased from Sigma Aldrich and used 

without further purification: hydrochloric acid, norbornadiene, sodium hydroxide, 

magnesium sulphate, methyl iodide, sodium hydride, ammonium chloride, trimethyl chloro 

si lane, pyridine, dicyclopentadiene, sodium borohydride, Lithium tri-sec-butylborohydride 

solution (L-Selectride), acetic acid, methyl iodide, sodium bis(2-methoxyethoxy)aluminum 

hydride (Vitride®), copper sulphate, acetic anhydride, dimethylamino pyridine, 2-phenyl 

benzyl bromide, 4-bromo benzyl bromide and benzyl bromide and silica. 

4.4.2 Instrumentation and Measurements 

4.4.2.1 Nuclear Magnetic Resonance 

*H NMR spectra were recorded on a Varian Mercury 400 or a Varian Inova 500 using 

deuteriated solvent lock. Chemical shifts are quoted in ppm, relative to tetramethylsilane 

(TMS), as the internal reference. 3 1P NMR spectra were recorded on a Varian/Mercury 400 

or a Varian Inova 500 at 121.4 MHz and 202.4 MHz, respectively. I 3 C NMR spectra were 

recorded at 125 MHz (2000 scans) using continuous broad band proton decoupling and a 3s 

recycle delay, and are therefore not quantative; chemical shifts are quoted in ppm, relative to 

CDCb (77.550 ppm). The following abbreviations are used in listing NMR spectra: s = 

singlet, d = doublet, t = triplet, q = quartet, b = broad, m = multiplet. 
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4.4.2.2 Mass Spectroscopy 

Electron Impact (El) and Electrospray (ES+) mass spectra were recorded on a Micromass 

Autospec spectrometer operating at 70 eV with the ionisation mode as indicated. 

4.4.2.3 Infra-red Spectroscopy 

Infra-red spectra were recorded on a Perkin Elmer 1600 series FTIR. The spectra obtained 

were of the pure compound between sodium chloride discs. 

4.4.3 General Synthesis 

4.4.3.1 General Preparation of NB(CH 2)„OAc from NB(CH 2)„OH 

Under an inert atmosphere, acetic anhydride (8.19 mL, 86.7 mmol) was added to a flame 

dried flask containing NB(CH2) nOH (54.4 mmol), pyridine (13.76 mL, 170.0 mmol) and 

dimethylaminopyridine (10 crystals) in DCM (110 mL). The reaction mixture was stirred for 

24 hours and checked for completion via TLC. At completion the reaction was quenched 

with water (90 mL). The aqueous layer was extracted with DCM (4 x 100 mL) and the 

combined extracts washed with saturated CuSCu solution (90 mL), water (90 mL), brine (90 

mL), and dried over MgSCv The solvent was removed via rotary evaporation to give clear 
2 * 

yellow oil. The residue was purified by distillation under reduced pressure or silica column 

chromatography to give clear, colourless oil in greater than 80% yield. 

4.4.3.2 General Preparation of NB(CH 2 ) n OH from N B ( C H 2 ) n C 0 2 H 

To a 5L three-neck flask were added NB(CH2) nC02H (1.15 mmol) and anhydrous toluene 

(1.0 L). The system was kept under a nitrogen blanket, and the flask was equipped with a 

magnetic stirrer bar, thermometer, addition-funnel and condenser. A pre-mix of Vitride® 

(500 g, 70 w| % in toluene, 1.732 mol) was added to the addition funnel (short exposure to 
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air is safe i f < 2 minutes). With the flask submerged in an ice-water bath, the dilute Vitride 

was added dropwise over 3 hours while maintaining pot temperature between 5-20 °C. After 

the addition was complete, the contents were heated to 100 °C for 6 hours (until TLC showed 

reaction to be complete). The contents were allowed to cool overnight. The solution was 

slowly added to a beaker containing vigorously stirring 5N HC1 (1000 mL). The temperature 

was maintained < 20 °C with the aid of an ice-bath. After turbidity decreased, the mixture 

was transferred to a separatory funnel, and the organic phase was diluted with diethyl ether 

(1.0 L). The aqueous phase was discarded and the organics washed with I N HC1 (3 x 300 

mL), 15 wt % aqueous potassium bicarbonate (3 x 300 mL) and water (500 mL). The 

organics were dried over MgSC>4, filtered, and the solvent removed under reduced pressure to 

afford NB(CH2) nOH in > 95% purity. The products were used in further synthesis reactions 

without further purification. 

4.4.3.3 General Preparation of NB(CH 2) nOMe from NB(CH 2)„OH 

Under an inert atmosphere, the NB-(CH2) nOH (54.6 mmol) was dissolved in dry THF (15 

mL) and was added dropwise to a stirred solution of NaH (68.2 mmol) in dry THF (65 mL). 

After complete addition, the solution was heated at 50°C for 3 hours. After cooling the 

reaction mixture to room temperature, methyl iodide (19.32 g, 8.47 mL, 136.2 mmol) was 

added dropwise to the solution; a slight exotherm was observed and a cream coloured 

precipitate was formed. The reaction mixture was stirred for 12 hours. After quenching with 

N H 4 C I (60 mL) the reaction mixture was extracted into diethyl ether (4 x 50 mL), washed 

with brine (50 mL) and dried over MgSC>4. The solvent was removed by rotary evaporation 

to give clear, yellow oi l . 5 The product was purified using distillation under reduced pressure 

or silica column chromatography to give clear, colourless oil in greater than 60% yield. 
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4.4.4 Monomer Synthesis and Characterisation 

4.4.4.1 Synthesis and Characterisation of exo-5-Acetate-2-norbornene 

Norbornadiene (414 g, 4.50 mol) and glacial acetic acid (156 g, 2.60 mol) were charged to a 

2 L stainless steel pressure vessel. The vessel was cooled in liquid nitrogen, evacuated, 

sealed and heated to 190°C for 22 hours. The reaction mixture was concentrated on a rotary 

evaporator to remove excess norbornadiene and acetic acid (the excess norbornadiene can be 

recovered, there should be little acetic acid remaining). The product X-NB-OAc (350 g, 2.30 

mol, 88%), figure 4.9, was obtained by distillation under reduced pressure (49°C, 6.5 mbar).1 

The monomer was characterised by H NMR, C NMR, GCMS and IR. The numbering 

system shown in figure 4.9 was used for the assignment of the NMR signals. The GCMS 

and C NMR analyses showed the product to have > 98:2, X:N selectivity. An impurity (< 

2%) was detected in the GCMS, which had a molecular mass of 158. This impurity is 

thought to be C12H14, the product of the Diels-Alder reaction between norbornadiene and 

cyclopentadiene. 

'H NMR (500 MHz, C D C I 3 ) : 5 (ppm) = 6.17 (dd, 1H, J= 5.87 & 2.86, H 2 ) , 5.91 (dd, 1H, J = 

5.87 & 3.23, H 3 ), 4.59 (m, 1H, H 5 ), 2.82 (s, 1H, H 4 ), 2.79 (s, 1H, H,), 1.98 (s, 3H, H 9 ) , 1.64 

(ddd, 1H, J= 12.59 & 6.91 & 2.73, H 7 ) , 1.59 (m, 1H, J = 8.61, H 6 ) , 1.51 (m, 1H, 7=8 .61 , 

H 6 ) , 1.35 (m, IH, J = 12.59, H 7 ) . 

1 3C NMR (125.7 MHz, CDCI3): 6 (ppm) = 171.20 (C g), 141.14 (C 2), 132.71 (C 3), 75.30 (C 5), 

47.35 (C 4), 46.31 (C 6), 40.70 (C,), 34.67 (C 7), 21.48 (C 9). 

GCMS (EI +): RT = 8.60, X-NB-OAc, 152.1 (C 9H , 202, M + ) , 153.1 (MH + ) , 92.1 (MH + -

C2H3O2), 66.0 (M + -C 4 H 6 0 2 ) . RT = 9.39, N-NB-Ac, 152.1 (C 9Hi20 2 ) M + ) , 153.1 (MH + ) , 92.1 

(MH + -C 2 H 3 0 2 ) , 66.0 (M + -C 4 H 6 0 2 ) . 

IR (KBr disc, cm'1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1736 (asymmetric and symmetric C=0 stretching). 
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Figure 4.9. Assignment of C and H atoms in X-NB-OAc. 

4.4.4.2 Synthesis and Characterisation of exo-5-Hydroxy-2-norbornene 

A round-bottomed flask was charged with sodium hydroxide pellets (360 g, 9.00 mol), 

methanol (35 mL) and water (0.5 L). The solution was heated to 80°C under nitrogen with 

vigorous mechanical stirring and the X-NB-OAc (350 g, 2.30 mol) was added dropwise. 

After the addition was complete, the mixture was allowed to cool with stirring overnight. 

The solid was filtered and washed with water. It was dissolved in ether (1 L) and 10% 

aqueous HC1 (175 mL). The ether layer was separated, washed with dilute sodium 

bicarbonate and brine. The ether solution was dried over MgSCM, filtered and concentrated at 

room temperature to give the product (219 g, 2.00 mol, 87%) as white crystals, mp = 85 -

88°C, figure 4.10. The C 1 2 H 1 4 impurity was removed by recrystallisation from hexane. The 

monomer was characterised by *H NMR, l 3 C NMR, GCMS and IR. The numbering system 

shown in figure 4.10 was used for the assignment of the NMR signals. The GCMS and 1 3C 

NMR analyses showed the product to have > 98:2, X:N selectivity. Attempts to grow high 

quality crystals of X-NB-OH for single-crystal X-ray diffraction analysis were unsuccessful 

using both sublimation and slow recrystallisation from various solvents. 

'H NMR (400 MHz, CDCI3) : 6 (ppm) = 6.17 (dd, 1H, J= 5.76 & 2.89, H 2 ) , 5.95 (dd, 1H, J = 

5.76 & 3.19, H 3 ) , 3.89 (d, 1H, J=6.74, H 5 ) , 2.81 (s, 1H, H 4 ) , 2.71 (s, 1H, H,), 2.20 (broad s, 

1H, -OH), 1.74 (d, 1H, J= 8.51, H 6 ) , 1.64 (ddd, 1H, J= 12.14 & 6.78 & 2.66, H 7 ) , 1.56 (m, 

1H, H 6 ), 1.27 (m, 1H, H 7 ). 

I 3 C NMR (101 MHz, C D C I 3 ) : 5 (ppm) = 140.46 (C 2), 133.58 (C 3), 72.68 (C 5), 50.35 (C 4), 

45.74 (C), 40.90 (C 6), 37.28 (C 7). 
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GCMS (EI +): RT = 6.27, N-NB-OH, 110.0 (C 7H, 0O, M + ) , 66.1 (M + -C 2 H 4 0) . RT = 6.35, X-

NB-OH, 110.0 (C 7H, 0O, M + ) , 66.0 (M + -C 2 H 4 0) . 

IR (KBr disc, cm"1): 3100 - 3650 (O-H), 3060 (olefinic C-H stretching), 2980 - 2867 

(saturated C-H stretching). 

7 T 

H H 

1 
6 

OH 
3 4

 5 8 

Figure 4.10. Assignment of C and H atoms in X-NB-OH. 

4.4.4.3 Synthesis and Characterisation of 2-Norbornene-5-one (method 1) 

X-NB-OH (12.0 g, 108.9 mmol) in DCM (300 mL) was added via a cannula to a flame dried 

flask containing Cr0 3 (67.0 g, 670.2 mmol) and pyridine (107.9 mL, 1.342 mol) in DCM 

(859 mL). The reaction mixture was stirred for 48 hours and filtered through a plug of silica 

(eluted with DCM). The organics was washed with 5% NaOH, 5% HC1, saturated NaCl, and 

dried over MgSCv The solvent was removed via rotary evaporation and the crude product 

purified by silica column chromatography (EtOAc:hexanes = 1:4) to give the product (4.9 g, 

45 mmol, 41%) as a white solid, figure 4.11. The monomer was characterised by *H NMR, 
1 3C NMR, GCMS and IR. The numbering system shown in figure 4.11 was used for the 

assignment of the NMR signals. 

4.4.4.4 Alternative Synthesis and Characterisation of 2-Norbornene-S-one (method 2) 

To a three-neck flask equipped with a mechanical stirrer, a nitrogen inlet and an addition 

funnel was added a solution of oxalyl chloride (2.0 M in DCM, 136 mL, 0.272 mol) in DCM 

(250 mL). The solution was cooled to -78 °C, and a solution of DMSO (40 mL) in DCM (40 

mL) was added dropwise over 30 minutes. A solution of N/X-NB-OH (24 g, 0.218 mol) in 

DCM (40 mL) was added dropwise. The solution was stirred for 10 minutes and 
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triethylamine (150 mL) was added over 40 minutes. The mixture was stirred for 10 minutes 

at -78°C and then allowed to warm to 0 ° C over 1 hour. Water (250 mL) was added. The 

organic layer was separated and washed with 0.2N HC1 (4 x 200 mL) and brine (2 x 200 

mL). The organics were dried over MgSCM and most of the solvent removed under reduced 

pressure.3 The residue was distilled with a 12 in. Vigerex column at reduced pressure (100-

105 °C/ 15 mmHg) to give NB=0 (17.2g, 75%) as a semi-solid, figure 4.11. The monomer 

was characterised by ! H NMR, i 3 C NMR, GCMS and IR. The numbering system shown in 

figure 4.11 was used for the assignment of the NMR signals. 

'H NMR (400 MHz, CDC13): 5 (ppm) = 6.53 (m, 1H, H 2 & 3 ) , 6.08 (m, 1H, H 2 & 3 ) , 3.16 (m, 1H, 

H , & 4 ) , 2.98 (m, 1H, H ] & 4 ) , 2.17 (m, 1H, H 6 ) , 1.97 (m, 1H6), 1.95 (m, 1H, H 7 ) , 1.85 (m, 1H, 

H r ) . 

I 3 C NMR (75 MHz, CDC13): 6 (ppm) = 215.77 (C 5), 143.1 (C 2 & 3 ) , 130.58 ( C 2 & 3 ) , 55.86, 

50.92, 40.05, 37.25. 

GCMS ( E f ) : RT = 6.22, NB=0, 108.0 ( C 8 H g O , M + ) . 

IR (KBr disc, cm"1): 3060 (olefinic C - H stretching), 2980 - 2860 (saturated C - H stretching), 

1740 (asymmetric and symmetric C = 0 stretching). 

H 7 H 

Figure 4.11. Assignment of C and H atoms in NB=0. 

4.4.4.5 Synthesis and Characterisation of e/irfo-5-Hydroxy-2-norbornene (method 1) 

L-Selectride (1 M in THF, 55 mL, 55 mmol) was added to a flame-dried flask containing N -

NB-OH (4.9 g, 45 mmol) in THF (50 mL) at -78°C. The reaction mixture was stirred at -
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78°C for 3 hours and -20°C for 1 hour. After quenching with water (20 mL), the aqueous 

layer was extracted with diethyl ether (5 x 30 mL) and the combined organics washed with 

water (100 mL), brine (100 mL), and dried over MgS0 4 . 2 The solvent was removed by 

rotary evaporation and the crude product purified via silica column chromatography 

(EtOAc:Hexanes = 3:7) to give a pale yellow semi-solid, which although contained the 

desired product, it was not pure. 

4.4.4.6 Alternative Synthesis and Characterisation of ew</o-5-Hydroxy-2-norbornene 

(Method 2) 

NaBH 4 (0.935g, 21.3 mmol) was added dropwise to a solution of NB=0 (2.3 g, 21.3mmol) in 

anhydrous methanol (500 mL) at -78°C. The solution was allowed to warm to ambient 

temperature overnight followed by the addition of 2N HC1 (25 mL) to quench the reaction. 

The methanol was removed under vacuum and the aqueous residue extracted with diethyl 

ether (3 x 100 mL). The organics were washed with brine (3 x 50 mL), dried over MgS0 4 

and the solvent removed under reduced pressure to afford N-NB-OH (1.45 g, 13.1 mol, 62%) 

as a pale yellow semi-solid, figure 4.12.4 The monomer was used without further purification 

and was characterised by *H NMR, l 3 C NMR, GCMS and IR. The numbering system shown 

in figure 4.12 was used for the assignment of the NMR signals. 

'H NMR (200 MHz, CDC13): 6 (ppm) = 6.43 (dd, 1H, J= 5.40 & 3.0, H 2 & 3 ) , 6.04 (dd, 1H, J 

= 5.40 & 3.0, H 2 & 3 ) , 4.45 (m, 1H, H), 2.97 (m, 1H, H , & 4 ) , 2.80 (m, 1H, H 1 & 4 ) , 2.08 (ddd, 1H, 

J= 12.40 & 4.31 & 3.74, H 7 ) , 1.48 (m, 2H, H 5 & 6 ) , 1.26 (m, 1H, H 6 ) , 0.74 (m, 1H, H 7 ) . 

I 3 C NMR (50 MHz, CDC13): 5 (ppm) = 140.18, 130.73, 72.30, 48.13, 47.97, 42.76, 37.60. 

GCMS (EI +): RT = 6.27, N-NB-OH, 110.0 (C 7H, 0O, M + ) . 

IR (KBr disc, cm"1): 3100 - 3650 (O-H), 3060 (olefmic C-H stretching), 2980 - 2867 

(saturated C-H stretching). 
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Figure 4.12. Assignment of C and H atoms in N-NB-OH. 

4.4.4.7 Synthesis and Characterisation of e/i</o-5-Acetate-2-norbornene 

The synthesis of this monomer is described in general synthesis, section 4.3.3.1. The crude 

monomer was purified by distillation under reduced pressure (80°C, 5 mbar) to give the pure 

product, as a clear, colourless oil, in 90% yield, figure 4.13. The monomer was characterised 

by *H NMR, l 3 C NMR, GCMS and IR. The numbering system shown in figure 4.13 was 

used for the assignment of the NMR signals. 

'H NMR (500 MHz, CDC13): 8 (ppm) = 6.26 (dd, 1H, J = 5.62 & 3.02, H 2 ) , 5.89 (dd, 1H, J = 

5.62 & 2.79, H 3 ) , 5.16 (m, 1H, H 5 ) , 3.05 (b, 1H, H 4 ) , 2.76 (b, 1H, H,), 2.04 (ddd, 1H, J = 

12.48, 8.10, 3.63, H 7 ) , 1.89 (s, 3H, H 9 ) , 1.38 (m, 1H, J= 8.80, H 6 ) 1.24 (bd, 1H, J= 8.80, 

H 6 ) , 0.84 (m, 1H, J = 12.48, H r ) . 

I 3 C NMR (125.7 MHz, CDC13): 5 (ppm) = 171.46 (C 8), 138.66 (C 2), 131.69 (C 3), 75.25 (C 5), 

47.78 (C 6), 45.88 (C 4), 42.35 (C,), 34.71 (C 7), 21.32 (C 9). 

GCMS (EI +): RT = 9.87, N-NB-OAc, 152.0 (C,oH, 60, M + ) , 109.0 (M +-Ac), 93.1 (M +-OAc). 

IR (KBr disc, cm"1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1736 (asymmetric and symmetric C=0 stretching). 
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Figure 4.13. Assignment of C and H atoms in N-NB-OAc. 

4.4.4.8 Synthesis and Characterisation of exro-Tetracyclododecene Acetate 

X-NB-OAc (14.0 g, 92.1 mmol) and dicyclopentadiene (3.1 g, 23.5 mmol) were added to a 

thick-walled carius tube (total volume = 120 mL). The combined liquids were degassed via 

freeze-vacuum-thaw method (4 times). The tube was sealed whilst frozen, using a hot flame 

and placed in a protective steel sleeve to thaw. The tube was heated in an oven at 220°C for 

8 hours and then allowed to cool. GCMS analysis of the crude reaction mixture revealed that 

the reaction had proceeded quite cleanly, revealing starting material (X-NB-OAc), the new 

X-TD-OAc product and other higher molecular weight materials. The excess X-NB-OAc 

was recovered via distillation of the reaction mixture at 80°C under reduced pressure (~ 9 g 

recovered). The X-TD-OAc was purified via distillation under reduced pressure (130°C, 25 

mbar) to give a white semi-solid (~ 4 g, 20%). A soft clear crystal of X-TD-OAc, figure 

4.14, was produced using a solution of (X-TD-OAc : hexanes = 95 : 5, W/W %, 

respectively). Crystallisation occurred at -10°C over 4 weeks. The crystal was subjected to 

NMR spectroscopy, GCMS and single crystal X-ray diffraction analysis. The monomer was 

characterised by ] H NMR, l 3 C NMR, GCMS and IR. The numbering system shown in figure 

4.14 was used for the assignment of the NMR signals. 

'H NMR (500 MHz, CDC13): 8 (ppm) = 5.94 (m, 2H, H 2 & 3 ) , 4.42 (m, 1H, J = 6.91, H 9 ) , 2.86 

(s, 1H, H 4), 2.81 (s, 1H, H,), 2.13 (s, 1H, H 8 ), 2.08 (m, 1H, H,,), 2.05 (m, 1H, J= 10.52, 

H,2'), 1.96 (s, 3H, H 1 4 ) , 1.92-1.85 (m, 2H, H 5 & 6 ) , 1.59 (ddd, 1H, J= 13.15 & 6.92 & 2.83, 

H, 0 ) , 1.33-1.28 (m, 2H, H,o'&7), 1.17 (m, 1H, J=7.83, H 7 ) , 0.89 (m, 1H,J= 10.52, H, 2 ) . 
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1 3C NMR (125.7 MHz, CDC13): 8 (ppm) = 171.07 (C, 3), 135.71 & 135.63 (C2&3), 78.86 (C 9) 

53.46 (C 7), 48.32 (C 5), 46.59 & 46.40 (C 1 & 4 ) , 43.54 (C 8), 43.52 (C 6), 42.42 (C, 0), 37.18 (C,,), 

31.04 (C, 2), 21.58 (C, 4). 

