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ABSTRACT

We report the synthesis and characterisation of eight constrained geometry complexes, with
variation of the amido fragment, ansa-bridge, permethylindenyl group, metal centre and

initiator groups from the parent complex Me2SB(®BUN,1*)TiCl,. These complexes have been

shown to be highly active for slurry-phase ethylene polymerisation when supported on solid
polymethylaluminoxane  (sSMAOQO), with activities up to 7048 kgee/molri/h/bar.
Ethylene/1-hexene and ethylene/styrene copolymerisations have shown these complexes to be

good incorporators of comonomers into the polymer chain.

1 Introduction

In 1989, Stevens and coworkers at the Dow Chemical Company filed a patent containing the
synthesis of a range of constrained geometry catalysts as olefin polymerisation and
copolymerisation catalysts.! A range of complexes were reported within this patent, with
variation of the apical cyclopentadienyl (Cp) type ligand (tetramethylcyclopentadienyl (Cp*),
indenyl (Ind, 1)), amido group, heteroatom (various amido groups and phenylphosphido), ansa
bridge (dimethylsilyl, tetramethyldisilyl, ethanediyl), and metal centre (Ti, Zr and Hf). Early

literature examples of CGCs include [{(n°-CsMes)Me2Si(*®!N)}Sc(PMes)]2(p-H)2



({Me2SB("®“N,Cp*)} = {(n°>-CsMes)Me2Si(B'N)}?), synthesised by Bercaw and co-workers in
1990,? and Okuda reporting a titanium complex, Me2SB(®BUN >®BUCp)TiCl,, in the same year.®

These complexes have been of great interest both academically and industrially due to their
ability to efficiently polymerise ethylene and incorporate high levels of a-olefins into a polymer
chain. 145

As demonstrated by Stevens and co-workers,! cyclopentadienyl (Cp) derivatives can be
utilised, with Okuda and co-workers preparing both indenyl and fluorenyl (Flu) CGCs.’8
Klosin and co-workers also reported the modification of indenyl constrained geometry
complexes with addition of aryl, alkoxy and amino subsitituents at the 2- and 3- positions, with
these substituents being shown to effect polymerisation activities and polymer molecular
weights.® Rausch et al. reported the synthesis of Me2SB(26MexCe"sN RCp) TiCl, (R= H, Me, Bu
and CH2Ph) with ethylene polymerisation activities following the trend H > Me > CH2Ph >
tBu.?

Many early CGCs were synthesised with a dimethylsilyl ansa-bridge, with Reb and co-workers
reporting a range of complexes with substitution of one methyl substituent for either a vinyl,
phenyl, octenyl or hexenyl group.t**2 Since then, complexes have been reported with variation
of the bridging atom, including boron,**!* carbon,*>*® and phosphorus.'” Besides scandium and
group 4 complexes,' 3818 constrained geometry complexes have been reported for Y and La,*-
22 group 5,22° 6,227 7 and 8 metals,>? as well as group 13 and 15 complexes.?-3
Numerous constrained geometry complexes have been synthesised with variation of X ligands,

including amides,®?*2 and the alkylated complexes Me2SB(®®N,Cp*)TiXz (X = CHzPh and Me)

reported by Chen and Marks.3* Outside of constrained geometry complexes, Lamb et al. have

reported the synthesis of permethylindenyl (1*) metallocene complexes M2SB(RCp,1*)ZrX; (R

= H, Me, "Bu, X = Br, Cl, Me, CH,Ph).*®



Since the pioneering work of Ziegler and Natta, ethylene polymerisation has been of great
academical and industrial interest.3*3” While the majority of polyethylene-based polymers are
still produced by Ziegler-Natta type catalysts, there has been a small shift towards production
of polymers by metallocene-type molecular catalysts, both due to greater control of polymer
microstructure,® and the ability to incorporate higher levels of o-olefins.®® A further advantage
of these systems is the narrow molecular weight distributions of the copolymer produced and
the chemical homogeneity through the polymers.®® A breakthrough in metallocene catalysed
polymerisation was the discovery of methylaluminoxane (MAQ) by Sinn and co-workers in
1980, which was found to significantly enhance polymerisation activities for these
catalysts.3®4% There has been continued research into MAO as a cocatalyst; Ehm et al. have
investigated the effect of variation of Al:Ti ratios on supporting Cp*(‘BusP=N)TiCl, on BHT
modified MAO (BHT = 2,6-di-tert-butyl-4-methylphenol).!*! At high titanium loadings,
homodinuclear adducts forming outer sphere ion pairs are dominant, whereas mononuclear
inner sphere ion pairs are generally formed at lower loadings; both species were found to be
viable precursors to the cationic active species. Mclndoe et al. have investigated the effect of
variation modifications to MAO, via alkyl exchange,**? or oxidation,**® and the effect in the

structure of MAO studied.

Heterogeneous phase catalysts comprising of metallocene type complexes supported on an
insoluble solid have been of great industrial interest, due to their ability to control polymer
morphology and flowability, and helping to prevent reactor fouling.** These supports include
zirconium oxide,* layered double hydroxides (LDHs),*® clays*’ and zeolites;*® however, the
most commonly used support is silica.***%0 Pre-treatment of silica with an alkylaluminium
species, such as methylaluminoxane (MAO), is required.** MAO has been shown to primarily
chemisorb onto surface hydroxyl groups, leading to highly Lewis acidic sites.>! The site can

then interact with metallocene-based pre-catalysts to form an ion pair ([CpR2M-Me][MAO-



X]) active for polymerisation catalysis.>? Weckhuysen and co-workers have demonstrated that
in silica supported MAO (SSMAO) the weak Lewis acid sites, responsible for AlMe>*, groups
are responsible for the genesis of active metallocenes for olefin polymerisation.3** Boisson
and co-workers have demonstrated the temperature of silica dihydroxylation in preparation of
SSMAO affects polymerisation catalytic activity and polymer morphology,”® with the
dihydroxylation temperature being shown to influence the levels of MAO impregnation

possible on the silica surface.%®

Solid polymethylaluminoxane (SMAO) is a polymerised methylaluminoxane which is
insoluble in many common inorganic solvents.>’*® O'Hare and co-workers have previously
demonstrated that SMAO supported catalysts exhibit significantly higher polymerisation
activities than other supports, such as MAO-modified LDH and silica, and activities are similar

to those reported for solution phase polymerisations.*6:°8:5°

The hexamethylindenyl ligand (CoMes ", Ind*, I*) has been proposed to increase polymerisation
activity for ethylene polymerisation and thermal stability relative to the indenyl ligand. This is
attributed to inductive electronic donation and increased steric bulk around the metal centre.®%-
%2 O'Hare and co-workers have reported a number of I* metallocene type complexes, both
bispermethylindenyl complexes,®%3-% and asymmetric ansa-bridged complexes, which have
been shown to be highly active ethylene polymerisation catalysts.®>®%%® We have also
previously reported a family of permethylindenyl constrained geometry complexes,
Me2SB(RN, 1*)TiCl, ({(n*-CsMes)Me,Si(*N)}TiCl,; R = Pr, 'Bu, "Bu, Ph, 4-'Bu-Ph and 4-"Bu-
Ph), with variation of the amido fragment. The complexes have been shown to be highly

efficient ethylene polymerisation catalysts, with SMAO-Me2SB(®BUN, I*)TiCl, having an activity

three times that of SMAO-M2SB(BUN,Cp*)TiCl,.®’



Addition of an a-olefin as comonomer to ethylene polymerisation reactions can allow for
controlled addition of branches into polymer chains, significantly affecting the polymer
properties and end usage. The greater degree of chain branching causes increased polymer
flexibility, shifting usage towards foams, elastic fibres, packaging and adhesives.%® Waymouth
and Dankova reported high levels of 1-hexene incorporation into ethylene/1-hexene
copolymers using unbridged indenyl and aryl-indenyl metallocenes with a methylaluminoxane
(MAO) cocatalyst; the hafnocene complexes demonstrated higher levels of 1-hexene
incorporation than zirconocene analogues.®® Quijada and co-workers have also reported the use
of ansa-bridged metallocenes, (Me,SiCp2)ZrCl> and (CzHalnd2)ZrCl, ((EBI)ZrCly), for
ethylene/1-hexene copolymerisation with an MAO activator.” It was found that the presence
of the ansa-bridge resulted in greater levels of 1-hexene incorporation compared with the
unbridged analogue, and lower polymer molecular weights due to the facilitation of B-hydride

transfer reactions.