GCMS ( E f ) : RT = 17.37, X-TD-OAc, 218.0 (C, 4Hi 802, M + ) , 175.5 (M +-Ac), 159.2 ( M + -

OAc). 

IR (KBr disc, cm"1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1736 (asymmetric and symmetric C=0 stretching). 

An X-ray structural diagram was produced using single-crystal X-ray diffraction. The 

analysis gave full structural refinement. 
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Figure 4.14. Assignment of C and H atoms in X-TD-OAc. 

4.4.4.9 Synthesis and Characterisation of e/nfo-Tetracyclododecene Acetate 

N-NB-OAc (14.0 g, 92.1 mmol) and dicyclopentadiene (3.1 g, 23.5 mmol) were added to a 

thick-walled carius tube (total volume = 120 mL). The combined liquids were degassed via 

freeze-vacuum-thaw method (4 times). The tube was sealed whilst frozen, using a hot flame 

and placed in a protective steel sleeve to thaw. The tube was heated in an oven at 220°C for 

8 hours and then allowed to cool. GCMS analysis of the crude reaction mixture revealed that 

the reaction had preceded quite cleanly, revealing starting material (N-NB-OAc), the new N -

TD-OAc product and other higher molecular weight materials. The excess N-NB-OAc was 

recovered via distillation of the reaction mixture at 85°C under reduced pressure (~ 6 g 
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recovered). The N-TD-OAc was purified via distillation under reduced pressure (130°C, 20 

mbar) to give a clear colourless liquid (~ 3 g, 15%), figure 4.15. The monomer was 

characterised by *H NMR, l 3 C NMR, GCMS and IR. The numbering system shown in figure 

4.15 was used for the assignment of the NMR signals. 

'H NMR (500 MHz, CDCI3): 6 (ppm) = 6.00 (dd, 1H, J= 5.59 & 3.06, H 2 ) , 5.93 (dd, 1H, J = 

5.59 & 2.97, H 3 ) , 4.72 (ddd, 1H, J= 9.96 & 4.24 & 3.70, H 9 ) , 2.88 (bs, 1H, H 4 ) , 2.84 (bs, 1H, 

H,), 2.50 (dd, 1H, J = 8.29 & 4.18, H 5 ) , 2.34 (m, 1H, H 8 ) , 2.17 (m, 1H, J= 10.98, H,2-), 2.08 

(dd, 1H, J = 8.16 & 4.02, H 6 ) , 2.04 (s, 3H, H, 4 ) , 2.03 (m, 1H, H,,), 1.97 (m, 1H, H 1 0 ' ) , 1.30 

(m, 1H, J=7.82, H 7 ), 1.21 (m, 1H, J=7.82, H 7 ) , 0.80 (m, 1H, J= 12.84, H, 0 ) , 0.64 (m, 1H, 

J = 10.98, H, 2 ) . 

1 3C NMR (125.7 MHz, CDC13): 6 (ppm) = 171.39 (C, 3), 136.36 (C 2), 135.87 (C 3), 76.11 (C 9) 

53.14 (C 7), 48.97 (C 6), 47.21 (C 4), 46.37 (C,), 42.12 (C 8), 39.78 (C, 0), 39.17 ( C n ) , 38.78 

(C 5), 32.78 (C 1 2), 21.50 (C, 4). 

GCMS (EI +): RT = 17.01, N-TD-OAc, 218.0 (C, 4 H, 8 0 2 , M + ) , 175.5 (M +-Ac), 159.2 ( M + -

OAc). 

IR (KBr disc, cm"1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1736 (asymmetric and symmetric C=0 stretching). 
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Figure 4.15. Assignment of C and H atoms in N-TD-OAc. 
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4.4.4.10 Characte risation of ewrfo-5-Carboxylic Acid-2-norbornene 

The monomer, figure 4.16, was supplied by Promerus LLC and used without further 

purification. The monomer was characterised by 'H NMR, l 3 C NMR and GCMS. The 

numbering system shown in figure 4.16 was used for the assignment of the NMR signals. 

'H NMR (400 MHz, CDC13): 8 (ppm) = 6.15 (dd, 1H, J = 2.89 & 5.55, H 2 ) , 6.11 (dd, 1H, J = 

2.95 & 5.55, H 3 ) , 3.11 (s, 1H, H 4 & l ) , 2.93 (s, 1H, H , & 4 ) , 2.26 (m, 1H, H 5 ) , 1.95(m, 1H, H r ) , 

1.53 (bd, 1H, J =8.37, H 6 ) , 1.38 (m, 1H, H 7 ) , 1.41 (m, 1H, H 6 ) . 

, 3 C NMR (100.6 MHz, CDC13): 5 (ppm) = 183.21 (C 8), 138.35 (C 2), 135.92 (C 3), 46.90 

(C, & 4 ) , 46.59 (C 6), 43.37 (C 5), 41.86 (C, & 4 ) , 20.54 (C 7). 

GCMS (EI +): RT = 11.49, N-NB-C0 2 H, 138.0 (C 8 H 1 0 O 2 , M + ) . 

Single crystals of N-NB-C0 2 H were grown via slow sublimation at ambient temperature and 

an X-ray structural diagram produced using single-crystal X-ray diffraction. The analysis 

gave ful l structural refinement. 
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Figure 4.16. Assignment of C and H atoms in N-NB-C0 2 H. 

4.4.4.11 Characte risation of exo-5-Carboxylic Acid-2-norbornene 

The monomer, figure 4.17, was supplied by Promerus LLC and used without further 

purification. The monomer was characterised by 'H NMR, 1 3C NMR and GCMS. The 

numbering system shown in figure 4.17 was used for the assignment of the NMR signals. 
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*H NMR (400 MHz, CDC13): 5 (ppm) = 6.20 (dd, \H,J= 5.62 & 3.03, H 2 & 3 ) , 5.99 (dd, 1H, J 

= 5.62 & 2.80, H 2 & 3 ) , 3.23 (bs, 1H, H , & 4 ) , 2.99 (dt, 1H, J= 9.30 & 3.89, H 5 ) , 2.91 (bs, 1H, 

H 1 & 4 ) , 1.91 (ddd, 1H, J= 11.89 & 9.37 & 3.74, H 7 ) , 1.45 (m, 1H, H 6 ) , 1.39 (m, 1H, H 7 ) , 1.28 

(s, 1H, H 6 ) . 

I 3 C NMR (100.6 MHz, C D C I 3 ) : 5 (ppm) = 181.28 (C 8), 138.11 (C 2), 132.63 (C 3), 49.93 (C 6), 

45.89 (C 1 & 4 ) , 43.44 (C 5), 42.74 (C 1 & 4 ) , 29.31 (C 7). 

GCMS ( E f ) : RT = 11.58, X-NB-C0 2 H, 138.0 (C 8 H, 0 O 2 , M + ) . 

Single crystals of X-NB-C0 2 H were grown via slow sublimation at ambient temperature and 

an X-ray structural diagram produced using single-crystal X-ray diffraction. The analysis 

gave only partial structural refinement. 
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Figure 4.17. Assignment of C and H atoms in X-NB-C0 2 H. 

4.4.4.12 Synthesis an d Characterisation of exo-5-Methyl Hydroxy-2-norbornene 

The monomer, figure 4.18, was synthesised from X-NB-C0 2 H, as described in the general 

synthesis, section 3.3.3.2. The monomer was characterised by ! H NMR, l 3 C NMR, GCMS 

and IR. The numbering system shown in figure 4.18 was used for the assignment of the 

NMR signals. 

'H NMR (400 MHz, CDCI3) : 5 (ppm) = 6.06 (dd, 1H, J= 5.64 & 3.02, H 2 ) , 6.02 (dd, 1H, J = 

5.64 & 2.87, H 3 ), 3.64 (dd, 1H, J= 10.58 & 6.43, H 8 ) , 3.47 (dd, 1H, J= 10.58 & 8.97, H 8 ) , 

2.77 (bs, 1H, H 1 & 4 ) , 2.71 (bs, 1H, H , & 4 ) , 2.62 (b, 1H, -OH), 1.57 (m, 1H, H 5 ) , 1.31 (m, 2H, 

H 6 ) , 1.22 (m, 1H, H 7 ) , 1.06 (ddd, 1H, 7 = 11.62, H 7 ) . 
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1 3C NMR (100.6 MHz, CDC13): 5 (ppm) = 136.87 (C 2), 136.57 (C 3), 67.37 (C 8), 45.02, 

43.34,41.83,41.60, 29.63 (C 7). 

GCMS (EI +): RT = 9.59, X-NB-CH 2OH, 124.0 (C 8 H 1 2 0 , M + ) . 

IR (KBr disc, cm"1): 3100 - 3650 (O-H), 3060 (olefinic C-H stretching), 2980 - 2867 

(saturated C-H stretching). 

4.4.4.13 Synthesis and Characterisation of endo-5-Methy\ Hydroxy-2-norbornene 

The monomer, figure 4.19, was synthesised from N-NB-C0 2 H, as described in the general 

synthesis, section 3.3.3.2. The monomer was characterised by 'H NMR, l 3 C NMR, GCMS 

and IR. The numbering system shown in figure 4.19 was used for the assignment of the 

NMR signals. 

'H NMR (400 MHz, C D C I 3 ) : 5 (ppm) = 6.08 (m, 1H, H 2 & 3 ) , 5.91 (m, 1H, H 2 & 3 ) , 3.31 (m, 1H, 

H), 3.16 (m, 1H, H), 2.88 (b, 1H, H , & 4 ) , 2.74 (b, 1H, H , & 4 ) , 2.74 (b, 1H, -OH), 2.23 (m, 1H, 

H 5 ), 1.75 (m, 1H, H 7 ) , 1.39 (m, 1H, H 8 ) , 1.20 (m, 1H, H 8 ) , 0.45 (m, 1H, H r ) . 

I 3C NMR (100.6 MHz, C D C I 3 ) : 5 (ppm) = 137.39 (C 2), 132.31 (C 3), 66.25 (C 8), 49.55, 

43.66, 44.26,41.63,28.89 (C 7). 

GCMS (EI +): RT = 9.53, N-NB-CH2OMe, 124.0 ( C 8 H l 2 0 , M + ) . 

IR (KBr disc, cm"1): 3100 - 3650 (O-H), 3060 (olefinic C-H stretching), 2980 - 2867 

(saturated C-H stretching). 
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Figure 4.18. Assignment of C and H atoms in X-NB-CH 2OH. 
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Figure 4.19. Assignment of C and H atoms in X-NB-CH 2OH. 

4.4.4.14 Synthesis an d Characterisation of £*0-5-Methyl Methoxy-2-norbornene 

The monomer, figure 4.20, was synthesised from X-NBCH2OH, as described in the general 

synthesis, section 3.3.3.3. The crude monomer was purified by distillation under reduced 

pressure (70°C, 80 mbar), to give a clear, colourless oil, in 55% yield. The monomer was 

characterised by *H NMR, l 3 C NMR, GCMS and IR. The numbering system shown in figure 

4.20 was used for the assignment of the NMR signals. 

'H NMR (500 MHz, CDC13): 5 (ppm) = 6.11 (dd, 1H, J= 5.62 & 3.03, H 2 ) , 6.07 (dd, 1H, J = 

5.62 & 2.91, H 3 ) , 3.43 (dd, 1H, J= 9.21 & 6.23, H 8 ), 3.37 (s, 3H, H 9 ) , 3.30 (t, 1H, J= 9.21, 

H 8), 2.82 (b, 1H, H 4 ), 2.74 (b, 1H, H,), 1.70 (m, 1H, H 5 ) , 1.31 (m, 2H, H 6 ) , 1.22 (m, 1H, H 7 ), 

1.12 (ddd, 1H, H 7 ) . 

1 3C NMR (125.7 MHz, CDC13): 8 (ppm) = 136.89 (C 2), 136.86 (C 3), 77.88 (C 8), 59.06 (C 9), 

45.30 (C 6), 43.93 (C, & 4 ) , 41.79 (C 1 & 4 ) , 39.11 (C 5), 29.95 (C 7). 

GCMS (EI +): RT - 8.58, X-NB-CH 2OMe, 138.0 (C 9 H, 4 0, M + ) . 

IR (KBr disc, cm"1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1099 (C-0 stretching). 
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Figure 4.20. Assignment o f C and H atoms in X-NB-CH 2 OMe. 

4.4.4.15 Characte risation of endo-5-Methy\ Methoxy-2-norbornene 

The monomer, figure 4.21, was synthesised f rom N - N B C H 2 O H , as described in the general 

synthesis, section 3.3.3.3. The crude monomer was purified by distillation under reduced 

pressure (70°C, 70 mbar), to give a clear, colourless o i l , in 55% yield. The monomer was 

characterised by ! H N M R , 1 3 C N M R , GCMS and IR. The numbering system shown in figure 

4.21 was used for the assignment o f the N M R signals. 

' H N M R (500 MHz, CDC1 3): 5 (ppm) = 6.13 (dd, 1H, J= 5.60 & 2.99, H 2 & 3 ) , 5.94 (dd, 1H, J 

= 5.60 & 2.93, H 2 & 3 ) , 3.31 (s, 3H, H 9 ) , 3.09 (dd, 1H, J= 9.11 & 6.70, H 8 ) , 3.03 (t, 1H, J = 

9.11, H8), 2.90 (b, 1H, H 4 ) , 2.80 (b, 1H, H i ) , 2.35 (m, 1H, H 5 ) , 1.83 (ddd, 1H, J= 11.60 & 

9.20 & 3.85, H 7 ) , 1.43 (dq, 1H, J= 8.10 & 2.01, H 6 ) , 1.25 (bd, 1H, .7=8.10, H 6 ) , 0.50 (ddd, 

1H, J = 11.60 & 4.35 & 2.58, H 7 ) . 

I 3 C N M R (125.7 MHz, C D C I 3 ) : 5 (ppm) = 137.37 (C 2 ) , 132.69 (C 3 ) , 76.95 (C 8 ) , 58.99 (C 9 ) , 

49.71 (C 6 ) , 44.20 (C 4 ) , 42.44 (C,), 38.97 (C 5 ) , 29.38 (C 7 ) . 

GCMS (El + ) : RT = 8.66, N-NB-CH 2 OMe, 138.0 ( C 9 H M 0 , M + ) . 

IR (KBr disc, cm" 1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1099 (C-0 stretching). 
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Figure 4.21. Assignment o f C and H atoms in N-NB-CH 2 OMe. 

4.4.4.16 Synthesis an d Characterisation of ex0-5-Methoxy-2-norbornene 

Under an inert atmosphere, X - N B - O H (6.00 g, 54.6 mmol) was dissolved in dry THF (15 

mL) and was added dropwise to a stirred solution o f NaH (1.63 g, 68.2 mmol) in dry THF 

(65 mL) . After complete addition, the solution was heated at 50°C for 3 hours. After 

cooling the reaction mixture to room temperature, methyl iodide (19.32 g, 8.47 mL, 136.2 

mmol) was added dropwise to the solution, a slight exotherm was observed and a cream 

coloured precipitate was formed. The reaction mixture was stirred for 12 hours. After 

quenching with NH4CI (60 mL) the reaction mixture was extracted into diethyl ether (4 * 50 

mL), washed with brine (50 mL) and dried over MgSC^. The solvent was removed by rotary 

evaporation to give yellow oi l . The residue was purified by distillation under reduced 

pressure (80 mbar, 62°C) to give the product, a clear and colourless oil (3.7 g, yield = 55%), 

figure 4.22. The monomer was characterised by ' H N M R , 1 3 C N M R , GCMS and IR. The 

numbering system shown in figure 4.22 was used for the assignment o f the N M R signals. 

The GCMS and N M R analyses indicated that the product was a mixture o f N and X 

diastereomers in a ratio o f 1:99 respectively. A n impurity (< 1 % ) was detected in the GCMS, 

which was o f identical molecular mass (Mr = 124.1), similar fragmenting pattern, and similar 

retention time to the NB-OMe product. This impurity was likely to be a rearrangement 

product. 

' H N M R (400 MHz, CDC1 3): 5 (ppm) = 6.15 (dd, 1H, J= 5.71 & 2.85, H 2 ) , 5.89 (dd, 1H, J = 

5.71 & 3.25, H 3 ) , 3.35 (d, 1H, J= 6.15, H 5 ) , 3.03 (s, 3H, H 8 ) , 2.87 (s, 1H, H 4 ) , 2.76 (s, 1H, 

H,) , 1.59 (d, 1H, .7=8.56, H 7 ) , 1.50 (m, 2H, H 6 ) , 1.29 (dt, 1H, J= 12.09 & 2.91, H 7 ) . 
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I 3 C N M R (101 MHz, CDCh): 6 (ppm) = 140.84 (C 2 ) , 133.35 (C 3 ) , 82.24 (C 8 ) , 56.99 (C 5 ) , 

46.10 (C 4 ) , 46.07 (C) , 40.55 (C 6 ) , 34.42 (C 7 ) . 

GCMS (EI + ) : RT = 5.70, X-NB-OMe, 124.0 ( C 8 H , 2 0 , M*), 125.0 ( M H + ) , 92.0 ( M H + - C H 3 0 ) , 

58.0 ( M H + - C 5 H 6 ) . RT = 5.97, impurity, 124.1 ( M + ) . RT = 6.38, N-NB-OMe, 124.1 ( C g H , 2 0 , 

M + ) , 125.1 ( M H + ) , 92.0 ( M H + - C H 3 0 ) , 58.0 ( M H + - C 5 H 6 ) , 66 ( M + - C 3 H 6 0 ) . 

IR (KBr disc, cm" 1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1099 (C-0 stretching). 
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Figure 4.22. Assignment o f C and H atoms in X-NB-OMe. 

4.4.4.17 Synthesis an d Characterisation of endo-5-M.ethyl Acetate-2-norbornene 

The synthesis o f this monomer, figure 4.23, is described in general synthesis, section 4.3.3.1. 

The crude monomer was purified by distillation under reduced pressure (95°C, 5 mbar) to 

give the pure product, as a clear, colourless o i l , in 90% yield. The monomer was 

characterised by ' H N M R , l 3 C N M R , GCMS and IR. The numbering system shown in figure 

4.23 was used for the assignment o f the N M R signals. 

' H N M R (500 MHz, CDC1 3): 5 (ppm) = 6.09 (dd, 1H, J= 5.63 & 3.03, H 2 ) , 5.87 (dd, 1H, J = 

5.63 & 2.82, H 3 ) , 3.78 (dd, 1H, J = 10.74 & 6.65, H 8 ) , 3.58 (dd, 1H, J = 10.74 & 9.66, H 8 ) , 

2.81 (b, 1H, H 4 ) , 2.75 (b, 1H, H, ) , 2.31 (m, 1H, H 5 ) , 1.98 (s, 3H, H , 0 ) , 1.77 (ddd, 1H, J = 

11.74 & 9.21 & 3.84, H 7 ) , 1.38 (m, 1H, J= 8.23, H 6 ) , 1.18 (m, 1H, J= 8.23, H 6 ) , 0.48 (ddd, 

1H, J = 11.73 & 4.44 & 2.65, H 7 ) . 

1 3 C N M R (125.7 MHz, CDC1 3): 8 (ppm) = 171.41 (C 9 ) , 137.85 (C 2 ) , 132.39 (C 3 ) , 68.19 (C 8 ) , 

49.62 (C 6 ) , 44.09 (C 4 ) , 42.44 (C,) , 37.99 (C 5 ) , 29.23 (C 7 ) , 21.27 (C , 0 ) . 
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GCMS (EI + ) : RT = 11.69, N-NB-CH 2 OAc, 107.2 (M + -OAc) , 65.9 ( M + - C 5 H 8 0 2 ) . 

IR (KBr disc, cm" 1): 3060 (olefmic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1736 (asymmetric and symmetric C = 0 stretching). 
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Figure 4.23. Assignment o f C and H atoms in N - N B - C H 2 O A C . 

4.4.4.18 Synthesis an d Characterisation of exro-5-Methy! Acetate-2-norbornene 

The synthesis o f this monomer, figure 4.24, is described in general synthesis, section 4.3.3.1. 

The crude monomer was purified by distillation under reduced pressure (90°C, 5 mbar) to 

give the pure product, as a clear, colourless o i l , in 90% yield. The monomer was 

characterised by ' H N M R , 1 3 C N M R , GCMS and IR. The numbering system shown in figure 

4.24 was used for the assignment o f the N M R signals. 

' H N M R (500 MHz, CDC1 3): 8 (ppm) = 6.07 (m, 2H, H 2 & 3 ) , 4.12 (dd, 1H, J= 10.92 & 6.43, 

H 8 ) , 3.93 (dd, 1 H , J = 10.92 & 9.47, H 8 ) , 2.82 (b, 1H, H 4 ) , 2.68 (b, 1H, H,) , 2.05 (s, 3H, H 1 0 ) , 

1.70 (m, 1H, H 5 ) , 1.36-1.22 (m, 3H, H 6 & 7 ) , 1.13 (ddd, 1H, H r ) . 