There have been a vast number of patents filed for the use of this family of complexes for
ethylene/a-olefin copolymerisation.>’ It was proposed that the strain inducing ansa-bridge
opened the metal centre relative to the unbridged analogues, allowing for more facile
coordination of comonomers such as 1-hexene or 1-octene. Klosin and co-workers have
investigated the effects of the apical moiety for ethylene/1-octene copolymerisation. With use
of a substituted indenyl fragment, the addition of electron-donating substituents led to both
increased copolymerisation activity and polymer molecular weight, whilst still maintaining
very high levels of comonomer incorporation.”? Marks and Chen investigated
Me2SB("BUN,Cp*)TiX2 (X = CH.Ph and Me) for homogeneous phase ethylene/1-hexene
copolymerisation with MAO and borane cocatalysts; the dimethyl complex showed high levels
of 1-hexene incorporation, whilst the dibenzyl complex resulted in the formation of a mixture

of two homopolymers.®* Ethylene/1-hexene copolymerisation has also been studied in



heterogeneous systems; Marks and Williams reported the use of CGCs supported by MAO-
activated sulfated alumina for slurry phase ethylene/1-hexene copolymerisation.” The
supported species resulted in significantly lower levels of 1-hexene incorporation due to mass
transfer effects, where both the support and the propagating polymer chain cause diffusional

resistance of the comonomer.”

Heterogeneous Ziegler-Natta catalysts are not suitable for ethylene/styrene copolymerisations,
not only are incorporation levels are below 1%, but the polymers obtained are mixtures of
homo- and copolymers due to the presence of several unique active sites.”’® Nomura et al.
have reported ethylene/styrene copolymerisation with (aryloxo)(cyclopentadienyl)titanium
complexes producing poly(ethylene-co-styrene) exclusively with incorporations up to
49 mol%.’""® These complexes were shown to be unable to homopolymerise styrene, and as
such no block polystyrene impurities are formed.* Bulky substituents on the cyclopentadienyl
ring have been shown to reduce styrene incorporation due to steric hindrance;

Me2SB(BUNLR)TIiClz R = | (20.5%) > Cp* (15.8%) > 3SMe3| (5.704) > Flu (1.1%).798°

Herein, we report the synthesis and characterisation of nine new constrained geometry

complexes, derivatives of Me2SB(®UN,I*)TiCl,, their use in slurry phase ethylene
homopolymerisation, and ethylene/1-hexene and ethylene/styrene copolymerisations.

2 Results and discussion

2.1 Synthesis and characterisation of complexes

2.1.1 Synthesis and characterisation of a M&SB(®BUN,1*) Ti(Cl)CH2SiMes and
Me2gB(BUN 1*) iR, (R = Me, CH2Ph and CH,SiMes)
Me2SB("BUN,I*)TiCl, was synthesised following a previously reported method.%” Its reaction

with the appropriate alkali metal salt afforded Me2SB(®BUN,I*)Ti(CI)CH2SiMes,



Me2SB(BUN 1%) TiMe,, Me2SB(BUN, I*)Ti(CH2Ph), and Me2SB(BUN, I*)Ti(CH2SiMes), (Scheme

2.1).
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Scheme 2.1. Synthetic procedure for the synthesis of Me2SB(*BUN,I*)Ti(CI)CH.SiMes; and
Me2SB("BUN,I1*)TiR2 (R = Me, CH2Ph and CH,SiMes) from Me2SB(*BUN, 1*)TiCl..