1 3 C N M R (125.7 MHz, CDCI3) : 8 (ppm) = 171.34 (C 9 ) , 137.09 (C 2 ) , 136.39 (C 3 ) , 68.77 (C 8 ) , 

45.10 (C 6 ) , 43.82 (C,), 41.75 (C), 38.10 (C 5 ) , 29.76 (C 7 ) , 21.21 (C, 0 ) . 

GCMS ( E I + ) : R T = 11.63, X-NB-CH 2 OAc, 166.0 (C,oH , 4 02, M+), 124.1, 107.1 (M + -OAc) . 

IR (KBr disc, cm" 1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1736 (asymmetric and symmetric C = 0 stretching). 
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Figure 4.24. Assignment o f C and H atoms in X - N B - C H 2 O A C . 

4.4.4.19 Synthesis an d Characterisation of e/n/o/exro-S-Ethyl Methoxy-2-norbornene 

The monomer, figure 4.25, was synthesised f rom N / X - N B C H 2 C H 2 O H , as described in 

general synthesis, section 4.3.3.3. The crude monomer was purified by distillation under 

reduced pressure (70°C, 50 mbar) to give the pure product, as a clear, colourless oi l , in 50% 

yield. The monomer was characterised by ' H N M R , 1 3 C N M R , GCMS and IR. The 

numbering system shown in figure 4.25 was used for the assignment o f the N M R signals. 

' H N M R (500 MHz, CDC1 3): 5 (ppm) = 6.13 (dd, 0.75H, J = 5.60 & 2.98, H 2 ) , 6.09 (dd, 

0.25H, J = 5.62 & 3.06, H 2 , x ) , 6.01 (dd, 0.25H, J= 5.62 & 2.98, H 3 , x ) , 5.93 (dd, 0.75H, J = 

5.60 & 2.82, H 3 , N ) , 3.50-3.35 (m, 2H, H 9 ) , 3.34 (s, 0.75H, H, 0 ,x) , 3.33 (s, 2.25H, H,O,N), 2.81 

(b, 0.25H, H 4 , x ) , 2.77 (b, 1.50H, H , & 4 , N ) , 2.54 (b, 0.25H, H l j X ) , 2.09 (m, 0.75H, H 5 , N ) , 1.88 

(m, 0.75H, H 7 , N ) , 1.70-1.10 (m, 2.50H, H 6, x&8&H5,x), 1.40 (m, 0.75H, H 6 , N ) , 1.32 (m, 0.25H, 

H 7 , x ) , 1.23 (m, 0.75H, H 6 , N ) , 1.13 (m, 0.25H, H r , x ) , 0.53 (m, 0.75H, H 7\N) . 

1 3 C N M R (125.7 MHz, C D C I 3 ) : 5 (ppm) = 137.37 (C 2 , N ) , 136.97 ( C 2 > x ) , 136.49 ( C 3 , x ) , 132.58 

(C 3 , N ) , 72.51 ( C 9 , x ) , 72.38 ( C 9 , N ) , 58.85 ( C , 0 . x ) , 58.81 ( C , 0 . N ) , 49.80 ( C 6 i N ) , 46.66 (C, , x ) , 

45.75 ( C , & 4 . N ) , 45.46 ( C 6 , X ) , 42.74 ( C , & 4 , N ) , 42.16 ( C 4 , x ) , 36.59 (C 5 , x ) , 35.52 ( C 8 , x ) , 35.47 

( C 5 , N ) , 34.82 ( C 8 . N ) , 33.24 ( C 7 ; X ) , 32.43 (C 7 , N ) . 

GCMS (EI + ) : RT = 10.29, N-NB-CH 2 CH 2 OMe, 152.0 ( C | 0 H 1 6 O , M + ) , 119.9 ( M H + - O M e ) . 

R T = 10.35, X-NB-CH 2 CH 2 OMe, 152.0 ( C , 0 H , 6 O , M + ) , 119.9 ( M H + -OMe). 

IR (KBr disc, cm" 1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1099 (C-0 stretching). 
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Figure 4.25. Assignment o f C and H atoms in N/X-NB-(CH 2 ) 2 OMe. 

4.4.4.20 Synthesis an d Characterisation of endo/exo-5-Ethy\ Acetate-2-norbornene 

The monomer, figure 4.26, was synthesised from N/X-NB(CH 2 ) 2 OAc, as described in 

general synthesis, section 4.3.3.1. The crude monomer was purified by distillation under 

reduced pressure (80°C, 4 mbar) to give the pure product, as a clear, colourless oi l , in 90% 

yield. The monomer was characterised by *H N M R , 1 3 C N M R , GCMS and IR. The 

numbering system shown in figure 4.26 was used for the assignment o f the N M R signals. 

Characterisation o f N-NB(CH 2 ) 2 OAc. 

' H N M R (500 MHz, CDC1 3): 5 (ppm) = 6.14 (dd, 1H, J= 5.65 & 2.99, H 2 ) , 5.93 (dd, 1H, J = 

5.65 & 2.83, H 3 ) , 4.05 (bs, 2H, H 9 ) , 2.78 (m, 2H, H , & 4 ) , 2.06 (m, 1H, H 5 ) , 2.05 (s, 3H, H n ) , 

1.87 (ddd, 1H, J= 3.78 & 9.06 & 11.34, H 7 ) , 1.46 (m, 1H, H 8 ) , 1.41 (m, 1H, H 6 ) , 1.39 (m, 

1H, H 8 ) , 1.23 (bd, 1H, .7=8.14, H 6 ) , 0.54 (ddd, 1H, J =2.71 & 4.24 & 11.34, H 7 ) . 

I 3 C N M R (125.7 MHz, CDC1 3): 5 (ppm) = 171.47 ( C n ) , 137.57 (C 2 ) , 132.40 (C 3 ) , 64.28 

(C 9 ) , 49.79 (C 6 ) , 45.69 ( C 1 & 4 ) , 42.69 ( C 1 & 4 ) , 35.56 (C 5 ) , 33.71 (C 8 ) , 32.36 (C7), 21.31 (C,,) . 

GCMS (EI + ) : RT =13.18, N-NB-(CH 2 ) 2 OMe, 180.0 (C, i H , 6 0 2 , M + ) . 

IR (KBr disc, cm" 1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1736 (asymmetric and symmetric C = 0 stretching). 

Characterisation of X-NB(CH 2 ) 2 OAc. 

' H N M R (500 MHz, CDC1 3): 8 (ppm) = 6.08 (dd, 1H, J= 5.66 & 3.17, H 2 ) , 6.03 (dd, 1H, J = 

5.66 & 2.90, H 3 ) , 4.12 (m, 2H, H 9 ) , 3.83 (bs, 1H, H 4 ) , 2.55 (bs, 1H, H, ) , 2.05 (s, 3H, H , , ) , 
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1.75 (m, 1H, H8), 1.69 (m, 1H, H 8 ) , 1.41 (m, 1H, H 5 ) , 1.33 (m, 2H, H 6 ) , 1.30 (m, 1H, H 7 ) , 

1.14 (m, 1H, J = 11.42, H 7 ) . 

I 3 C N M R (125.7 MHz, CDC1 3): 8 (ppm) = 171.46 (C, , ) , 136.82 (C 2 ) , 136.61 (C 3 ) , 64.24 

(C 9 ) , 46.55 (C 4 ) , 45.45 (C 6 ) , 42.16 (C|) , 35.50 (C 5 ) , 35.42 (C 8 ) , 33.08 (C 7 ) , 21.29 ( C M ) . 

GCMS (EI + ) : RT =13.18, X-NB-(CH 2 ) 2 OMe, 180.0 ( C , , H l 6 0 2 , M + ) . 

7 T 

H 7 .H 

1 

10 
O C H 

8 11 

o 
Figure 4.26. Assignment o f C and H atoms in N/X-NB-(CH 2 ) 2 OAc. 

4.4.4.21 Synthesis an d Characterisation of e*o-5-Benzyloxy-2-norbornene 

X-NB-OH (4.20 g, 38.2 mmol) in THF (20 mL) was added via cannula to a flame dried flask 

containing NaH (1.34 g, 55.8 mmol) in THF (20 mL) , under nitrogen, at 0°C. The reaction 

mixture was stirred at 50°C for 3 hrs and then allowed to cool. Benzyl bromide (13.2 mL, 

111.0 mmol) was added to the reaction mixture via cannula and the mixture stirred for 24 hrs. 

The reaction was quenched with an aqueous solution o f NH4CI (50 mL) , and the organics 

extracted with diethyl ether (4 * 100 mL). The organics were washed with brine (500 mL) 

and dried under M g S 0 4 . 2 The solvent was removed on a rotary evaporator and the crude oil 

product distilled under reduced pressure (110°C, 70 mbar), to give clear colourless oil (7.2 g, 

36.0 mmol, 94 % yield). The monomer was characterised by ' H N M R , l 3 C N M R and 

GCMS. The numbering system shown in figure 4.27 was used for the assignment o f the 

N M R signals. 

' H N M R (400.0 MHz, CDC1 3): 8 (ppm) = 6.37 (m, 5H, H P h ) , 6.23 (dd, 1H, J= 5.71 & 2.86, 

H 2 & 3 ) , 5.96 (dd, 1H, J= 5.71 & 3.29, H 2 & 3 ) , 4.57 (m, 2H, H 8 ) , 3.64 (m, 1H), 2.99 (bs, 1H, 

H , & 4 ) , 2.86 (bs, 1H, H 1 & 4 ) , 1.81 (m, 1H, H 6 ) , 1.60 (m, 2H), 1.49 (m, 1H, H 7 ) . 
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I 3 C N M R (125.7 MHz, CDC1 3): 5 (ppm) = 140.99, 139.20, 133.46, 128.62, 127.85, 127.68, 

80.32, 71.44, 46.76, 46.34, 40.71, 34.78. 

GCMS ( E f ) : RT =13.42, X-NB-OCH 2 Ph, 199.9 ( C 1 4 H , 6 0 , M + ) . 

IR (KBr disc, cm" 1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1099 (C-0 stretching). 
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Figure 4.27. Assignment o f C and H atoms in X-NB-OCH 2 Ph. 

4.4.4.22 Synthesis an d Characterisation of exo-S-{\\-Phenyl Benzyloxy)-2-norbornene 

X-NB-OH (4.20 g, 38.2 mmol) in THF (20 mL) was added via cannula to a flame dried flask 

containing NaH (1.34 g, 55.8 mmol) in THF (20 mL) , under nitrogen, at 0°C. The reaction 

mixture was stirred at 50°C for 3 hrs and then allowed to cool. 2-phenylbenzyl bromide 

(25.0 g, 101.0 mmol) was added to the reaction mixture via cannula and the mixture stirred 

for 48 hrs. The reaction was quenched with an aqueous solution o f NH4CI (50 mL) , and the 

organics extracted with diethyl ether (4 * 100 mL). The organics were washed with brine 

(500 mL) and dried under M g S 0 4 . The solvent was removed on a rotary evaporator and the 

crude oil product purified via silica column chromatography using hexanes as solvent (Rf = 

0.2), to give cloudy colourless oi l (9.52 g, 34.5 mmol, 90 % yield). The monomer was 

characterised by ' H N M R and GCMS. The numbering system shown in figure 4.28 was used 

for the assignment o f the N M R signals. 

' H N M R (400.0 MHz, CDCI3): 5 (ppm) = 7.60-7.20 (m, 9H, H P h ) , 6.10 (m, 1H, H 2 & 3 ) , 5.80 

(dd, 1H, H 2 & 3 ) , 4.37 (m, 2H, H 8 ) , 3.42 (m, 1H), 2.78 (m, 2H, H 1 & 4 ) , 1.70-1.20 (m, 3H), 0.80 

(m, 1H, H 7 .) . 
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GCMS (EI + ) : RT =21.02, X-NB-OCH 2 C 6 H 4 Ph, 276.1 ( C , 4 H , 6 0 , M + ) . 

IR (KBr disc, cm" 1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1099 (C-0 stretching). 
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Figure 4.28. Assignment o f C and H atoms in X-NB-OCH 2 C 6 H 4 Ph . 

4.4.4.23 Synthesis an d Characterisation of exro-5-(12-Bromo Benzyloxy)-2-norbornene 

X-NB-OH (4.20 g, 38.2 mmol) in THF (20 mL) was 1 ladded via cannula to a flame dried 

flask containing NaH (1.34 g, 55.8 mmol) in THF (20 mL) , under nitrogen, at 0°C. The 

reaction mixture was stirred at 50°C for 3 hrs and then allowed to cool. 4-bromobenzyl 

bromide (25.0 g, 100.0 mmol) was added to the reaction mixture via cannula and the mixture 

stirred for 48 hrs. The reaction was quenched with an aqueous solution of NH 4 C1 (50 mL) , 

and the organics extracted with diethyl ether (4 x 100 mL) . The organics were washed with 

brine (500 mL) and dried under M g S 0 4 . 2 The solvent was removed on a rotary evaporator 

and the crude oil product purified via silica column chromatography using hexanes as solvent 

(Rf = 0.1), to give cloudy colourless oi l (9.50 g, 34.0 mmol, 89 % yield). The monomer was 

characterised by *H N M R and GCMS. The numbering system shown in figure 4.29, was 

used for the assignment o f the N M R signals. 

' H N M R (400.0 MHz, CDC1 3): 5 (ppm) = 7.46 (m, 2H, J= 8.41, H P h ) , 6.23 (m, 2H, J= 8.41, 

H P h ) , 6.19 (dd, 1H, J = 5.67 & 2.90, H 2 & 3 ) , 5.92 (dd, 1H, J= 5.76 & 3.28, H 2 & 3 ) , 4.48 (m, 

2H, H 8 ) , 3.58 (m, 1H), 2.93 (bs, 1H, H 1 & 4 ) , 2.82 (bs, 1H, H , & 4 ) , 1.72 (m, 1H), 1.57 (m, 2H), 

1.40 (m, 1H). 

GCMS ( E f ) : RT =18.25, X-NB-OCH 2 C 6 H 4 Br , 180.0 (C , 4 H 1 5 OBr , M") . 
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IR (KBr disc, cm" 1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1099 (C-0 stretching). 
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Figure 4.29. Assignment o f C and H atoms in X-NB-OBzBr. 

4.4.5 N M R Scale Addition Polymerisation Reactions 

A l l addition polymerisation reactions were prepared in a Braun glove box under an inert 

atmosphere. Typically, the relevant palladium complex (3.60 x 10"6 mole, 1 equivalent) was 

dissolved in deuterated solvents. The relevant monomer (1.80 x 10"4 mole, 50 equivalents) 

was then dissolved in the initiator solution. The solution was transferred to an N M R tube 

fitted with a Young's tap, allowing the vessel to be closed under a nitrogen atmosphere. The 

reactions were monitored using arrayed ] H spectroscopy. In all cases, the integrated 

intensities o f the monomer vinyl signals (polymerisation) and initiator Pd-H signal 

(initiation) were measured against the previous N M R integrations. 

4.4.6 Polymerisation of Functionalised Norbornenes Using Pdl388 

The N M R scale polymerisation reactions were run as described in the general section 4.3.5. 

The experimental conditions and polymerisation rates are shown in table 4.4. 
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Table 4.4. Polymerisations of 50 Monomer: 1 Pdl388 (5.0 mg, 3.60 * 10' 6 mol). 

Monomer Temp Solvent kp(N/X) k P (N) k P (X) 

(°C) <•') (•') (•') 

X-NB-OAc (27.4 mg, 70 Benzene-^ - - Termination 

1.80 x lO^mol) 

N-NB-OAc (27.4 mg, 70 Benzene-^6 - 0.82 x lO - 4 -

1.80 x lO - 4 mol) 

X-NB-OMe (22.3 mg, 70 Benzene-c4 - - 6.68 x 10-4 

1.80 x 10"4 mol) 

X-NB-CH 2OMe (24.8 70 Benzene-ek - - 15.35 x lO"4 

mg, 1.80 x lO"* mol) 

N-NB-CH 2OMe (24.8 70 Benzene-c^ - 3.50 x 10-4 -

mg, 1.80 x I0"4 mol) 

X-NBCH 2OAc (29.9 mg, 70 Benzene-ck - - 4.70 x KT4 

1.80 x 10"4 mol) 

N-NBCH 2OAc (29.9 mg, 70 Benzene-t/6 
- 1.66 x 10"4 -

1.80 x lO - 4 mol) 

N/X-NB(CH 2) 2OMe 70 Benzene-d6 19.44 x 10"4 13.66 x lO"4 24.99 x 10"4 

(27.4 mg, 1.80 x 10"4 

mol) 

N/X-NB(CH 2) 2OAc 70 Benzene-£4 17.88 x lO"4 16.26 x 10^ 32.19 x 10^ 

(32.4 mg, 1.80 x 10"4 

mol) 

X-TD-OAc (39.3 mg, 70 Benzene-c/6 - - Termination 

1.80 x lO"4 mol) 

N-TD-OAc (39.3 mg, 70 Benzene-^ - - 4.5 x 10 5 

1.80 x lO - 4 mol) 

X-NB-OAc (27.4 mg, 50 TCE-d2 - - Termination 

1.80 x 10 4 m o l ) 

N-NB-OAc (27.4 mg, 50 TCE-d2 - 7.6 x 10"5 -

1.80 x lO^mol) 

X-NB-OMe (22.3 mg, 50 TCE-d2 - - 5.22 x 10-4 

1.80 x 10"4 mol) 

X-NB-CH 2OMe (24.8 50 TCE-c/2 - - 17.54 x 10"4 

mg, 1.80 x 1Q-4 mol) 

167 



Monomer Temp Solvent k p (N/X) kp(N) kP (X) 

( ° Q (s 1 ) (•') 

N-NB-CH 2OMe (24.8 

mg, 1.80 x lO^mol) 
50 TCE-d2 - 1.50 x 10"4 -

X-NBCH 2OAc (29.9 mg, 50 TCE-^ 2 - - 3.11 x i n - 4 

1.80 x 10"4 mol) 

N-NBCH 2OAc (29.9 mg, 50 TCE-^ 2 - 4.7 x 10'5 -

1.80 x 10"4 mol) 

N/X-NB(CH 2) 2OMe 50 TCE-d2 7.39 x 10"4 6.79 x 10"4 7.97 x 10"3 

(27.4 mg, 1.80 x lO"4 

mol) 

X-NB-OCH2Ph (36.0 50 Benzene-^6 - - 4.8 x 10"5 

mg, 1.80 x lO^mol) 

X-NB-OCH 2C 6R,Ph 50 Benzene-^4 - - 3.6 x 10"5 

(49.7 mg, 1.80 x 10"4 

mol) 

X-NB-OCH 2C 6H4Br 50 Benzene-ck - - 20 x I 0 5 

(50.2 mg, 1.80 x 10"4 

mol) 
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Chapter 5 

Investigation of Family of Monomers Based on e/«/o-S-Methyl-evo-5-carboxylic Acid-2-

norbornene 

5.1 Introduction 

Following on f rom the findings in Chapter 3, it is clear that new methods for the preparation 

of single regioisomers o f functionalised norbornenes that display high polymerisation activity 

are necessary. It was also envisaged that in order to create co-polymers with excellent 

homogeneity it would be useful for the polymerisation rates o f the co-monomers to be 

normalised. This normalisation o f polymerisation rates would only be possible through a 

reduction or masking o f the electronic effect o f norbornene functional groups. The 

convenient synthesis and ease of elaboration of NB(N-Me)(X-CC>2H) makes this an excellent 

base f rom which to create new high activity monomers. 
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5.2 Results and Discussion 

5.2.1 Synthesis Tree 

The synthesis tree below proposed for the synthesis o f the N-Me family o f norbornene 

derivatives w i l l be discussed in the following sections. 

4 TMSCI ambient 
OH 

CO,TMS C0 2 H TUF/pyridine 

CH CH 
Vitnde® 
toluene 

(l).NaH 
(2). Mel MsCl, Et,N 

CH,OH CH 2OMe 
CH 2OMs DCM THF 

CH CH 
CH NaCN 

DMSO 

TMSC KOII 
CH 2 CN CH 2 C0 2 TMS CH 2 C0 2 H 

H,0 THF/pyndine 

CH CH CH 

Scheme 5.1 

5.2.2 Synthesis and Characterisation of e/!</0-5-Methyl-£JC0-5-carboxylic Acid-2-

norbornene 

The Diels-Alder cycloaddition reaction of cyclopentadiene and methacrylic acid is well 

known to produce a mixture of X - and N-isomers, with the ratio dependent on the reaction 
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conditions. 1 , 2 A pure sample o f NB(TSf-Me)(X-CC»2H) can be obtained in a large-scale 

preparation when equimolar amounts o f methacrylic acid and freshly cracked 

cyclopentadiene are stirred for 5 days. The desired X-CO2H isomer precipitates directly 

f rom the reaction mixture, needing filtration and washing wi th cold pentane to give the pure 

product, NB(N-Me)(X-C02H), in 33% yield, scheme 5.1.3 The products regiochemistry was 

confirmed using ' H , 1 3 C, HSQC, H M B C and NOESY N M R spectroscopy. Single crystals o f 

NB(N-Me)(X-C02H) were grown via slow recrystallisation f rom ethyl acetate at ambient 

temperature and an X-ray structural diagram with f u l l structural refinement produced using 

single-crystal X-ray diffraction, figure 5.1. 

H5 
H12 H11 

CI 01 H61 

CS 

N4 
C8 C4 

C2 H62 
C9 

H2 C7 
C3 

H 
H3 

CD 02 

H81 O*-6 H83 

Figure 5.1. X-ray structural diagram of NB(N-Me) (X -C0 2 H) . 

5.2.3 Synthesis of the Trimethylsilyl Carboxylate Functionalised Norbornenes (NB(N-

M e ) ( X - ( C H 2 ) „ C 0 2 T M S ) ) 

The NB(CH2) n C0 2 TMS monomers are readily formed f rom the base catalysed reaction o f an 

excess o f TMS-C1, wi th the corresponding acid functionalised norbornene, scheme 5.1. The 

pure products were obtained via a very efficient yet careful distillation under reduced 

pressure. Moisture had to be kept away f rom the reagents during production and purification 

to prevent de-protection of the acid functionality. 
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5.2.4 Synthesis of e«</o-5-Methyl-e)co-5-methyl Hydroxy-2-norbornene 

The NB(N-Me)(X-CH20H) was prepared from the reduction o f the acid using the standard 

Vitride® reducing agent, scheme 5.1. The reaction proceeded very cleanly in high yield and 

further purification beyond standard work-up was not needed before further derivatisation. 

5.2.5 Synthesis of e/i</o-5-Methyl-evt»-5-methyl Methoxy-2-norbornene 

The Williamson ether synthesis was used to prepare the NB(N-Me)(X-CH20Me) in good 

yield (55%), scheme 5.1. The products were purified using distillation under reduced 

pressure to give a clear, colourless oi l . 

5.2.6 Synthesis of e/irfo-5-Methyl-evo-5-methyl Carboxylic Acid-2-norbornene 

Standard chain extension procedures were employed for the synthesis o f 

N B ( N - M e ) ( X - C H 2 C 0 2 H ) , scheme 5.1. 

The NB(N-Me)(X-CH20H) was converted into e«t/o-5-methyl-exo-5-methoxy-mesylate-2-

norbornene (NB(N-Me)(X-CH20Ms)) using methane sulfonyl chloride in high yield and 

purity (> 90%). This mesylate product was sufficiently pure to be used in the next reaction 

step without further purification. The mesylate product was shown to have a lower thermal 

stability than the similar mesylate substituted norbornene, e«rfo/exo-5-methoxy-mesylate-2-

norbornene (N/X-NBCH2OMS), decomposing in a highly exothermic manner at 

approximately 154°C (figure 5.2), compared with 194°C (figure 5.3). 
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Figure 5.2. DSC trace for NB(N-Me)(X-CH 2OMs). 
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Fi la: 09808.001 
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103.7 mW 
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Figure 5.3. DSC trace for N/X-NBCH 2OMs 

The e«£/o-5-methyl-exo-5-cyanomethyl-2-norbornene (NB(N-Me)(X-CH2CN)) was prepared 

via the reaction of the mesylate compound with sodium cyanide at 80°C in DMSO. Care 

must be taken to keep all reaction mixtures and wastes basic at all times since cyanide salts 

can produce highly toxic hydrogen cyanide in acidic conditions. The substitution of the -

OMs group with -CN proved to be very slow when compared with similar reactions, with 

only 70% conversion after 72 hours. The addition of extra sodium cyanide and additional 
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heating failed to drive the reaction to completion, so work-up and purification was attempted 

at this stage. This stabilisation of the mesylate product with respect to substitution must be 

related to the electronic or steric effect of the N-Me norbornene substituent. The work-up of 

this reaction is particularly laborious since the DMSO makes separation of aqueous and 

organic layers very slow. The crude black nitrile product was purified via silica column 

chromatography, eluting with ethyl acetate and hexanes, to give a yellow oil, in 47% yield. 

The NB(N-Me)(X-CH2CN) was oxidised using aqueous potassium hydroxide and was 

recovered using standard techniques, to give the e«do-5-methyl-ejto-5-methyl carboxylic 

acid-2-norbornene (NB(N-Me)(X-CH2C02H)) as a white solid, in good yield. 

5.2.7 Attempted Synthesis of ew</0-5-Methyl-ejt0-5-methylmagnesium Bromide-2-

norbornene 

The e/7<^o-5-methyl-exo-5-bromomethyl-2-norbornene (NB(N-Me)(X-CH2Br)) was produced 

from the corresponding X -CH2OMS using LiBr in 2-pentanone, in good yield. The monomer 

was purified using silica column chromatography, eluting with cyclohexane. 

The synthesis of the -MgBr, Grignard reagent was attempted using magnesium shavings in 

THF and diethyl ether, without success. This is possibly linked to the steric or electronic 

effect of the N-Me group or the radical rearrangement of the polycyclic ring under the 

reaction conditions employed. 

5.2.8 Polymerisation of Monomers 

In order to discuss the polymerisation characteristics of this interesting family of monomers 

it is necessary to compare their activity to analogous monomers with the same functionality 

but without the N-Me group. It is expected that the N-Me group within this family of 

monomers will affect the polymerisation activity through both steric and electronic effects, 

meaning that its influence may be variable depending on the nature of the X-substituents, 

steric size and electronic nature. 
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O.OOE+OO-I , , 
N-NB-C0 2 TMS X-NB-C0 2 TMS NB(N-Me)(X-

C0 2 TMS) 

Figure 5.4. Polymerisation data for 50 monomer : 1 Pdl388, at 70°C in benzene-£&. 

The most surprising results were displayed by the NB(N-Me)(X-(CH2)nC02TMS) family of 

monomers, with the N-Me functionality seemingly increasing the polymerisation activity of 

the -CO2TMS monomers, when compared with their analogous N- and X- functionalised 

monomers, figures 5.4 and 5.5. 
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5.0E-06 

0.0E+00 
NB(N-MeXX-
CH 2C0 2TMS) 

X-NB-CH2C02TMS N-NB-CH2C02TMS 

Figure 5.5. Polymerisation data for 50 monomer : 1 Pdl388, at 70°C in benzene-^ 

From figures 5.4 and 5.5, it seems that the effect making the N-Me functionalised monomers 

more active than their analogous N-H monomers, is decreasing as the -CO2TMS 

functionality is spaced away from the norbornene framework. It is not possible to separately 

175 



assign these rate differences to electronic or steric effects. The effect shown opposes the 

expected decrease in activity for monomers containing an N-functional group discussed in 

previous chapters. 
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N-NB-CH2OMe X-NB-CH^OMe NB(N-Me)(X-CH2OMe) 

g 
Figure 5.6. Polymerisation data for 50 monomer : 1 Pd 1388, at 70°C in benzene-^-

The NB(N-Me)(X-CH 2OMe) and NB(N-Me)(X-CH 2HFA) monomers, figure 5.6 and 5.7 

respectively, both show a level of activity that is only slightly lower than their analogous X-

NBCH 2FG counterparts, which again is surprising considering the expected deactivating 

steric effect of the N-Me group. 
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Figure 5.7. Polymerisation data for 50 monomer : 1 Pd 1388, at 70°C in benzene-t/6 
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5.3 Conclusions 

Although the aim of normalising the polymerisation rates of all functionalised monomers 

cannot be achieved by using this particular family of monomers, the polymerisation results 

displayed do indicate that they have the potential to address the need for easily synthesised, 

highly active, single isomer functionalised-norbornene monomers. The N-Me group within 

this family of monomers appears to affect the polymerisation activity through both steric and 

electronic effects, meaning that its influence is variable depending on the nature of the X-

substituents, steric size and electronic nature. 

5.4 Experimental 

5.4.1 Materials 

The palladium catalyst, [Pd(PCy3)2(NCCH3)(H)][B(C6F5)4] (Pdl388) and norbornene 

monomer, NB(N-Me)(X-CH2HFA) were supplied by Promerus LLC and used without 

further purification. All liquid monomers were degassed by freeze-thaw-pump cycles before 

being taken into the glove box. Tetrachloroethane-^ and benzene-c4 were used as supplied 

in pre-sealed ampoules and subsequently kept refrigerated in a glove box. Al l other solvents 

(toluene, tetrahydrofuran, chloroform, diethyl ether, dimethyl sulfoxide, hexanes, ethyl 

acetate, dichloromethane and 2-pentanone) were used without prior purification. The 

following reagents were purchased from Sigma Aldrich and used without further 

purification: lithium bromide, sodium cyanide, hydrochloric acid, potassium hydroxide, 

sodium hydroxide, magnesium sulphate, methyl iodide, sodium hydride, ammonium 

chloride, trimethyl chloro silane, potassium bicarbonate, methacrylic acid, triethylamine, 

methane fulfonyl chloride, sodium bis(2-methoxyethoxy)aluminum hydride (Vitride®) and 

silica. 
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5.4.2 Instrumentation and Measurements 

5.4.2.1 Nuclear Magnetic Resonance 

' H NMR spectra were recorded on a Varian Mercury 4 0 0 or a Varian Inova 500 using 

deuteriated solvent lock. Chemical shifts are quoted in ppm, relative to tetramethylsilane 

(TMS), as the internal reference. 3 I P NMR spectra were recorded on a Varian/Mercury 4 0 0 

or a Varian Inova 500 at 121.4 MHz and 202.4 MHz, respectively. I 3 C NMR spectra were 

recorded at 125 MHz ( 2000 scans) using continuous broad band proton decoupling and a 3s 

recycle delay, and are therefore not quantative; chemical shifts are quoted in ppm, relative to 

C D C I 3 (77.550 ppm). The following abbreviations are used in listing NMR spectra: s = 

singlet, d = doublet, t = triplet, q = quartet, b = broad, m = multiplet. 

5.4.2.2 Mass Spectroscopy 

Electron Impact (EI) and Electrospray (ES+) mass spectra were recorded on a Micromass 

Autospec spectrometer operating at 70 eV with the ionisation mode as indicated. 

5.4.2.3 Infra-red Spectroscopy 

Infra-red spectra were recorded on a Perkin Elmer 1600 series FTIR. The spectra obtained 

were of the pure compound between sodium chloride discs. 
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5.4.3 Monomer Synthesis and Characterisation 

5.4.3.1 Synthesis and Characterisation of e/i</o-5-Methyl-£x:o-5-carboxylic Acid-2-

norbornene 

To a single-neck 5L round bottom flask containing a magnetic stirrer was added freshly 

cracked cyclopentadiene (939 g, 14.2 mol) and methacrylic acid (1203 g, 14.2 mol). The 

contents were stirred for 24 hours and then left to stand for 60 hours, over which a white 

powder precipitated from solution. The flask was cooled at 10°C for several hours to 

encourage the precipitation of the norbornene product. The solid was collected by vacuum 

filtration and rinsed with cold pentane (2 L, -10°C) to remove unreacted methacrylic acid, 

dicyclopentadiene and NB(X-Me)(N-C02H). The white powder (700 g) was recrystallised in 

hexanes (~ 50 w %) to give transparent crystals of NB(N-Me)(X-C0 2H) (621 g, 29 %) upon 

cooling over 24 hours. Single crystals were grown via slow recrystallisation from ethyl 

acetate at ambient temperature and an X-ray structural diagram produced using single-crystal 

X-ray diffraction. The analysis gave full structural refinement. The monomer was 

characterised by *H NMR, 1 3C NMR and GCMS. The numbering system shown in figure 

5.8, was used for the assignment of the NMR signals. 

'H NMR (500 MHz, CDC13): 5 (ppm) = 6.25 (dd, 1H,J = 5.59 & 2.96, H 2 & 3 ) , 6.12 (dd, 1H, J 

= 5.59 & 3.17, H 2 & 3 ) , 3.07 (s, 1H, H 4 & i ) , 2.86 "(s, 1H, H , & 4 ) , 2.45 (dd, 1H, J = 12.02 & 3.96, 

H 7 ), 1.48 (m, 2H, H 6 ) , 1.18 (m, 3H, H 8 ) , 0.89 (m, 1H, J = 12.02, H 7 '). 

I 3 C NMR (125.6 MHz, CDC13): 5 (ppm) = 186.03, 139.03, 133.82, 50.71, 49.77, 49.32, 

43.13,37.64 and 24.49. 

GCMS (EI +): RT = 11.82, NB(N-Me)(X-C0 2H), 152.0 (C 9 Hi 2 0 2 , Ivf ) . 
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Figure 5.8. Assignment of C and H atoms in NB(N-Me)(X-C0 2H). 

5.4.3.2 Synthesis and Characterisation of e/i</0-5-Methyl-e*0-5-trimethylsiIyl 

Carboxylate-2-norbornene 

To a solution of NB(N-Me)(X-C0 2H) (15.0 g, 67 mmol) and TMS-C1 (10.9 g, 100 mmol) in 

anhydrous THF (100 mL) was slowly added pyridine (8.48 g, 107 mmol). After the addition, 

the solution was stirred at ambient temperature for 12 hours. The white salt was removed via 

filtration and the remaining solution concentrated under vacuum. Pure product was obtained 

by distillation under reduced pressure (temperature = 40°C). 

Note: Since TMSC1 and the final product are very sensitive to moisture; all reagents should 

be of anhydrous grade and kept under nitrogen blanket. 

The monomer was characterised by *H NMR, l 3 C NMR and GCMS. The numbering system 

shown in figure 5.9 was used for the assignment of the NMR signals. 

*H NMR (500 MHz, CDC13): 6 (ppm) = 6.22 (dd, 1H, J= 5.64 & 2.30, H 2 ) , 6.08 (dd, 1H, J = 

5.64 & 3.41, H 3 ) , 2.99 (bs, 1H, H 4 ) , 2.82 (bs, 1H, H,), 2.41 (dd, 1H, J= 12.02 & 3.99, H 7 ) , 

1.44 (bd, 1H, J = 8.66, H 6 ) , 1.32 (bd, 1H, J= 8.66, H 6 ) , 1.10 (s, 3H, H 8 ), 0.83 (dd, 1H, J = 

12.01 & 2.63, H 70, 0.29 (s, 9H, H, 0 ) . 

I 3C NMR (125.7 MHz, CDC13): 5 (ppm) = 179.81 (C 9), 138.91 (C 2), 133.95 (C 3), 50.71 (C 4), 

49.23 (C 6), 43.13 (C,), 37.69 (C 7), 24.34 (C 8), 0.03 (C 1 0). 

GCMS (EI +): RT = 12.44, NB(N-Me)(X-C0 2TMS), 224.0 (C, 2 H 2 0 O 2 Si, M+). 
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Figure 5.9. Assignment of C and H atoms in NB(N-Me)(X-C02TMS). 

5.4.3.3 Synthesis and Characterisation of e«rfo-5-Methyl-evo-5-methyl Hydroxy-2-

norbornene 

To a 5L three-neck flask were added NB(N-Me)(X-C0 2H) (174.8 g, 1.15 mmol) and 

anhydrous toluene (1000 mL). The system was kept under a nitrogen blanket, and the flask 

was equipped with a magnetic stirrer bar, thermometer, addition-funnel and condenser. A 

pre-mix of Vitride® (500 g, 70 wt % in toluene, 1.73 mol) was added to the addition funnel 

(short exposure to air is safe i f < 2 minutes). With the flask submerged in an ice-water bath, 

the dilute Vitride® was added dropwise over 3 hours while maintaining pot temperature 

between 5-20 °C. After the addition was complete, the contents were heated to 100 °C for 6 

hours (until TLC showed reaction to be complete). The contents were allowed to cool 

overnight. The solution was slowly added to a beaker containing vigorously stirring 5N HC1 

(1000 mL). The temperature was maintained < 20 °C with the aid of an ice-bath. After 

turbidity decreased, the mixture was transferred to a separatory funnel, and the organic phase 

was diluted with diethyl ether (1,0 L). The aqueous phase was discarded and the organics 

washed with IN HC1 (3 x 300 mL), 15 wt % aqueous potassium bicarbonate (3 x 300 mL) 

and water (500 mL). The organics were dried over MgSC>4, filtered, and the solvent removed 

under reduced pressure to afford NB(N-Me)(X-CH 2OH) (152 g, 96%, in > 95% purity). 

The monomer was characterised by 'H NMR, l 3 C NMR and GCMS. The numbering system 

shown in figure 5.10 was used for the assignment of the NMR signals. 

'H NMR (300 MHz, CDC13): 6 (ppm) = 6.12 (m, 2H, H 2 & 3 ) , 3.56 (m, 2H, H 9 ) , 2.76 (bs, 1H, 

H , & 4 ) , 2.55 (bs, 1H, H , & 4 ) , 2.14 (m, 1H, -OH), 1.55 (d, 1H, J= 8.62, H 6), 1.44 (m, 1H, J = 
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11.72 & 3.71, H 7 ) , 1.35 (d, 1H, J= 8.62, H 6 ) , 0.91 (s, 3H, H 8 ) , 0.77 (m, 1H, J= 11.72 & 

2.68, H 7 '). 

, 3 C NMR (75 MHz, CDC13): 6 (ppm) = 136.75, 135.68, 72.26, 47.85, 47.61, 43.70, 37.34, 

22.87. 

GCMS (EI +): RT = 10.21, NB(N-Me)(X-CH 2OH), 138.0 (C 9 H, 4 0, M + ) . 

IR (KBr disc, cm"1): 3100 - 3650 (O-H), 3060 (olefinic C-H stretching), 2980 - 2867 

(saturated C-H stretching). 

H 7 H 

1 

OH 
1 0 

CH 
8 

Figure 5.10. Assignment of C and H atoms in NB(N-Me)(X-CH 2OH). 

5.4.3.4 Synthesis and Characterisation of endo-5-Methy\-exo-5-methy\ Methoxy-2-

norbornene 

Under an inert atmosphere, the NB(N-Me)(X-CH 2OH) (7.53 g, 54.6 mmol) was dissolved in 

dry THF (15 mL) and was added dropwise to a stirred solution of NaH (68.2 mmol) in dry 

THF (65 mL). After complete addition, the solution was heated at 50°C for 3 hours. After 

cooling the reaction mixture to room temperature, methyl iodide (19.32 g, 8.47 mL, 136.2 

mmol) was added dropwise to the solution; a slight exotherm was observed and a cream 

coloured precipitate was formed. The reaction mixture was stirred for 12 hours. After 

quenching with NH4CI (60 mL) the reaction mixture was extracted into diethyl ether (4 x 50 

mL), washed with brine (50 mL) and dried over MgSO,}. The solvent was removed by rotary 

evaporation to give clear, yellow oil. The product was purified using distillation under 

reduced pressure (70°C, 60 mbar) to give clear, colourless oil in (5.0 g, 32.8 mmol, 60%). 
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The monomer was characterised by ! H NMR, l 3 C NMR and GCMS. The numbering system 

shown in figure 5.11 was used for the assignment of the NMR signals. 

'H NMR (500 MHz, CDC13): 8 (ppm) = 6.10 (m, 2H, H 2 & 3 ) , 3.36 (s, 3H, H, 0 ) , 3.31 (dd, 2H, J 

= 8.85 & 6.7, H 9 ) , 2.76 (bs, 1H, H , & 4 ) , 2.56 (bs, 1H, H , & 4 ) , 1.58 (bd, 1H, J= 8.44, H 6 ) , 1.48 

(dd, 1H,J= 11.71 & 3.78, H 7 ) , 1.35 (bd, 1H, J= 8.44, H 6 ) , 0.91 (s, 3H, H 8 ), 0.79 (m, \U,J = 

11.71, H r ) . 

I 3 C NMR (125.7 MHz, CDC13): 6 (ppm) = 136.89 (C 2), 135.72 (C 3), 83.03 (C 9), 59.55 (C, 0), 

48.59 (C,), 47.96 (C 6), 43.34 (C 4), 42.77 (C 5), 37.85 (C 7) and 23.81 (C 8). 

GCMS (EI +): RT = 9.29, NB(N-Me)(X-CH 2OMe), 152.0 (C, 0 H 1 6 O, M + ) . 

IR (KBr disc, cm"1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching), 

1099 (C-0 stretching). 
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Figure 5.11. Assignment of C and H atoms in NB(N-Me)(X-CH2OMe). 

5.4.3.5 Synthesis and Characterisation of ewrfo-5-Methyl-ex:o-5-methoxy-inesylate-2-

norbornene 

NB(N-Me)(X-CH 2OH) (74.8 g, 540 mmol) was dissolved in 250 ml dichloromethane. 

Methanesulfonyl chloride (65.6 g, 0.54 mol) was added and the mixture then cooled to 

-12.5°C with a methanol-ice bath. Triethylamine (65.6 g, 650 mmol) was added slowly 

dropwise, keeping the reaction temperature below -1.0 °C. Copious white solids precipitate. 

The addition was complete after 30 minutes. The reaction warmed to 13.7 °C over 40 
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minutes. GC analysis showed all starting material had been consumed. The mixture was 

treated with 200 ml water and the phases separated. The organic phase was washed with 200 

ml IN HC1 and then with brine until the washing gave pH~6. The organic portion was dried 

over anhydrous magnesium sulphate, filtered, and rotary evaporated to give 100 g (90% 

yield) orange liquid. NMR was satisfactory to use product further. The monomer was 

characterised by 'H NMR. The numbering system shown in figure 5.12 was used for the 

assignment of the NMR signals. 