Reaction of Me2SB(*BUN,I*)TiCl, with 2.2 equivalents of either MeLi in toluene or KCHzPh in
benzene followed by work up yielded Me2SB(*®UN,1*)TiMe, and M2SB(*BUN, 1*) Ti(CH2Ph). as
brown or dark-red solids in 69 and 58% vyield respectively (Scheme 2.1).
Me2SB("BUN,I*)Ti(CI)CH.SiMe; and Me2SB("BUN,I1*)Ti(CH,SiMes), were synthesised by
reaction of Me2SB("BUN,1*)TiCl, with 1 or 2 equivalents of Li(CH2SiMes): in benzene to afford

both complexes after work up as orange crystalline solids in 57 and 43% vyield respectively

(Scheme 2.1).

The 'H NMR spectrum of Me2SB(*®UN,1*)TiMe, (Figure S2.1) shows two singlets at 0.58 and

—0.14 ppm that correspond to two methyl groups bound to the titanium centre. Six singlets can
be observed in the 2.00-2.50 ppm region which represent the I* methyl protons, a singlet at
1.51 ppm is assigned to the 'Bu-N group, and the silyl-methyl groups are represented by

resonances at 0.64 and 0.63 ppm.



The 'H NMR spectra of Me2SB(®UN,I*)Ti(CH.Ph),, Me2SB(BUN,I*)Ti(CH2SiMes), and
Me2SB("BUN,I*)Ti(Cl)CH.SiMes (Figures S2.2, S2.4 and S2.6 respectively) contains the same
diagnostic resonances for the constrained geometry ligand as for M&2SB(®BUN,1*)TiMes..
However, in the neosilyl complex, doublets are also observed at 1.22, 0.98, 0.65 and
—0.87 ppm, which correspond to the four protons of the diastereotopic methylene groups bound
to the titanium. The *H-'HROESY NMR spectrum shows that the neosilyl group directed under
the I* ring (observed to correlate to the I* methyl protons of the six membered fused ring)
corresponded to the more negatively shifted SiMezgroup (0.02 ppm). The methylene units also
show the same correlation between chemical shift and position relative to the I* ring. This is
due to the diamagnetic anisotropy associated with the aromatic I* ring leading to a shift for the
SiMes group outside the ring to higher frequency and to lower frequency for the group placed
under the ring.8! In the dibenzyl complex, triplets at 7.16, 7.06, 6.92 and 6.83 ppm and doublets
at 6.94 and 6.71 ppm have been assigned to the phenyl groups according to the H-'H COSY
NMR spectrum. Doublets observed at 2.70, 2.40, 1.59 and 1.52 ppm correspond to the four
protons of the diastereotopic methylene units bound to titanium showing different orientations

of the benzyl groups relative to the I* ring as is seen in M2SB(®BUN, I1*)Ti(CH2SiMes)2. The

assignment of the doublets are confirmed by *H-'H COSY and ROESY NMR spectroscopy. In

the *H NMR spectrum of Me2SB(*®UN,1*)Ti(Cl)CH.SiMe; (Figure S2.6), a singlet at 0.63 ppm

corresponds to the SiMes group, whilst the methylene protons are observed as a pair of roofed

doublets at 1.57 and -0.97 ppm, with a 2Ju.n coupling of 11.9 Hz.

Crystals suitable for analysis by single crystal X-ray diffraction studies were grown from
pentane at —20 °C for the complexes M&:SB(BUN, 1*) TiMe,, Me2SB(*BUN,1*)Ti(CH,SiMes), and
Me2SB("BUN,I1*)Ti(Cl)CH,SiMes. Selected bond lengths and angles are given in Table 2.1 and

the molecular structures are shown in Figure 2.1.



Table 2.1. Selected bond lengths (A) and angles (°) for Me2SB(BUN,I*)TiMe,,
Me2SB(BUN, I1*)Ti(CH2SiMes)z, and Me2SB(®BUN,I*)Ti(CI)CH2SiMes. Estimated standard
deviations (ESDs) are given in parentheses.