1 H NMR (400 MHz, CDC13): 5 (ppm) = 6.11 (m, 1H, H 2 & 3 ) , 6.10 (m, 1H, H 2 & 3 ) , 4.10 (s, 2H, 

H 9 ), 2.96 (s, 3H, H 1 0 ) , 2.78 (s, 1H, H , & 4 ) , 2.57 (s, 1H, H , & 4 ) , 1.48 (m, 2H), 1.39 (m, 1H), 

0.91 (s, 3H, H 8 ) , 0.80 (m, 1H, H 7 ) . 
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Figure 5.12. Assignment of C and H atoms in NB(N-Me)(X-CH2OMs). 

5.4.3.6 Synthesis and Characterisation of i/z</0-5-Methyl-£X0-5-bromomethyl-2-

norbornene 

NB(N-Me)(X-CH2OMs) (10.3 g, 46.3 mmol), anhydrous lithium bromide (6.2 g, 69.4 

mmol), and 100 ml 2-pentanone were mixed together at room temperature to give a yellow 

solution. The mixture was refluxed for two hours and then allowed to stir at room 

temperature overnight. Water was added to dissolve the salts. Ethyl acetate was added and 

mixed. The phases were separated and the aqueous phase extracted with 2 x 100 ml ethyl 

acetate. The organic portions were dried over anhydrous sodium sulfate, filtered, and rotary 

evaporated to give a brown oil and solid. The crude product was shown to contain a ratio of 

NB(N-Me)(X-CH 2OMs): NB(N-Me)(X-CH 2Br) = 1 : 3 respectively by 'H NMR. The crude 

product was purified via column chromatography on silica gel (35g) and cyclohexane (250 
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mL) to give clear, colourless oil. Rf (cyclohexane) = 0.80. Yield = 65%. The monomer was 

characterised by 'H NMR, 1 3C NMR, GCMS and IR. The numbering system shown in figure 

4.13 was used for the assignment of the NMR signals. 

'H NMR (400 MHz, CDC13): 5 (ppm) = 6.15 (dd, 1H, J= 5.60 & 2.80, H 3 ) , 6.11 (dd, 1H, J = 

5.60 & 3.20, H 2 ) , 3.56 (s, 1H, H 8 ) , 2.82 (s, 1H, H 4 ), 2.65 (s, 1H, H,), 1.65 (dd, 1H, J= 11.98 

&3.75, H 7 ) , 1.54 (d, 1H, J = 8.91, H 6 ) , 1.42 (d, 1H, J = 8.91, H 6 ) , 1.01 (s, 1H, H 9 ) , 0.97 (dd, 

1H, J= 12.98 & 2.72, H 7 ) . 

, 3 C NMR (101 MHz, CDC13): 5 (ppm) = 137.09 (C 2), 135.78 (C 3), 50.24 (C) , 48.29 (C 8), 

47.96 (C 6), 43.68 (C,), 40.16 (C 7), 27.15 (C 5), 24.86 (C 9). 

GCMS (EI +): RT = 110.0 (C 7H 1 0O, M + ) , 66.0 (M + -C 2 H 4 0) . 

IR (KBr disc, cm"1): 3100 - 3650 (O-H), 3060 (olefinic C-H stretching), 2980 - 2867 

(saturated C-H stretching). 
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Figure 5.13. Assignment of C and H atoms in NB(N-Me)(X-CH 2Br). 

5.4.3.7 Synthesis and Characterisation of ewrfo-5-Methyl-exo-5-cyanomethyl-2-

norbornene 

NB(N-Me)(X-CH2OMs) (64.5 g, 85% purity, 320 mmol) was dissolved in DMSO (500 mL). 

Sodium cyanide (31.0 g, 500 mmol) was added to the stirred solution and the reaction 

mixture heated at 80°C for 24 hours. Upon quenching and working-up a small aliquot it was 

apparent that the reaction was incomplete (50% conversion of starting material). The 

reaction mixture was heated for a further 48 hours with conversion being monitored via GC. 
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After ~ 90 hours of heating the conversion appeared to stop at 70% even upon the addition of 

more sodium cyanide (10.3 g, 170 mmol). The decision was made to work-up the reaction at 

this stage. The reaction mixture was added to water (1000 mL) and MTBE (1000 mL). The 

organic layer was separated and washed with water (7 x 500 mL). These separations are very 

difficult in the first few instances, with separation time being > 24 hours. The aqueous 

cyanide waste and all equipment were carefully decontaminated using an excess of bleach. 

The organic layer was dried over MgS0 4 and the solvent removed under reduced pressure to 

yield black oil (32 g). The crude product was purified in three lots using silica column 

chromatography and solvent system of 1 EtOAc: 5 hexanes. This gave a pale yellow oil 

(22.0 g, 150 mmol, yield = 47%). The monomer was characterised by 'H NMR, l 3 C NMR 

and GCMS. The numbering system shown in figure 5.14 was used for the assignment of the 

NMR signals. 

'H NMR (400 MHz, CDC13): 5 (ppm) = 6.13 (m, 1H, H 2 & 3 ) , 6.10 (m, 1H, H 2 & 3 ) , 2.83 (bs, 

1H, H 4 & i ) , 2.55 (bs, 1H, H , & 4 ) , 2.45 (d, 2H,J= 14.11, H 9 ) , 1.57 (ddd, 1H, J= 11.97 & 3.63 

&2.32, H 7 ), 1.49 (m, 2H, H 6 ) , 1.05 (m, 3H, H 8 ), 0.99 (m, 1H,J= 11.97, H r ) . 

I 3C NMR (100.6 MHz, CDC13): 5 (ppm) = 136.93 (C 2), 135.00 (C 3), 119.17 (C, 0), 51.00 

(C 1 & 4 ) , 47.98 (C 6), 43.64 (C, & 4 ) , 40.46 (C 5), 39.93 (C 7), 31.30 (C 9), 25.36 (C 8) 

GCMS ( E f ) : RT = 11.97, NB(N-Me)(X-CH 2CN), 147.0 (C, 0 H 1 3 N, M + ) . 

IR (KBr disc, cm"1): 3060 (olefinic C-H stretching), 2980 - 2867 (saturated C-H stretching). 
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Figure 5.14. Assignment of C and H atoms in NB(N-Me)(X-CH 2CN). 
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5.4.3.8 Synthesis and Characterisation of e/i</o-5-Methyl-exo-5-methyl Carboxylic 

Acid-2-norbornene 

The NB(N-Me)(X-CH 2CN) (4.5 g, 27.9 mmol) was added to aqueous potassium hydroxide 

(14 g in 140 mL) and stirred with heating at 100°C for 48 hours. The resulting solution was 

cooled and diluted with water (150 mL). This solution was extracted with diethyl ether (2 x 

150 mL), acidified to pH 3, extracted again with chloroform (5 x 50 mL). The combined 

chloroform extracts were washed with water (2 x 50 mL), dried over MgS0 4 , filtered, and the 

solvent removed under reduced pressure. The colourless liquid was purified via extraction 

from organic solvent using aqueous NaOH and then re-acidification and extraction with 

organic solvent to yield a white solid (2.7 g, 18 mmol, 65%). The monomer was 

characterised by *H NMR, 1 3C NMR and GCMS. The numbering system shown in figure 

5.15 was used for the assignment of the NMR signals. 

'H NMR (400 MHz, CDC13): 5 (ppm) = 11.25 (s, 1H, -OH), 6.12 (dd, 1H, J= 5.62 & 2.89, 

H 2 ), 6.07 (dd, 1H, J= 5.62 & 2.89, H 3 ), 2.80 (bs, 1H, H4&0, 2.61 (bs, 1H, H , & 4 ) , 2.50 (d, 2H, 

J = 14.26, H 9 ) , 1.75 (dd, 1H, J= 11.88 & 3.80, H 7 ) , 1.57 (bd, 1H,J=8.79, H 6 ) , 1.44 (bd, 1H, 

J =8.79, H 6 ), 1.00 (s, 3H, H 8 ) , 0.94 (dd, 1H, J= 11.88 & 2.52, H 7 ) . 

, 3 C NMR (100.6 MHz, CDC13): 8 (ppm) = 179.90 (C 9), 136.87 (C 2), 135.21 (C 3), 51.55 

(C 4 & 1 ) , 48.13 (C 6), 47.50 (C 9), 43.77 (C, & 4 ) , 40.37 (C 8), 40.15 (C 7), 25.22(C5). 

GCMS (EI +): RT = 13.63, NB(N-Me)(X-CH 2C0 2H), 166.0 (C 1 0 H 1 4 O 2 , M + ) . 
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Figure 5.15. Assignment of C and H atoms in NB(N-Me)(X-CH 2C0 2H). 
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5.4.3.9 Synthesis and Characterisation of endo-5-Methy\-exo-5-methy\ 

Trimethylsilyl Carboxylate-2-norbornene 

To a solution of NB(N-Me)(X-CH 2C0 2H) (2.7 g, 18 mmol) and TMS-C1 (2.9 g, 27 mmol) in 

anhydrous THF (27 mL) was slowly added pyridine (2.2 g, 29mmol). After the addition, the 

solution was stirred at ambient temperature for 12 hours. The white salt was removed via 

filtration and the remaining solution concentrated under vacuum. Pure product was obtained 

by distillation under reduced pressure (temperature = 40°C). 

Note: Since TMSC1 and the final product are very sensitive to moisture; all reagents should 

be of anhydrous grade and kept under nitrogen blanket. 

The monomer was characterised by *H NMR, l 3 C NMR and GCMS. The numbering system 

shown in figure 5.16 was used for the assignment of the NMR signals. 

'H NMR (400 MHz, CDCI3): 8 (ppm) = 6.06 (m, 2H, H 2 & 3 ) , 2.75 (m, 1H, H4&1) , 2.53 (m, 1H, 

H,& 4),2.43 (d, 2H , J= 14.29, H 9), 1.72 (ddd, 1H, J= 11.95 & 3.72 & 1.80, H 7 ) , 1.54 (m, 1H, 

J = 8.72, H 6), 1.38 (m, 1H, J= 8.72, H 6 ) , 0.94 (s, 3H, H 8 ) , 0.88 (m, 1H, H 7 ) , 0.26 (s, 9H, 

H,,). 

I 3C NMR (100.6 MHz, CDC13): 8 (ppm) = 173.63 (C, 0), 136.70 (C 2), 135.23 (C 3), 51.60 

(C 4 & 1 ) , 49.01 (C 9), 48.10 (C 6), 43.72 (C, & 4 ) , 40.32 (C 5), 40.95 (C 7), 25.12 (C 8), 0.00 (C,,). 

GCMS (EI +): RT = 14.35, NB(N-Me)(X-CH 2C0 2TMS), 238.0 (C, 3 H 2 2 0 2 Si , M + ) . 
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Figure 5.16. Assignment of C and H atoms in NB(N-Me)(X-CH 2C0 2TMS). 
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5.4.4 NMR Scale Addition Polymerisation Reactions 

All addition polymerisation reactions were prepared in a Braun glove box under an inert 

atmosphere. Typically, the relevant palladium complex (3.60 x 10"6 mole, 1 equivalent) was 

dissolved in deuterated solvent. The relevant monomer (1.80 x 10"4 mole, 50 equivalents) 

was then dissolved in the initiator solution. The solution was transferred to an NMR tube 

fitted with a Young's tap, allowing the vessel to be closed under a nitrogen atmosphere. The 

reactions were monitored using arrayed ! H spectroscopy. In all cases, the integrated 

intensities of the monomer vinyl signals (polymerisation) and initiator Pd-H signal 

(initiation) were measured against the previous NMR integrations. 

5.4.5 Polymerisation of Functionalised Norbornenes using Pdl388 

The NMR scale polymerisation reactions were run as described in the general section 5.4.4. 

The experimental detail and polymerisation results are shown in table 5.1. 

Table 5.1. Polymerisations of 50 Monomer: 1 Pdl388 (5.0 mg, 3.60 x 10"6 mol). 

Monomer Temp Solvent kp (N/X) 

(°C) (*') 
NB(N-Me)(X-C02H) (27.4 mg, 1.80 x 10"4 mol) 50 Benzene-c/6 1 x 10"6 

NB(N-Me)(X-C02H) (27.4 mg, 1.80 x 10"4 mol) 70 Benzene-fik 5 x 10'6 

NB(N-Me)(X-C02TMS) (40.3 mg, 1.80 x 10-4 mol) 50 Benzene-^ 3 x 10"6 

NB(N-Me)(X-C02TMS) (40.3 mg, 1.80 x 10"4 mol) 70 Benzene-ok 4.4 x 10"5 

NB(N-Me)(X-CH2OMe) (27.4 mg, 1.80 x 10-4 mol) 70 Benzene-c4 12.52 x 10"4 

NB(N-Me)(X-CH2C02TMS) (45.5 mg, 1.80 x 10"4 mol) 70 Benzene-c/6 4.3 x 10"5 

NB(N-Me)(X-CH2HFA) (52.5 mg, 1.80 x 10"4 mol) 70 Benzene-c4 13.4 x 10"5 
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Chapter 6 

6 Origins of the Functional Group Homologation Effect: Molecular Modelling and 

NMR Spectroscopic Investigations 

6.1 Introduction 

The electronic effect of the functional group on norbornene is a key contributor to the 

monomers polymerisation activity. In this chapter attempts will be made to determine the 

key changes in a functionalised norbornenes structure, upon the methylene spacing of its 

functional group, with a view to using these findings as a tool to quickly and easily predict 

the polymerisation activity of new monomers. 

The sp2 carbons within norbornenes structure are expected to be the most important with 

respect to polymerisation activity, since they are a key component of both aspects of a 

coordination-insertion addition polymerisation mechanism. In order to understand how the 

electronic structure of a functionalised norbornene monomer affects polymerisation activity 

we have to consider which of its molecular orbitals and that of the cationic palladium catalyst 

interact during a typical coordination-insertion polymerisation mechanism. 

Our investigations will be centred on the carboxylic acid (-CO2H), acetate (-OAc), methoxy 

(-OMe) and trifluoromethanesulfonamide (-TFS) functionalised families of norbornene 

monomers. 1 3C NMR spectroscopic shifts within the monomer structures and molecular 

modelling studies using the carboxylic acid functionalised monomers will be used to 

rationalise the effects of introducing methylene spacers (homologation) between norbornene 

and its functional group. The molecular modelling studies will pay particular attention to 

changes in the bond lengths, bond angles and Mulliken atomic charges. 

Molecular modelling studies (density functional theory) have been used by Kyoung Hoon 

Kim et al.,1 to study palladium-based catalysts commonly used for the polymerisation of 

emfo/exo-5-methyl-2-norbornene-carboxylate (N/X-NBCChMe). Three isomers of the 
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catalyst complex, exo face coordination of the exo monomer, exo face coordination of the 

endo monomer, and endo face coordination of the endo monomer, were analysed. It was 

shown through the relative energies of the catalyst complexes, molecular geometries, and 

binding energies, that the endo-endo isomer was the most stable and catalytically inactive 

due to an intramolecular interaction between Pd and carbonyl oxygen of the ester group. 

Additionally, the phosphine ligand, PCy3, is shown to be effective in preventing the oxygen 

atom from coordination to the Pd. This result suggests that the catalyst deactivating effects 

discussed would be minimised in the polymerisation systems used in this work, since the 

catalyst used in this work is [Pd(PCy3)2(NCCH3)(H)][B(C6F5)4] (Pdl388). 

6.2 Results and Discussion 

6.2.1 Polymerisation Mechanism 

Norbornene and its related monomers are widely accepted to polymerise through a 

coordination-insertion mechanism, using a cationic palladium catalyst. The insertion step 

proceeds via a four-centred transition state, scheme 6.1. 
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n 

Scheme 6.1. Coordination-insertion addition polymerisation mechanism. 
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In order to understand how the electronic structure of a functionalised norbornene monomer 

affects polymerisation activity we have to consider which of its molecular orbitals and that of 

the cationic palladium catalyst interact during a typical coordination-insertion polymerisation 

mechanism. During the coordination stage of the polymerisation mechanism the bonding can 

be considered to arise from two independent components as illustrated in figure 6.1. 2 

R 
n n 

Figure 6.1. Overlap of relevant orbitals in the ground-state olefin-metal 7i-complex formed 

via the coordination of a norbornene monomer to the cationic palladium centre. Where R = 

growing polymer chain and the norbornene is represented by a simple C=C. 

In the first part, a-type overlap occurs between the filled 7i-orbital of the olefin and the 

suitably directed d x

2 . y

2 vacant hybrid metal orbital, figure 6.1. This is reinforced by the 

second component, that derives from the overlap of a filled metal d y z orbital with the vacant 

71* antibonding orbital of the olefin; these orbitals have 71-symmetry with respect to the 

bonding axis and allow Pd -> C=C n back bonding to assist the CT C=C -> Pd bond, figure 

6.1. 2 The flexible interplay of these two components may allow our experimental 

observations to be rationalised. 

The donation of 7t-bonding electrons into the metal a-orbital and the introduction of electrons 

into the n* antibonding orbital of the olefin both weaken the 7t-bonding in the olefin, 

resulting in a distortion from planarity and lengthening of the olefin C=C. The two 

components are synergistically related; as one component increases, it tends to promote an 
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increase in the other. This means the metal-alkene bond is essentially electroneutral, with 

donation and back-acceptance approximately balanced. 

At the transition state for insertion the alkyl group migrates through overlap with the cationic 

palladium d z

2 and d y z orbitals and the olefin 71* antibonding orbitals,2 figure 6.2. 

R 

Figure 6.2. Overlap of relevant orbitals in the transition state for the insertion of a 

norbornene monomer into the cationic palladium-alkyl bond. Where R = growing polymer 

chain and the norbornene is represented simply by C=C. 

The substituents, R and R', of a polymerising olefin, R-C=C-R', have a significant effect 

upon the balance between donation and back-acceptance as already described. It is expected 

that an increase in the electron withdrawing nature of the substituents R and R', will result in 

stronger 7c-back-bonding interactions. Stronger 7i-back-bonding interactions will result in a 

stabilisation of the ground-state olefin-metal 7t-complex and therefore cause an increase in 

the energy barrier (AG*) for the insertion of the olefin into the palladium-alkyl bond, figure 

6.3. 
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Progress of the reaction 

Figure 6.3. Reaction coordinate diagram for the insertion of norbornene into a cationic 

palladium-alkyl bond. Where L = neutral ligand, R = alkyl, = vacant site. 

It is thought that the insertion of the norbornene monomer into the cationic palladium-alkyl 

bond is the rate determining step for polymerisation and consequently the higher the energy 

barrier for insertion (AG*), the slower the polymerisation reaction will occur. 

If the electronic nature of the functional group in norbornene has a similar effect upon the 

monomer C=C as described above, an electron withdrawing substituent will cause the 

monomer to polymerise at a slower rate. The methylene spacing of electron withdrawing 

functional groups in norbornene such as -OAc, -CO2TMS, -TFS and -OMe, would be 

expected to increase the electron density within the C=C, and subsequently account for the 

observed increase in polymerisation activity described in previous chapters. 

The following sections will attempt to show how the methylene spacing of the electron 

withdrawing functional group in norbornene affects the structure of the monomers bicyclic 

structure, paying particular attention to the C=C, with a view to using these findings as a tool 

to quickly and easily predict the polymerisation activity of new monomers. 
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6.2.2 Assessing Differences, Effects and Error 

Statistical analysis has been used to highlight potential relationships between the 

polymerisation activity (k p) of the carboxylic acid functionalised family of norbornene 

monomers and a number of input variables; l 3 C NMR resonances, atomic distances, bond 

angles and Mulliken atomic charges. Dr. Ann G-Jensen (Staff Statistician, Lubrizol 

Analytical Services) assisted the statistical analysis. Statistical conclusions based on the data 

are given in the results and discussion section. A direct correlation between an input variable 

and the polymerisation activity signifies that as the input value increases, so too does the 

polymerisation activity. The opposite applies to an inverse correlation. The variation in k p 

and in each of the input variables ( 1 3C NMR, bond angles, atomic distances and Mulliken 

atomic charges) is relatively small. Thus, it is important to ask the question of whether the 

differences observed from n = 0 to 1 to 2 are real differences in the polymerisation activity of 

the monomer or not. The 1 3C NMR resonance's, atomic distances, bond angles and Mulliken 

atomic charges are numbers generated from sources which can be regarded as carrying no 

error, since i f the same method is used to measure the variables again, identical output 

numbers would be generated. 

A preliminary estimate of uncertainty in the polymerisation rate results is obtained from 2 

polymerisation reactions for the X/N-NB-CO2TMS monomer. Replicated runs provide 

information about the expected variation in polymerisation rate results produced under 

identical conditions. This information may be used as a baseline for comparing 

polymerisation rate results produced under different conditions (different monomers). The 

results from the replicated runs are in table 6.1. 

Table 6.1. Propagation rate results from replicated runs. 

Run k p N(s- ' ) k p X (s"1) 

1 1.265 x 10"s 3.657 x 10"5 

2 1.283 x 10"5 3.652 x 10"5 

Average 1.274 x 10"5 3.6545 x 10_ i 

Std. Dev. 1.27279 x 10"' 3.53553 x 10"8 

Range 1.8000 x 10"' 5.0000 x 10"8 
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To conclude that different monomers yield significantly different k p results, the observed 

difference between monomers should be at least 2.55 x 10"6 for the N-regioisomer and 7.07 x 

10"7for theX -regioisomer. These values are 20 times the standard deviation in replicated run 

results for the N and X-regioisomers, respectively. Typically, we would not require such a 

large difference, however, these criteria reflect the lack of information available for making 

decisions. 

Table 6.2. Polymerisation rates/kp (s"1) for NB(CH 2) nFG at 70°C in benezene-i/6 (50 

monomer : 1 Pdl388). 

Monomer Family n Monomer Family 

0 1 2 3 

X-NB(CH 2) nC0 2TMS 1.8 x 10_s 3.7 x lO - 5 57.3 x i f f 1 -

N-NB(CH 2) nC0 2TMS 0.6 x 10 -5 1.3 x 10"5 18.3 x lO - 5 -

X-NB(CH 2) nOAc - 47.0 x 10"5 321.9 x 10-5 -

N-NB(CH 2) nOAc 8.2 x lO - 5 16.6 x 10 -5 162.6 x 10"5 -

X-NB(CH 2) nTFS - 3.5 x 10"5 20.2 x lO - 5 41.2 x lO - 5 

N-NB(CH 2) nTFS - 1.1 x 10"5 7.5 x 10"5 13.9 x lO - 5 

The variation in k p for the replicated runs is very small relative to the observed variation in k p 

results for the functionalised norbornene monomers, from n = 0 to n = 1 to n = 2, table 6.2. 

This suggests that the changes in k p shown in table 6.2 are real and not simply chance 

variation. 

6.2.3 1 3 C NMR Spectroscopic Investigations 

It is envisaged that the electronic environment of the carbon atoms within a functionalised 

norbornenes structure must be changing significantly upon the methylene spacing of the 

monomers functional group, to account for the observed changes in the monomers 

polymerisation activity. This change in electronic environment should be displayed in the 
1 3C NMR spectrum for the relative monomers, since a shift in NMR resonance is related to 

the electronic environment of the atom concerned. 
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In a simple approximation, the l 3 C NMR resonance for a particular carbon atom would be 

expected to shift down-field (increase in ppm) i f electron density is withdrawn from it, due to 

it being de-shielded with respect to the magnetic field applied by the spectrometer. 

An inspection of the 1 3C NMR resonance shifts within the carboxylic acid, acetate, methoxy 

and trifluoromethanesulfonamide functionalised families of norbornene monomers reveals a 

number of general trends, but it is clear that the N and X-regioisomers of the respective 

monomers behave very differently and consequently need to be discussed separately. 

6.2.3.1 l 3 C NMR Spectroscopic Investigations of the era-Regioisomers 

The observed shifts in the polymerisation rates for the X-carboxylic acid functionalised 

norbornene monomers upon methylene spacing of the functional group may be related to a 

shift in the C NMR resonance at C6, and possibly at C7, table 6.3; see numbering scheme 

in figure 6.4. The l 3 C NMR resonance shifts for C I , C2, C3, C4 and C5, show no clear 

relationships with the polymerisation activity that could be statistically verified, table 6.3. 

A 2 
(CH2)nFG 

Figure 6.4. Assignment of carbon atoms in NB(CH2) nFG, where FG = functional group. 

13 

The , J C NMR resonance for C6 shows an inverse correlation with the polymerisation activity 

of the monomer upon methylene spacing of the carboxylic acid functional group, table 6.3. 

This indicates that as the polymerisation activity increases, the C6 resonance shifts up-field, 

due to increased shielding from the electron withdrawing groups. 
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Table 6.3. 1 3C NMR for X-NB(CH 2 ) n C0 2 H and relationship to polymerisation activity (k p). 

n Relationship of 1 3C 

Carbon No. 0 1 2 signal to k p X 

1 41.90 42.26 42.08 Unclear 

2 138.21 136.66 136.92 Unclear 

3 136.05 136.66 136.66 Unclear 

4 46.83 45.27 45.39 Unclear 

5 44.99 35.10 35.50 Unclear 

6 46.56 46.52 46.33 Inverse 

7 30.62 32.73 33.06 Direct 

In opposition to the results for C6, the C NMR resonance for C7 shows a direct correlation 

with the polymerisation activity of the monomer, table 6.3. This indicates that as the 

polymerisation activity increases, the C7 resonance shifts down-field, due to decreased 

shielding from the electron withdrawing groups. 

The 1 3C NMR resonances for the vinyl, C2 and C3, do not follow a linear trend, when 

correlated against polymerisation activity of the monomer, table 6.3. This is surprising given 

the importance of these atoms during a polymerisation reaction. The C2 resonance shifts up-

field, when the first methylene spacer is introduced, but is relatively unaffected by further 

methylene spacing, table 6.3. This indicates an increased shielding to the electron 

withdrawing groups. While the C3 resonance unexpectedly shifts down-field, when the first 

methylene spacer is introduced, but is unaffected by further methylene spacing, table 6.3. 

This indicates a decreased shielding to the electron withdrawing groups. 

Table 6.4. 1 3C NMR for X-NB(CH 2) nOMe and relationship to polymerisation activity (k p). 

Carbon No. 
n Relationship of 1 3C 

signal to k p X Carbon No. 0 1 2 

Relationship of 1 3C 
signal to k p X 

1 46.07 41.79 46.66 Unclear 
2 140.08 136.89 136.97 Unclear 

3 133.31 136.86 136.49 Unclear 

4 46.1 43.93 42.18 Inverse 

5 56.99 39.11 36.59 Inverse 
6 40.55 45.3 45.46 Direct 

7 34.42 29.95 33.24 Unclear 
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The 1 3C NMR resonances for the vinyl, C2 and C3, of the -OMe (table 6.4), -OAc (table 6.5) 

and -TFS (table 6.6) families of X-functionalised norbornene monomers tend to follow the 

general trends described for the carboxylic acid monomer family. 

Table 6.5. 1 3C NMR for X-NB(CH2)„OAc and relationship to polymerisation activity (k p). 

Carbon No. 
n Relationship of l 3 C 

signal to k p X Carbon No. 0 1 2 

Relationship of l 3 C 
signal to k p X 

1 40.7 43.86 46.55 Direct 
2 141.14 137.09 136.82 Inverse 

3 132.71 136.39 136.61 Direct 

4 47.35 41.75 42.16 Unclear 

5 75.3 38.1 35.5 Inverse 
6 46.31 45.1 45.45 Unclear 

7 34.67 29.76 33.08 Unclear 

Table 6.6. 1 3C NMR for X-NB(CH2)nTFS and relationship to polymerisation activity (k p). 

Carbon No. 
n Relationship of 1 3C 

signal to k p X Carbon No. 1 2 3 

Relationship of 1 3C 
signal to k p X 

1 41.97 42.14 42.09 Unclear 
2 137.44 136.76 136.9 Unclear 

3 136.16 136.64 136.65 Unclear 

4 44.1 46.37 46.49 Direct 

5 39.83 35.81 38.44 Unclear 
6 45.11 49.81 45.4 Unclear 

7 30.9 32.9 33.17 Direct 

The apparent decrease or reversal in polarisation of the C2=C3 may have an effect on the 

monomers' polymerisation activity. William Tarn's publications divulge that there is 

generally more electron density at C3 than C2 within X-substituted norbornenes, when the 

norbornene substituent is electron withdrawing.3 This polarisation of the C=C would clearly 

affect the regiochemistry of the polymerisation insertion step, since we are essentially adding 

a highly polarised Pd+-H moiety across the C=C. With the Pd+ expected to favour the side of 

the C=C with the highest electron density. It is not apparent i f or why a decrease in the 

polarisation of the C2=C3 would cause an increase in polymerisation activity, although it has 

to be noted that norbornene has very high polymerisation activity but has no C^C 

polarisation, due to its symmetry. 
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The relationships between k p (X) and the 1 3C NMR resonances for other carbon sites within 

the monomers are inconsistent across the four families of monomers, shown in tables 6.3, 

6.4, 6.5 and 6.6, which makes logical conclusions impossible. 

These results cast doubts over our ability to use 1 3C NMR spectroscopy as a tool to predict 

the polymerisation activity of new X-functionalised monomers without running 

polymerisation kinetic experiments. 

6.2.3.2 l 3 C NMR Spectroscopic Investigations of the e/irfo-Regioisomers 

The observed shift in the polymerisation activity for the N-carboxylic acid functionalised 

norbornene monomers upon methylene spacing of the functional group may be related to a 

shift in the l 3 C NMR resonance at C I , C2 and C4, table 6.7; see numbering scheme in figure 

6.4. The l 3 C NMR resonance shifts for C3, C5, C6 and C7, show no clear relationships with 

the polymerisation activity that could be statistically verified. 

Table 6.7. I 3 C NMR for N-NB(CH 2 ) n C0 2 H and relationship to polymerisation activity (k p). 

Carbon No. 

n Relationship of l 3 C 

signal to k p N Carbon No. 0 1 2 

Relationship of l 3 C 

signal to k p N 

1 42.91 42.77 42.74 Inverse 

2 138.04 137.86 137.49 Inverse 

3 132.37 132.43 132.35 Unclear 

4 46.12 45.86 45.46 Inverse 

5 44.98 35.18 35.30 Unclear 

6 49.95 49.78 49.80 Unclear 

7 29.32 32.22 31.77 Unclear 

The shift from high to low polymerisation activity appears to be related to a shift from low to 

high l 3 C NMR resonance at C I , C2 and C4, table 6.7. To ascertain i f these results have any 

general meaning, they have been compared against the same carbon atoms in other electron-

withdrawing group, N-functionalised norbornene monomers. The relationships between 

polymerisation activity and l 3 C NMR resonances for the same carbon atoms, across different 
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families of monomers are inconsistent; see tables 6.8 and 6.9. This is similar to the 

relationships described for the X-regioisomers, in section 6.2.3.1, 

Table 6.8. 1 3C NMR for N-NB(CH2) nOAc and relationship to polymerisation activity (k p). 

Carbon No. 
n Relationship of 1 3C 

signal to k p N Carbon No. 0 1 2 

Relationship of 1 3C 
signal to k p N 

1 42.44 42.35 42.69 Unclear 
2 137.85 138.66 136.82 Unclear 

3 132.39 131.69 132.4 Unclear 

4 44.09 45.88 45.69 Unclear 

5 37.99 35.25 35.56 Unclear 
6 49.62 47.78 49.79 Unclear 

7 29.23 34.71 32.36 Unclear 

Table 6.9. I 3 C NMR for N-NB(CH 2) nTFS and relationship to polymerisation activity (k p). 

n Relationship of 1 3C 

Carbon No. 1 2 3 signal to k p N 

1 42.66 42.7 42.75 Direct 
2 138.72 138 137.68 Inverse 

3 131.63 131.99 132.19 Direct 

4 44.08 45.44 45.53 Direct 

5 39.7 35.77 38.52 Unclear 
6 49.81 49.81 49.81 No Variation 

7 30.06 32.16 32.48 Direct 

These results cast doubts over our ability to use C NMR spectroscopy as a tool to predict 

the polymerisation activity of new N-functionalised monomers without running 

polymerisation kinetic experiments. 

6.2.4 Molecular Modelling Studies of Carboxylic Acid Functionalised Norbornenes 

In order to gain further understanding of the functional group methylene spacing effect on the 

polymerisation rate of functionalised norbornene monomers, we investigated the molecular 

structures of a family of carboxylic acid functionalised norbornenes. 
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All theoretical calculations were performed on isolated molecules, using Kohn-Sham DFT 

with the B97-2 hybrid exchange-correlation energy functional.4 We have confirmed that 

qualitatively similar results are obtained with the widely used B3LYP DFT functional. Al l 

calculations were performed using the cc-pVTZ basis set.5 Molecular structures were 

optimised and analytic harmonic vibrational frequencies were calculated in order to confirm 

that the located stationary points are minima on the potential energy surface.6 All 

calculations were performed using the Gaussian 03 program.7 The bond angles, bond lengths 

and Mulliken atomic charges for the molecules were extracted from the molecular models 

using the Jmol modeling package. The data obtained from Jmol was plotted against the 

polymerisation activity data obtained in previous chapters, and, relationships between the 

data sets highlighted. 

An inspection of the relationships between polymerisation activity and bond lengths, bond 

angles and Mulliken atomic charges showed that the N and X-regioisomers of the monomers 

behave very differently and consequently need to be discussed separately. 

6.2.4.1 Molecular Modelling of exro-Carboxylic Acid Functionalised Norbornenes 

It is clear that the sp2 C2 and C3 atoms play the most significant role in a coordination-

insertion polymerisation mechanism, as discussed in detail in section 6.2.1. It is surprising 

then, that the C2=C3 bond length does not change during the methylene spacing of the highly 

electron withdrawing carboxylic acid group, table 6.10. This detail was also replicated for 

the N-functionalised monomers, discussed in the following section. 

H 

. ( C H 2 ) n C 0 2 H 

H 

Figure 6.5. Atom numbering scheme for X-NB(CH2) nC02H 
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The effects of methylene spacing upon the norbornene structure are clearly much more subtle 

than initially hypothesised; this is in agreement with the complicated 1 3C NMR data already 

discussed. To aid the elucidation of trends during the methylene spacing of the carboxylic 

acid functional group, the atomic distance and bond angle data for X-NB-Et are included in 

the tables. This monomer can effectively be considered as having the number of methylene 

spacers, n, between norbornene and the electron withdrawing carboxylic acid group, where 

the functional group behaves electronically like a simple alkyl functionality. 

Table 6.10. Atomic distances (A) for X-NB(CH 2 ) n C0 2 H, X-NB-Et and relationships to k p 

Carbon No. 

n X-NB-Et Relationship of atomic 

distances to k p X Carbon No. 0 1 2 

X-NB-Et Relationship of atomic 

distances to k p X 

C1-C2 1.512 1.514 1.514 1.514 Unclear 

C2-C3 1.333 1.333 1.333 1.333 No Variation 

C3-C4 1.512 1.513 1.513 1.513 Unclear 

C4-C5 1.580 1.564 1.565 1.565 Unclear 

C5-C6 1.550 1.554 1.554 1.554 Unclear 

C1-C6 1.557 1.555 1.556 1.555 Unclear 

C4-C7 1.535 1.537 1.536 1.537 Unclear 

C1-C7 1.535 1.536 1.535 1.535 No Variation 

C2-C6 2.461 2.458 2.460 2.459 Unclear 

C3-C5 2.442 2.449 2.453 2.455 Direct 

C1-C4 2.239 2.239 2.238 2.238 Inverse 

C7-C2 2.340 2.339 2.339 2.339 Unclear 

C7-C3 2.341 2.338 2.338 2.238 Unclear 

There are a small number of bond and atomic distance changes throughout the norbornene 

structure upon the methylene spacing of the carboxylic acid functionality, although none 

show any significant relationship with the polymerisation activity, table 6.10. The C4-C5 

bond decreases in length by 0.015 A and the C5-C6 bond increases in length by 0.004 A, 

upon the first methylene spacer being introduced into the X-monomers structure, although no 

significant change occurs for either bond upon the addition of the second methylene spacer, 

table 6.10. This suggests that the changing bond lengths are a result of the steric changes 

around C5 when the carboxylic acid group is no longer directly bound to C5. It is difficult to 
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rationalise i f this would cause the polymerisation activity of the monomer to change. 

The atomic distance between C3 and C5 is shown to have a direct relationship with the 
polymerisation activity; atomic distance increases as polymerisation activity increases. The 
atomic distance between C3 and C5 increases during the first (0.007 A) and second (0.004 A) 
methylene spacing, furthermore the X-NB-Et monomer shows an additional (0.002 A) 
increase, table 6.10. This particular changing of structure is also displayed by a bond angle 
change, table 6.11. The C3-C4-C5 bond angle is shown to have a direct relationship with the 
polymerisation activity; bond angle increases as polymerisation activity increases. The bond 
angle between C3-C4-C5 increases upon the first (1.2°) and second (0.1°) methylene spacer 
being introduced into the monomer, furthermore the X-NB-Et monomer shows an additional 
(0.2°) increase. High polymerisation activity results also tend to be associated with high 
bond angle results for C5-C6-C1. 

The C4-C5-C6 bond angle is shown to have an inverse relationship with the polymerisation 

activity; bond angle decreases as polymerisation activity increases. The bond angle between 

C4-C5-C6 decreases upon the first (0.1°) and second (0.2°) methylene spacer being 

introduced into the monomer. High polymerisation activity results also tend to be associated 

with low bond angle results for angle C7-C1-C6. 
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Table 6.11. Angles (degrees) for X-NB(CH 2 ) n C0 2 H, X-NB-Et and relationships to k p 

Carbon No. 

n X-NB-Et Relationship of 

angles to k p X Carbon No. 0 1 2 

X-NB-Et Relationship of 

angles to k p X 

3,4,7 100.4 100.1 100.1 100.0 Unclear 

7,4,5 101.4 101.5 101.5 101.5 Unclear 

2,1,7 100.3 100.1 100.2 100.2 Unclear 

7,1,6 100.3 100.3 100.1 100.2 Inverse 

2,1,6 106.6 106.4 106.6 106.5 Unclear 

1,7,4 93.7 93.5 93.5 93.5 Unclear 

1,2,3 107.5 107.4 107.4 107.4 Unclear 

2,3,4 107.4 107.4 107.4 107.4 No Variation 

4,5,6 102.1 102.0 101.8 101.8 Inverse 

5,6,1 103.2 103.4 103.5 103.5 Direct 

3,4,5 104.3 105.5 105.6 105.8 Direct 

H-C2 to C2-C1 186.6 186.7 186.5 - Unclear 

H-C3 to C3-C4 186.9 187.1 186.8 - Unclear 

It is interesting to note that the bond angles C1-C2-C3 and C2-C3-C4 do not change during 

the introduction of methylene spacers, table 6.11. This finding adds weight to the idea that 

the C2=C3 is structurally unaffected by the methylene spacing of the carboxylic acid group. 

The bond angles for C2-C1-C7 and C2-C1-C6 do not change significantly during the 

methylene spacing. 

The endo deformability effect, considers that the exo face of norbornene is more reactive than 

the endo face because the olefin part of isolated norbornene is already non-planar with its 

hydrogen atoms bent to the endo face. Further bending to reach the transition state for the 

exo-insertion reaction requires less energy than for the era/o-insertion reaction, where 

bending all the way back to the exo side is required.8 The olefin carbon atoms are pyramidal, 

with the hydrogen atoms bent toward the endo face. We define the pyramidalisation or 

bending angle as the dihedral angle between H-C2 and C2-C1 (and also between H-C3 and 

C3-C4) with respect to the C2-C3 axis, figure 6.5. It was thought that this endo 

deformability maybe responsible for the observed polymerisation rate changes during 

functional group methylene spacing. The results in table 6.11 show there to be no clear 

206 



correlation between polymerisation activity and the endo-deformity, making this hypothesis 

unlikely. 

The main structural changes within the X-norbornene monomers, measured using the atomic 

distances, bond lengths and bond angles described, all involve the C3, C4, C5 and perhaps 

C6, atoms. It appears from the data that all the other structural changes are simply a reaction 

to the changes occurring at these key atom locations. These key changes could possibly be 

localised even further, to the C5 and C4 atoms. This is not surprising given that these carbon 

atoms are the shortest link between the C=C and the electron withdrawing substituent, 

meaning they are the most heavily affected atom locations when the functional group is 

methylene spaced away from the norbornene structure. 

The Mulliken atomic charges show a number of interesting trends during the methylene 

spacing of the carboxylic acid functional group, table 6.12. There is an increase in negative 

charge (electron density) associated with C2 and C3 as the methylene spacing increases and 

the polymerisation activity increases. This is suggesting that as the C2=C3 bond becomes 

more electron rich; it causes the monomers' polymerisation activity to increase. This idea is 

in full agreement with the coordination-insertion polymerisation mechanism discussed in 

detail in section 6.2.1. It is also notable that there is always more negative charge associated 

with C3 than C2, which is in ful l agreement with William Tarn's publications. 

Table 6.12. Mulliken atomic charges (e) for X-NB(CH2)nC02H and relationship to k p 

n Relationship of 

Carbon No. 0 1 2 input to k p X 

1 -0.103751 -0.100856 -0.100323 Direct 

2 -0.149236 -0.151925 -0.156038 Inverse 

3 -0.17608 -0.176618 -0.177934 Inverse 

4 -0.065775 -0.058572 -0.054955 Direct 

5 -0.159246 -0.131615 -0.149293 Unclear 

6 -0.087638 -0.069471 -0.088276 Unclear 

7 -0.098513 -0.102857 -0.100993 Unclear 
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There is also a significant relationship between the electron density at CI and C4 and 

polymerisation activity, with less electron density resulting in an increased polymerisation 

activity. The electron density associated with the C5, C6 and C7 atoms, appears to oscillate 

with each additional methylene spacer, but this trend can only be verified upon further results 

using additional spacers. 

6.2.4.2 Molecular Modelling of e/u/o-Carboxylic Acid Functionalised Norbornenes 

The C2=C3 bond length does not change during the methylene spacing of the highly electron 

withdrawing carboxylic acid group, table 6.13. This detail is also replicated for the X-

functionalised monomers. 

H 

H 

( C H 2 ) n C 0 2 H 

Figure 6.6. Atom numbering scheme for N-NB(CH2)nC02H 

The effects of methylene spacing upon the structure of N-functionalised norbornenes are 

shown to be different in a number of ways from effects described in section 6.2.4.1, for their 

X-analogues. 
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Table 6.13. Atomic distances (A) for N-NB(CH2)nC02H and relationship to k p 

n Relationship of 

Carbon No. 0 1 2 input to k p N 

C1-C2 1.511 1.513 1.512 Unclear 

C2-C3 1.332 1.333 1.333 Unclear 

C3-C4 1.513 1.513 1.513 No Variation 

C4-C5 1.561 1.564 1.566 Direct 

C5-C6 1.561 1.554 1.554 Unclear 

C1-C6 1.558 1.556 1.556 Unclear 

C4-C7 1.539 1.536 1.536 Unclear 

C1-C7 1.536 1.537 1.536 Unclear 

C2-C6 2.450 2.450 2.449 Inverse 

C3-C5 2.505 2.483 2.483 Unclear 

C1-C4 2.242 2.243 2.241 Inverse 

C7-C2 2.335 2.338 2.338 Unclear 

C7-C3 2.339 2.338 2.340 Direct 

There are a number of bond and atomic distance changes in the N-functionalised norbornene 

structure upon the methylene spacing of the carboxylic acid functional group, table 6.13. 

The C4-C5 and C7-C3 bond lengths show a direct relationship with the polymerisation 

activity; bond length increases as polymerisation activity increases. The C4-C5 bond length 

increases during the first (0.003 A) and second (0.002 A) methylene spacing. This is the 

opposite structural change shown by the C4-C5 bond in the X-regioisomer discussed in 

section 6.2.4.1. The C1-C4 and C2-C6 bond lengths show a inverse relationship with the 

polymerisation activity; bond length increases as polymerisation activity increases. 

When the first methylene spacer is introduced into the N-monomers structure: C5-C6 bond 

length increases by 0.003 A; C1-C6 bond length decreases by 0.002 A and the C4-C7 bond 

length decreases by 0.003 A. Although no change in bond length occurs for the C5-C6, C l -

C6, C4-C7 bonds, upon the addition of the second methylene spacer. The bond length 

changes described for the C5-C6 and C1-C6 bonds are similar to those observed for the 

corresponding X-regioisomers discussed in the section 6.2.4.1. This suggests that the 

changing bond lengths are a result of the sterics changing around C5 when the carboxylic 

209 



acid group is no longer directly bound to C5. It is difficult to rationalise i f this would cause 

the polymerisation activity of the monomer to change. 

This particular changing of structure is also displayed by a bond angle change, table 6.14. 

The C3-C4-C5 bond angle is shown to have an inverse relationship with the polymerisation 

activity; bond angle decreases as polymerisation activity increases. The bond angle between 

C3-C4-C5 increases upon the first (1.5°) and second (0.1°) methylene spacer being 

introduced into the monomer. This is the opposite structural change shown by the C3-C4-C5 

bond angle in the X-regioisomer discussed in section 6.2.4.1. 

The C4-C5-C6 and C2-C3-C4 bond angles are also shown to have inverse relationships with 

the polymerisation activity; bond angle decreases as polymerisation activity increases. The 

bond angle between C4-C5-C6 decreases upon the first (0.3°) and second (0.2°) methylene 

spacer being introduced into the monomer, which is similar to the structural change shown 

by the X-regioisomer discussed in section 6.2.4.1. The bond angle between C2-C3-C4 

decreases upon the first (0.1°) and second (0.1°) methylene spacer being introduced into the 

monomer, which is different to the results for the X-regioisomers, where no change was 

observed. A high polymerisation activity result is associated with a low bond angle result 

when n = 2, for angle C7-C1-C6. 
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Table 6.14. Angles (degree) for N-NB(CH2)nC02H and relationship to k p 

Angles 

n Relationship of 

input to k p N Angles 0 1 2 

Relationship of 

input to k p N 

3,4,7 100.1 100.1 100.2 Direct 

7,4,5 98.4 99.6 99.8 Direct 

2,1,7 100.1 100.1 100.1 No Variation 

7,1,6 101.2 100.5 100.5 Unclear 

2,1,6 105.9 105.9 105.9 No Variation 

1,7,4 93.6 93.7 93.7 Unclear 

1,2,3 107.4 107.5 107.5 Unclear 

2,3,4 107.6 107.5 107.4 Inverse 

4,5,6 102.6 102.3 102.1 Inverse 

5,6,1 102.4 103.2 103.3 Direct 

3,4,5 109.1 107.6 107.5 Inverse 

H-C2 to C2-C1 187.3 186.3 186.7 Unclear 

H-C3 to C3-C4 186.1 185.5 186.1 Unclear 

The C7-C4-C5 and C5-C6-C1 bond angles are shown to have direct relationships with the 

polymerisation activity; bond angle increases as polymerisation activity increases. The bond 

angle for C7-C4-C5 increases upon the first (1.2°) and second (0.2°) methylene spacer being 

introduced into the monomer. The bond angle for C5-C6-C1 increases upon the first (0.8°) 

and second (0.1 °) methylene spacer being introduced into the monomer. 

The bond angles for C1-C2-C3, C2-C1-C7 and C2-C1-C6 are the same for n = 0, 1, and 2; 

this is similar to the results for the X-regioisomers. 

The results in table 6.14 show there to be no clear correlation between polymerisation 

activity and the era/o-deformity, which is in agreement with the results for the X-

functionalised norbornenes. 

There are a large number of significant structural changes within the N-functionalised 

norbornene monomers, measured using the atomic distances, bond lengths and bond angles 

described; all involve the C3, C4, C5, C6 and C7 atoms. Although many of the structural 

211 



changes differ from those occurring in the analogous X-regioisomers, these key structural 

changes could again possibly be localised to the C3, C4 and C5 atoms. 

The Mulliken atomic charges do not show many clear relationships with the polymerisation 

activity during the methylene spacing of the carboxylic acid functional group, table 6.15. 

There is a decrease in electron density associated with C2 and an increase in electron density 

at C3 as the methylene spacing increases and the polymerisation activity increases. This 

result is different from the X-regioisomer described in the previous section, where electron 

density increased for both C2 and C3. 

Table 6.15. Mulliken atomic charges (e) for N-NB(CH2)nCC>2H and relationship to k p 

n Relationship of 

Carbon No. 0 1 2 input to k p N 

1 -0.100155 -0.099774 -0.100229 Unclear 

2 -0.159932 -0.150621 -0.14744 Inverse 

3 -0.147846 -0.194163 -0.179728 Unclear 

4 -0.075224 -0.068864 -0.090541 Direct 

5 -0.150289 -0.131455 -0.138584 Unclear 

6 -0.071122 -0.079279 -0.082478 Direct 

7 -0.10154 -0.094705 -0.092451 Inverse 

There is also a significant relationship between polymerisation activity and the electron 

density at C6, C7 and C4. The C6 and C4 negative electron densities are shown to have 

direct relationships with the polymerisation activity; electron density increases as 

polymerisation activity increases. The C7 negative electron densities are shown to have 

inverse relationships with the polymerisation activity; electron density decreases as 

polymerisation activity increases. The electron density associated with the C I , C3, C4 and 

C5 atoms, appears to oscillate with each additional methylene spacers, but this trend can only 

be verified upon further results using additional spacers. 
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6.3 Conclusions 

C NMR spectroscopy shifts are used to attempt to rationalise the effects of introducing 

methylene spacers between norbornene and its functional group. The key bicyclic carbons 

within the monomer structures displayed no regular or consistent trends in l 3 C NMR signal 

shifts, upon the methylene spacing of the -CO2TMS, -OMe, -NHSO2CF3 and -OAc 

functionalities. This suggests that a norbornene monomers polymerisation activity cannot be 

predicted solely on the basis on its 1 3C NMR signals. 

Theoretical calculations are performed on isolated molecules of endo- and exo-NB-

(CH2)nC02H, where n = 0, 1 and 2, using the Gaussian 03 program, to rationalise the effects 

of introducing methylene spacers between norbornene and its functional group. The 

relationships between polymerisation activity and bond lengths, bond angles and Mulliken 

atomic charges are examined. Although the relationships shown for the exo-regioisomers 

differ from those occurring in the analogous era/o-regioisomers, the main structural changes 

for both regioisomers involve the C3, C4, C5 and perhaps C6, atoms, which is not surprising 

given that these carbon atoms are nearest the electron withdrawing substituent. The results 

obtained suggest that although the structure of the norbornene monomers are changing 

slightly during the methylene spacing of the electron withdrawing functional groups, the 

changes observed cannot be used to justify the monomers changes in polymerisation activity. 

This suggests that a norbornene monomers polymerisation activity cannot be predicted solely 

on the analysis of its theoretical molecular structure. 

The future work should look more deeply into the theoretical calculations, including the 

cationic palladium catalyst in the calculations. The calculations need to particularly focus on 

the ground and transition states for the coordination and insertion of the norbornene 

monomers into the palladium alkyl bond. These ideas are justified in more detail in the 

polymerisation mechanism section 6.2.1. 

213 



6.4 References 

1 Kim, K. H.; Han, Y. - K . ; Lee, S. U.; Chun, S. - H . ; Ok, J. H. J. Mol Model 2003, 9, 304 -

307. 

Greenwood, N . N.; Earnshaw, A. Chemistry of the Elements - Second Edition. 
3 Mayo, P.; Orlova, G.; Goddard, J. D.; Tarn, W. J. Org. Chem. 2001, 66, 5182 - 5191. 
4 Bradley, T. W.; Wilson, P. J.; Tozer, D. J. J. Chem. Phys. 2001,115, 9233 - 9242. 
5 Dunning, T. H. J. Chem Phys. 1971, 55, 716 - 723. 
6 Dunning, T. H. J. Chem. Phys. 1989, 90, 1007. 
7 Gaussian 03, Revision C.02, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; 

Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A.; Vreven, Jr., T.; Kudin, K. N. ; Burant, J. 

C ; Millam, J. M. ; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M. ; Scalmani, 

G.; Rega, N. ; Petersson, G. A.; Nakatsuji, H.; Hada, M. ; Ehara, M. ; Toyota, K.; Fukuda, R.; 

Hasegawa, J.; Ishida, M. ; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; L i , X.; 

Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C ; Jaramillo, J.; Gomperts, 

R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C ; Ochterski, J. W.; 

Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. 

G.; Dapprich, S.; Daniels, A. D.; Strain, M. C; Farkas, O.; Malick, D. K.; Rabuck, A. D.; 

Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; 

Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I . ; Martin, R. 

L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, C. Y.; Challacombe, 

M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C; and Pople, J. A. 

Gaussian, Inc., Wallingford CT, 2004. 
8 Koga, N.; Ozawa, T.; Morokuma, K. J. Phys. Org. Chem, 1990, 3, 519 - 533. 

214 



Appendix 

Data for the crystal structure of X-TD-OAc 

Table I . Crystal data and structure refinement 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

0 range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Reflections with I>2a(I) 

Completeness to 9 = 28.99° 

Absorption correction 

Refinement method 

Data / restraints / parameters 

Largest final shifi/e.s.d. ratio 

Goodness-of-fit on F 2 

Final R indices [I>2CT(I)] 

R indices (all data) 

Largest dilT. peak and hole 

-TD-OAc. 

C14H1802 

218.28 

120(2) K 

0.71073 A 

Triclinic 

P T (no. 2) 

a = 6.1273(7) A a= 104.72(1)° 

6 = 8.6586(11) A P= 91.12(1)° 

c= 11.1099(14) A y = 93.72(1)° 

568.5(1) A 3 

2 

1.275 g/cm3 

0.083 mm-' 

236 

0.3 x 0.2 x 0.1 mm3 

2.7 to 29.0°. 

-8< h< 8,-11 < k< 11,-15< / < 15 

6553 

2994 [R(int) = 0.0229] 

2437 

99.2 % 

None 

Full-matrix least-squares on F 2 

2994 /0/217 

0.000 

1.038 

R l = 0.0426, wR2= 0.1092 

R l = 0.0517, wR2 =0.1143 

0.391 and-0.209 e.A 3 

forX 



Table II. Atomic coordinates (x 105) and equivalent isotropic displacement parameters (A 2 x 10*) 

for X-TD-OAc . U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

x y z U(eq) 

O(l) 60718(12) 24640(9) 20189(7) 185(2) 

0(2) 69830(15) 15900(10) 222(8) 289(2) 

C(l) 9350(20) 75921(14) 44975(12) 250(3) 

C(2) 30300(20) 79228(13) 48617(11) 231(3) 

C(3) 42663(18) 82171(13) 37620(10) 181(2) 

C(4) 7159(18) 76461(13) 31497(11) 214(2) 

C(5) 43125(16) 66140(12) 27218(10) 154(2) 

C(6) 18506(17) 62266(13) 22843(11) 185(2) 

C(7) 24918(19) 90083(13) 31686(11) 202(2) 

C(8) 14376(18) 44778(13) 23548(12) 218(2) 

C(9) 49733(17) 50639(12) 30264(10) 156(2) 

C(10) 51343(18) 38572(13) 17620(10) 171(2) 

C ( l l ) 27122(19) 34659(14) 12826(11) 233(3) 

C(12) 28663(18) 43484(13) 34759(11) 203(2) 

C(13) 69736(16) 14400(12) 10722(10) 177(2) 

C(14) 79270(20) 1167(15) 15045(12) 229(3) 



Table III. Bond lengths [A] and angles [°] for X-TD-OAc. 

0(1 

0(1 

0(2 

C(l 

C(l 

C(l 

C(2 

C(2 

C(3 

C(3 

C(3 

C(4 

C(4 

C(4 

C(5 

C(5 

C(5 

C(6; 

C(6 

C(l 

C(2 

C(2 

C(4 

C(l 

C(l 

C(3 

C(2 

C(2 

C(7 

C(2 

C(7 

C(5 

C(l 

C(l 

-C(13) 

-C(IO) 

-C(13) 

-C(2) 

-C(4) 

-H(l) 

-C(3) 

-H(2) 

-C(7) 

-C(5) 

-H(3) 

-C(7) 

-C(6) 

-H(4) 

-C(9) 

-C(6) 

-H(5) 

-C(8) 

-H(6) 

)-O(l)-C(10) 

-C(l)-C(4) 

-C(l)-H(l) 

-C(l)-H(l) 

-C(2)-C(3) 

-C(2)-H(2) 

-C(2)-H(2) 

-C(3)-C<7) 

C(3)-C(5) 

-C(3)-C(5) 

C(3)-H(3) 

-C(3)-H(3) 

C(3)-H(3) 

C(4)-C(7) 

C(4)-C(6) 

1.3453(12) 

1.4578(12) 

1.2062(13) 

1.3294(18) 

1.5135(17) 

0.936(15) 

1.5168(16) 

0.964(15) 

1.5441(16) 

1.5665(15) 

0.971(13) 

1.5478(16) 

1.5668(15) 

1.001(13) 

1.5414(14) 

1.5644(14) 

0.989(13) 

1.5409(16) 

1.000(14) 

117.77(8) 

108.05(10) 

126.6(9) 

125.0(9) 

107.40(10) 

126.2(8) 

126.1(8) 

99.34(9) 

109.91(9) 

98.91(8) 

115.4(8) 

117.3(8) 

113.9(8) 

98.97(9) 

110.68(9) 

C(7)-H(71) 

C(7)-H(72) 

C(8)-C(12) 

C(8)-C(ll) 

C(8)-H(8) 

C(9)-C(10) 

C(9)-C(12) 

C(9)-H(9) 

C(10)-C(ll) 

C(10)-H(10) 

C( l l ) -H( l l l ) 

C(ll)-H(112) 

C(12)-H(121) 

C(12)-H(122) 

C(13)-C(14) 

C(14)-H(141) 

C(14)-H(142) 

C(14)-H(143) 

C(7)-C(4)-C(6) 

C(l)-C(4)-H(4) 

C(7)-C(4)-H(4) 

C(6)-C(4)-H(4) 

C(9)-C(5)-C(6) 

C(9)-C(5)-C(3) 

C(6)-C(5)-C(3) 

C(9)-C(5)-H(5) 

C(6)-C(5)-H(5) 

C(3)-C(5)-H(5) 

C(8)-C(6)-C(5) 

C(8)-C(6)-C(4) 

C(5)-C(6)-C(4) 

C(8)-C(6)-H(6) 

C(5)-C(6)-H(6) 

0.972(14) 

1.011(14) 

1.5398(17) 

1.5464(16) 

0.970(14) 

1.5322(15) 

1.5423(15) 

0.974(13) 

1.5534(15) 

0.993(13) 

0.946(14) 

1.032(15) 

1.001(13) 

0.989(13) 

1.4967(15) 

0.966(14) 

0.959(16) 

0.990(18) 

98.65(8) 

115.4(8) 

118.0(8) 

113.2(8) 

103.69(8) 

121.36(9) 

102.87(8) 

109.0(8) 

111.8(7) 

107.8(8) 

102.40(8) 

122.77(9) 

102.48(8) 

109.7(8) 

112.0(8) 



C(4)-C(6)-H(6) 107.2(8) 

C(3)-C(7)-C(4) 93.50(8) 

C(3)-C(7)-H(71) 114.5(8) 

C(4)-C(7)-H(71) 112.1(9) 

C(3)-C(7)-H(72) 113.4(7) 

C(4)-C(7)-H(72) 111.8(7) 

H(71)-C(7)-H(72) 110.6(11) 

C(12)-C(8)-C(6) 105.05(9) 

C(12)-C(8)-C(ll) 99.71(9) 

C(6)-C(8)-C(l 1) 105.83(10) 

C(12)-C(8)-H(8) 117.5(8) 

C(6)-C(8)-H(8) 115.3(8) 

C(1l)-C(8)-H(8) 111.8(8) 

C(10)-C(9)-C(5) 105.32(8) 

C(10)-C(9)-C(12) 99.50(8) 

C(5)-C(9)-C(12) 104.86(8) 

C(10)-C(9)-H(9) 113.9(8) 

C(5)-C(9)-H(9) 114.8(8) 

C(12)-C(9)-H(9) 116.8(8) 

O(l)-C(10)-C(9) 106.20(8) 

O(l)-C(10)-C(ll) 111.33(9) 

C(9)-C(10)-C(ll) 103.49(8) 

O(l)-C(10)-H(10) 106.7(8) 

C(9)-C(10)-H(10) 115.0(8) 

C(ll)-C(10)-H(10) 114.0(8) 

C(8)-C(ll)-C(10) 103.05(9) 

C(8)-C(ll)-H(ll l) 110.6(8) 

C(10)-C(ll)-H(lll) 109.6(8) 

C(8)-C(ll)-H(112) 114.9(8) 

C(10)-C(ll)-H(112) 111.3(8) 

11(111)-C(11)-H(112) 107.3(11) 

C(8)-C(12)-C(9) 94.34(8) 

C(8)-C(12)-H(121) 111.8(8) 

C(9)-C(12)-H(121) 112.4(7) 

C(8)-C(12)-H(122) 114.2(8) 

C(9)-C(12)-H(122) 114.8(8) 

H(121)-C(12)-H(122) 108.8(11) 

0(2)-C(13)-O(l) 123.48(10) 

0(2)-C(13)-C(14) 125.66(10) 

0(1)-C(13)-C(14) 110.86(9) 

C(13)-C(14)-H(141) 111.2(8) 

C(13)-C(14)-H(142) 110.1(10) 

H(141)-C(14)-H(142) 112.4(13) 

C(13)-C(14)-H(143) 110.1(10) 

H(141)-C(14)-H(143) 106.6(13) 

H(142)-C(14)-H(143) 106.2(13) 



Table IV. Anisotropic displacement parameters (A 2 * 104) for X-TD-OAc . The anisotropic 

displacement factor exponent takes the form: -2x2[ h2 a*\lu + ... + 2 h k a* b* U i 2 ] 

U„ U 3 3 U 2 3 U 1 3 U 1 2 

O(l) 229(4) 161(4) 171(4) 42(3) 36(3) 59(3) 

0(2) 422(5) 280(5) 181(4) 63(3) 63(4) 122(4) 

C(l) 306(6) 185(5) 274(6) 65(5) 145(5) 68(5) 

C(2) 371(7) 168(5) 154(5) 24(4) 47(5) 85(5) 

C(3) 193(5) 150(5) 189(5) 24(4) 3(4) 11(4) 

C(4) 174(5) 187(5) 282(6) 54(5) 16(4) 40(4) 

C(5) 155(5) 152(5) 156(5) 41(4) 22(4) 12(4) 

C(6) 169(5) 184(5) 193(5) 32(4) -14(4) 20(4) 

C(7) 237(5) 166(5) 215(6) 64(4) 38(4) 43(4) 

C(8) 139(5) 181(5) 315(6) 32(5) 4(4) -10(4) 

C(9) 158(5) 163(5) 144(5) 32(4) 0(4) 15(4) 

C(10) 202(5) 152(5) 166(5) 45(4) 20(4) 42(4) 

C ( l l ) 234(6) 189(6) 243(6) -2(5) -59(5) 20(4) 

C(12) 235(6) 162(5) 228(6) 74(4) 72(4) 23(4) 

C(13) 168(5) 177(5) 171(5) 17(4) 15(4) 8(4) 

C(14) 263(6) 209(6) 221(6) 51(5) 27(5) 73(5) 



Table V. Hydrogen coordinates (* 103) and isotropic displacement parameters (A2 * 103) for X-'ID-OAc. 

X y z U(iso) 

H(l) -19(2) 726(2) 495(1) 37(4) 

H(2) 367(2) 786(2) 565(1) 34(4) 

H(3) 569(2) 881(2) 397(1) 23(3) 

H(4) -80(2) 776(2) 285(1) 24(3) 

H(5) 523(2) 683(2) 205(1) 21(3) 

H(6) 160(2) 629(2) 141(1) 24(3) 

H(71) 280(2) 911(2) 234(1) 32(4) 

H(72) 210(2) 1007(2) 372(1) 23(3) 

H(8) -9(2) 409(2) 232(1) 29(4) 

H(9) 628(2) 519(2) 357(1) 21(3) 

H(10) 611(2) 423(2) 117(1) 23(3) 

H(H1) 233(2) 236(2) 117(1) 26(4) 

H(112) 247(2) 371(2) 43(1) 32(4) 

H(121) 298(2) 321(2) 350(1) 23(3) 

H(122) 238(2) 496(2) 429(1) 22(3) 

H(141) 915(2) -29(2) 101(1) 32(4) 

H(142) 832(3) 47(2) 238(2) 46(5) 

H(143) 682(3) -80(2) 141(2) 49(5) 



Data for the crystal structure of N-NB-C0 2 H 

Table V I . Crystal data and structure refinement for (N-NB-C0 2H). 

Empirical formula C8 H10 02 

Formula weight 138.16 

Temperature 120(2) K 

Wavelength 0.71073 A 

Crystal system Triclinic 

Space group P i (no. 2) 

Unit cell dimensions 0 = 6.1306(6) A ot= 92.39(1)° 

b= 10.172(1) A P= 96.72(1)° 

c = 17.585(2) A y = 100.08(1)° 

Volume 1070.1(2) A 3 

Z 6 

Density (calculated) 1.286 g/cm3 

Absorption coefficient 0.092 mm-' 

F(000) 444 

Crystal size 0.4 x 0.3 x 0.2 mm 3 

0 range for data collection 2.28 to 29.00°. 

Index ranges -8< h< 8,-13< k< 13,-23 < / < 23 

Reflections collected 12071 

Independent reflections 5650 [R(int) =0.0413] 

Reflections with I>2CT(I) 4580 

Completeness to 0 = 29.00° 99.3 % 

Absorption correction None 

Refinement method Full-matrix least-squares on F 2 

Data / restraints / parameters 5650/0/391 

Largest final shift/e.s.d. ratio 0.003 

Goodness-of-fit on F 2 1.064 

Final R indices [I>2CT(Q] R l = 0.0523, wR2 =0.1473 

R indices (all data) Rl = 0.0616, wR2= 0.1537 

Largest diff. peak and hole 0.589 and-0.251 e.A3 



Table VII . Atomic coordinates ( x 105) and equivalent isotropic displacement parameters (A2 x 104) 

for (N-NB-C0 2H). U(eq) is defined as one third of the trace of the orthogonalized U t j tensor. 

X y z U(eq) 

O(l) 31060(20) 69812(10) 23917(6) 367(3) 

0(2) 28354(18) 90554(10) 20793(6) 314(2) 

0(3) 59116(19) 92439(10) 11258(6) 319(2) 

0(4) 62116(17) 71726(9) 14457(5) 289(2) 

0(5) 50230(20) 33162(10) 46000(6) 370(3) 

0(6) 50952(19) 52963(10) 41039(6) 332(2) 

CO) 22940(20) 99118(14) 41899(8) 290(3) 

C(2) 31900(20) 88332(15) 40922(8) 308(3) 

C(3) 13290(20) 76724(14) 37982(7) 254(3) 

C(4) 4620(20) 79726(13) 29594(7) 243(3) 

C(5) -5390(20) 92478(15) 30799(8) 292(3) 

C(6) -2150(20) 95069(14) 39654(8) 271(3) 

C(7) -5670(30) 80688(14) 42133(9) 312(3) 

C(8) 22400(20) 80786(13) 24351(7) 234(3) 

C ( l l ) 66060(30) 61532(16) -5764(8) 360(4) 

C(12) 56780(20) 72337(17) -5041(8) 334(3) 

C(13) 75430(20) 84210(14) -2926(8) 260(3) 

C(14) 85420(20) 82416(12) 5495(7) 224(3) 

C(15) 96200(20) 69914(14) 4634(8) 281(3) 

C(16) 91180(20) 66028(13) -4122(8) 276(3) 

C(17) 93490(20) 79924(14) -7360(8) 281(3) 

C(18) 67950(20) 81495(12) 10862(7) 216(3) 

C(21) 95800(20) 40561(15) 29472(9) 298(3) 

C(22) 90980(20) 32665(15) 35145(8) 281(3) 

C(23) 68280(20) 24091(13) 32672(8) 257(3) 

C(24) 50940(20) 33707(13) 32622(7) 223(3) 

C(25) 56730(20) 42841(14) 26078(7) 242(3) 

C(26) 76500(20) 37356(14) 23114(8) 265(3) 

C(27) 68930(30) 22209(14) 23977(8) 288(3) 

C(28) 51090(20) 40999(12) 40232(7) 217(3) 



Table VIII . Bond lengths [A] and angles [°] for (N-NB-C0 2H). 

0(1)-C(8) 1.3203(15) C(13)-C(17) 1.5384(18) 

O(l)-H(01) 0.89(2) C(13)-C(14) 1.5654(18) 

0(2)-C(8) 1.2208(16) C(13)-H(13) 0.988(17) 

0(3)-C(18) 1.3232(15) C(14)-C(18) 1.5016(18) 

O(3)-H(02) 0.88(2) C(14)-C(15) 1.5424(17) 

0(4)-C(18) 1.2229(15) C(14)-H(14) 0.954(17) 

0(5)-C(28) 1.3162(15) C(15)-C(16) 1.5549(19) 

O(5)-H(05) 0.92(3) C(15)-H(15A) 0.998(18) 

0(6)-C(28) 1.2209(15) C(15)-H(15B) 0.970(17) 

C(l)-C(2) 1.324(2) C(16)-C(17) 1.5357(19) 

C(l)-C(6) 1.521(2) C(16)-H(16) 0.967(18) 

C(l)-H(l) 1.006(19) C(17)-H(17A) 0.966(19) 

C(2)-C(3) 1.517(2) C(17)-H(17B) 0.961(18) 

C(2)-H(2) 1.05(2) C(21)-C(22) 1.334(2) 

C(3)-C(7) 1.5446(19) C(21)-C(26) 1.510(2) 

C(3)-C(4) 1.5693(18) C(21)-H(21) 0.979(18) 

C(3)-H(3) 0.940(18) C(22)-C(23) 1.513(2) 

C(4)-C(8) 1.5009(18) C(22)-H(22) 0.942(19) 

C(4)-C(5) 1.5460(18) C(23)-C(27) 1.5390(19) 

C(4)-H(4) 0.958(19) C(23)-C(24) 1.5649(17) 

C(5)-C(6) 1.5520(19) C(23)-H(23) 0.951(17) 

C(5)-H(5A) 0.975(18) C(24)-C(28) 1.5010(17) 

C(5)-H(5B) 0.996(18) C(24)-C(25) 1.5436(18) 

C(6)-C(7) 1.530(2) C(24)-H(24) 0.984(17) 

C(6)-H(6) 0.964(19) C(25)-C(26) 1.5534(18) 

C(7)-H(7A) 1.02(2) C(25)-H(25A) 0.997(17) 

C(7)-H(7B) 1.044(18) C(25)-H(25B) 0.957(16) 

C(ll)-C(12) 1.331(2) C(26)-C(27) 1.5485(19) 

C(l 1)-C(16) 1.518(2) C(26)-H(26) 0.953(17) 

C ( l l ) - H ( l l ) 0.960(19) C(27)-H(27A) 0.980(18) 

C(12)-C(13) 1.511(2) C(27)-H(27B) 0.956(19) 

C(12)-H(12) 1.00(2) 

C(8)-O(l)-H(01) 112.2(14) C(18)-O(3)-H(02) 111.9(14) 



C(28)-O(5)-H(05) 106.7(14) 

C(2) -C(l)-C(6) 107.56(12) 

C(2) -Cd)-H(l) 128.8(10) 

C(6) -C(l)-H(l) 123.5(10) 

C(l) -C(2)-C(3) 108.29(12) 

C(l) -C(2)-H(2) 126.0(11) 

C(3) -C(2)-H(2) 125.4(11) 

C(2) -C(3)-C<7) 99.45(11) 

C(2) -C(3)-C(4) 106.21(11) 

C(7) -C(3)-C(4) 98.91(11) 

C(2) -C(3)-H(3) 116.4(11) 

C(7) -C(3)-H(3) 118.8(11) 

C(4) -C(3)-H(3) 114.5(11) 

C(8) -C(4)-C(5) 115.66(11) 

C(8) -C(4)-C(3) 112.83(11) 

C(5) -C(4)-C(3) 103.05(10) 

C(8) -C(4)-H(4) 107.5(11) 

C(5) -C(4)-H(4) 109.6(11) 

C(3) -C(4)-H(4) 108.0(11) 

C(4) -C(5)-C(6) 103.33(1 1) 

C(4) -C(5)-H(5A) 110.8(10) 

C(6) -C(5)-H(5A) 110.4(10) 

C(4) -C(5)-H(5B) 112.5(10) 

C(6) -C(5)-H(5B) 112.2(10) 

H(5A)-C(5)-H(5B) 107.6(14) 

C(l) -C(6)-C(7) 100.03(11) 

C(l) -C(6)-C(5) 105.31(11) 

C(7) -C(6)-C(5) 100.45(11) 

C(l) -C(6)-H(6) 119.7(11) 

C(7) -C(6)-H(6) 114.0(11) 

C(5) -C(6)-H(6) 114.7(11) 

C(6) -C(7)-C(3) 94.56(10) 

C(6) -C(7)-H(7A) 111.2(10) 

CO) -C(7)-H(7A) 114.2(11) 

C(6) -C(7)-H(7B) 111.1(10) 

C(3) -C(7)-H(7B) 113.5(10) 

H(7A)-C(7)-H(7B) 111.3(15) 

0(2)-C(8)-0(l) 122.77(12) 

0(2)-C(8)-C(4) 124.79(11) 

0(1)-C(8)-C(4) 112.43(11) 

C(12) -C(ll)-C(16) 107.49(13) 

C(12) - C ( l l ) - H ( l l ) 128.4(11) 

C(16) - C ( l l ) - H ( l l ) 124.0(11) 

C ( l l ) -C(12)-C(13) 107.61(13) 

C(U) -C(12)-H(12) 130.0(11) 

C(13) -C(12)-H(12) 122.1(11) 

C(12] -C(13)-C(17) 100.04(11) 

C(12) -C(13)-C(14) 105.72(10) 

0(17) -C(13)-C(14) 100.29(10) 

C(12) -C(13)-H(13) 117.1(10) 

C(17] -C(13)-H(13) 117.6(10) 

C(14J -C(13)-H(13) 113.9(10) 

C(18) -C(14)-C(15) 115.63(11) 

0(18) -C(14)-C(13) 111.61(10) 

C(15] -C(14)-C(13) 103.01(10) 

C(18) -C(14)-H(14) 109.4(10) 

C(15) -C(14)-H(14) 107.5(10) 

C(13) -C(14)-H(14) 109.5(10) 

C(14^ -C(15)-C(16) 103.00(10) 

C(14] -C(15)-H(15A) 111.9(11) 

C(16) -C(15)-H(15A) 113.0(11) 

C(14) -C(15)-H(15B) 110.7(10) 

C(16) -C(15)-H(15B) 108.2(10) 

H(15A)-C(15)-H(15B) 109.8(14) 

C ( l l ) -C(16)-C(17) 99.86(12) 

C ( l l ) -C(16)-C(15) 105.88(11) 

C(17) -C(16)-C(15) 100.78(11) 

C ( l l ] -C(16)-H(16) 116.0(10) 

C(17) -C(16)-H(I6) 117.3(10) 

C(15) -C(16)-H(16) 114.8(10) 

C(16] -C(17)-C(13) 93.80(10) 

C(16) -C(17)-H(17A) 115.0(11) 



C(13)-C(17)-H(17A) 112.7(11) 

C(16)-C(17)-H(17B) 112.9(10) 

C(13)-C(17)-H(17B) 111.2(10) 

H(17A)-C(17)-H(17B) 110.4(15) 

0(4)-C(18)-0(3) 122.80(12) 

0(4)-C(18)-C(14) 124.52(11) 

0(3)-C(18)-C(14) 112.68(11) 

C(22)-C(21)-C(26) 107.67(12) 

C(22)-C(21)-H(21) 127.2(10) 

C(26)-C(21)-H(21) 124.7(10) 

C(21)-C(22)-C(23) 107.48(12) 

C(21)-C(22)-H(22) 126.7(11) 

C(23)-C(22)-H(22) 125.0(11) 

C(22)-C(23)-C(27) 100.64(11) 

C(22)-C(23)-C(24) 106.39(11) 

C(27)-C(23)-C(24) 99.24(10) 

C(22)-C(23)-H(23) 115.5(10) 

C(27)-C(23)-H(23) 118.7(10) 

C(24)-C(23)-H(23) 114.2(10) 

C(28)-C(24)-C(25) 114.63(11) 

C(28)-C(24)-C(23) 113.91(10) 

C(25)-C(24)-C(23) 103.36(10) 

C(28)-C(24)-H(24) 105.9(10) 

C(25)-C(24)-H(24) 112.1(9) 

C(23)-C(24)-H(24) 106.8(10) 

C(24)-C(25)-C(26) 102.70(10) 

C(24)-C(25)-H(25A) 110.6(10) 

C(26)-C(25)-H(25A) 113.4(10) 

C(24)-C(25)-H(25B) 111.6(9) 

C(26)-C(25)-H(25B) 112.1(9) 

H(25A)-C(25)-H(25B) 106.5(13) 

C(21)-C(26)-C(27) 100.52(11) 

C(21)-C(26)-C(25) 106.40(11) 

C(27)-C(26)-C(25) 100.05(10) 

C(21)-C(26)-H(26) 119.4(10) 

C(27)-C(26)-H(26) 115.5(10) 

C(25)-C(26)-H(26) 112.5(10) 

C(23)-C(27)-C(26) 93.39(10) 

C(23)-C(27)-H(27A) 114.2(10) 

C(26)-C(27)-H(27A) 114.9(10) 

C(23)-C(27)-H(27B) 114.6(11) 

C(26)-C(27)-H(27B) 111.7(11) 

H(27A)-C(27)-H(27B) 107.7(15) 

0(6)-C(28)-0(5) 122.38(12) 

0(6)-C(28)-C(24) 123.84(11) 

0(5)-C(28)-C(24) 113.70(11) 



Table EX. Anisotropic displacement parameters (A2 * 104) for (N-NB-C0 2H). The anisotropic 

displacement factor exponent takes the form: -2%2[ h2 a*2^]^ + ... + 2 h k a*b* U n ] 

u„ U 3 3 Ua U , 3 U 1 2 

0(1) 488(6) 320(6) 407(6) 145(5) 259(5) 221(5) 

0(2) 427(6) 296(5) 289(5) 70(4) 162(4) 164(4) 

0(3) 449(6) 258(5) 333(5) 75(4) 197(5) 178(4) 

0(4) 402(5) 251(5) 268(5) 61(4) 138(4) 136(4) 

0(5) 684(8) 233(5) 212(5) 25(4) 112(5) 97(5) 

0(6) 532(7) 247(5) 243(5) 23(4) 111(4) 99(4) 

C(l) 300(7) 296(7) 250(6) -24(5) 55(5) -11(5) 

C(2) 269(7) 413(8) 237(6) 7(6) 11(5) 64(6) 

C(3) 308(7) 260(6) 209(6) 42(5) 68(5) 67(5) 

C(4) 245(6) 269(6) 210(6) -20(5) 28(5) 45(5) 

C(5) 275(7) 352(7) 269(7) -4(5) 42(5) 118(6) 

C(6) 279(6) 280(6) 277(7) -1(5) 84(5) 86(5) 

C(7) 335(7) 312(7) 299(7) 3(6) 139(6) 28(6) 

C(8) 280(6) 259(6) 175(5) -1(5) 22(5) 93(5) 

C ( l l ) 422(8) 376(8) 241(7) -67(6) 140(6) -84(7) 

C(12) 265(7) 543(9) 177(6) -6(6) 41(5) 25(6) 

C(13) 295(7) 296(7) 233(6) 75(5) 108(5) 116(5) 

C(14) 227(6) 207(6) 239(6) -12(5) 34(5) 44(5) 

C(15) 307(7) 292(7) 280(7) 27(5) 56(5) 140(5) 

C(16) 358(7) 229(6) 276(6) 8(5) 160(5) 67(5) 

C(17) 303(7) 276(7) 305(7) 63(5) 156(6) 80(5) 

C(18) 273(6) 208(6) 172(5) -24(4) 10(4) 72(5) 

C(21) 228(6) 318(7) 371(7) 37(6) 99(5) 71(5) 

C(22) 209(6) 367(7) 296(7) 56(6) 38(5) 120(5) 

C(23) 272(6) 246(6) 291(7) 60(5) 101(5) 100(5) 

C(24) 197(6) 262(6) 219(6) -1(5) 41(4) 60(5) 

C(25) 273(6) 297(7) 185(6) 17(5) 40(5) 120(5) 

C(26) 309(7) 288(7) 234(6) 44(5) 113(5) 92(5) 

C(27) 329(7) 270(6) 293(7) -24(5) 112(6) 92(5) 

C(28) 187(5) 250(6) 223(6) 15(5) 54(4) 48(4) 



Table X. Hydrogen coordinates (x 104) and isotropic displacement parameters (A2 * 103) for (N-NB-C0 2H). 

x y z U(iso) 

H(01) 4180(40) 7050(20) 2087(13) 59(6) 

H(02) 4890(40) 9180(20) 1442(13) 54(6) 

H(05) 4920(40) 3850(20) 5029(15) 71(7) 

H( l ) 3060(30) 10859(19) 4342(11) 40(5) 

H(2) 4900(30) 8800(20) 4151(11) 46(5) 

H(3) 1660(30) 6810(18) 3848(10) 35(4) 

H(4) -700(30) 7246(19) 2756(11) 39(5) 

H(5A) -2120(30) 9089(17) 2882(10) 32(4) 

H(5B) 210(30) 10019(17) 2819(10) 35(4) 

H(6) -1210(30) 10042(17) 4159(10) 37(4) 

H(7A) -2130(30) 7559(19) 4003(11) 42(5) 

H(7B) -280(30) 8049(17) 4809(11) 38(5) 

H(H) 5880(30) 5237(19) -681(10) 41(5) 

H(12) 4070(30) 7312(18) -520(11) 44(5) 

H(13) 7180(30) 9317(17) -373(9) 30(4) 

H(14) 9710(30) 8979(17) 719(10) 31(4) 

H(15A) 8990(30) 6264(18) 782(10) 40(5) 

H(15B) 11230(30) 7218(16) 597(9) 27(4) 

H(16) 10010(30) 5995(17) -600(10) 32(4) 

H(17A) 8980(30) 7989(18) -1286(11) 41(5) 

H(17B) 10780(30) 8543(17) -575(10) 31(4) 

H(21) 10850(30) 4789(18) 2954(10) 37(4) 

H(22) 9880(30) 3328(17) 4012(11) 40(5) 

H(23) 6480(30) 1638(17) 3548(10) 33(4) 

H(24) 3600(30) 2808(17) 3147(9) 32(4) 

H(25A) 6070(30) 5240(17) 2806(10) 31(4) 

H(25B) 4430(30) 4226(15) 2217(9) 26(4) 

H(26) 7870(30) 3982(17) 1805(10) 34(4) 

H(27A) 5450(30) 1824(17) 2104(10) 35(4) 

H(27B) 7970(30) 1714(18) 2258(11) 40(5) 



Table X I . Hydrogen bonds for (N-NB-C0 2H) [A and °]. 

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

O(l)-H(01)...O(4) 0.89(2) 1.77(2) 2.6587(14) 177(2) 

O(3)-H(02)...O(2) 0.88(2) 1.77(2) 2.6542(14) 180(2) 

O(5)-H(05)...O(6)#l 0.92(3) 1.73(3) 2.6453(14) 173(2) 

Symmetry transformations used to generate equivalent atoms: # 1 -x+1 ,-y+l,-z+l 



Data for the statistical analysis in chapter 6 

Figure I 

Matrix Plot of Kp (N) s-1 vs 13C IN MR Signal 
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Figure II 

Matrix Plot of Kp (N) s-1 vs Certain Atomic Distances 
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Figure III 

Matrix Plot of Kp (N) s-1 vs Bond Angle 
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Figure IV 
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Matrix Plot of Kp (N) s-1 vs Mulliken Atomic Charge 
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Figure V 
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Matrix Plot of Kp (X) s-1 vs 13C NMR Signal 
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Figure VI 

Matrix Plot of Kp (X) s-1 vs Certain Atomic Distances 
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Figure V I I 
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Matrix Plot of Kp (X) s-1 vs Bond Angle 
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Figure V I I I 

Matrix Plot of Kp (X) s-1 vs Mulliken Atomic Charges 
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