Me2SB(BUN, 1%)TiMe,  Me2SB(BUN, I*)Ti(CH,SiMes),  Me2SB(TUN, 1*)Ti(Cl)CH,SiMes

Ti(1)-Cpeent 2.0555(1) 2.1010(1) 2.0599(1)
Ti(1)-C(22) 2.1093(13) 2.1077(12) 2.1310(16)
Ti(1)-C(23/26) 2.1146(14) 2.1429(12) -
Ti(1)-N(1) 1.9295(11) 1.9389(10) 1.9242(15)
N(1)-C(‘Bu) 1.4871(16) 1.4864(16) 1.491(2)
Amc 0.107 0.132 0.115
d 109.19 109.12 107.33
C(22)-Ti(1)- 103.05(1) 104.75(5)
C(23/26)

B

—_——

N
N

Figure 2.1. Solid-state molecular structures of (a) M&2SB(®BUN,I*)TiMez, (b)
Me2SB(BUN, 1*) Ti(CH2SiMes)2, and (c) Me2SB(*BUN,I*)Ti(CI)CH.SiMes. Hydrogen atoms have
been omitted for clarity. Thermal ellipsoids are drawn at 30% probability.

The shorter Ti-Cpeent distance in Me2SB(®BUN,I*)TiMe, compared to Me2SB(®BUN,I)TiMe;
(2.0555(1) and 2.091 A respectively) can be attributed to the stronger bonding between the
more electron rich I* moiety and titanium.®2 The similar Ti-Cpeent distance in
Me2SB(BUN, I*) TiMe, and Me2SB("®UN,Cp*)TiMe: implies a similar electron donating capacity
of the I* and Cp* moieties.®? The comparable Am-c distance of M2SB(*BUN,1*)TiMe; (0.107 A)
and Me2SB("BUN,I)TiMe, (0.106 A) shows a propensity to undergo the n®mn® ring slip

characteristic of indenyl metallocenes when compared to the small Amc distance in



Me2SB("BUN,Cp*)TiMe; (0.04 A). The § angle increases as the Cp type ligand is changed from
Cp* to Ind to I*. The difference between Me2SB(BUN,I*)TiMe, and Me2SB(®UN,Cp*)TiMe:

could be an effect of the 1°n? ring slip, the reduction of strain in moving away from the more
sterically demanding n° coordination mode. The larger Awmc distance of
Me2SB("BUN,I1*)Ti(CH,SiMes), the infers a greater propensity to n°n?® ring slip. Though this
may seem counter-intuitive given the larger steric bulk of the CH.SiMes groups of
Me2SB(BUN,I1*)Ti(CH2SiMes), compared to methyl of Me2SB(®BUN,I*)TiMe,, it can be
rationalised by the longer Ti-Cpcent distance allowing for the I* moiety to adopt a position with
less steric interaction. The rotation of the CH.SiMes group about the methylene unit allows the
bulky SiMes groups to be orientated away from the I* ring; hence, reducing their steric

influence on the ring.

The longer Ti-Cpeent and Ti-N distance in Me2SB(®UN,1*)Ti(CH2SiMes), (2.1010(1) and
1.9389(10) A) compared to Me2SB(BUN,1*)TiMe, (2.0555(1) and 1.9295(11) A) implies
weaker bonding to the constrained geometry ligand but may simply be a consequence of the
larger neosilyl ligands. Me2SB(*®“N,1*)Ti(Cl)CH2SiMes has Ti-Cpcentand Ti-N distances similar
to that of Me2SB(BUN,1*)TiMe, (2.0599(1) and 1.9242(15) A), although all of these are greater
than Me2SB(BUN, I*)TiCl, (2.0386(1) and 1.910(2) A), indicating the greater electron donating

ability of the alkyl initiator groups relative to chloride. The increased electron density at the
titanium centre reduces the extent of donation from the I* ligand hence weakening its bonding

interaction.

2.1.2 Synthesis and characterisation of M2SB(“YN, 1*)TiCl,
Me2SB(YN,I1*)H2 was synthesised by reaction of 1*SiMe,Cl with an equimolar amount of

LiN(H)Cy. Subsequent reaction with 2.2 equivalents with "BuLi yielded the dilithium salt

Me2SB(CYN,I*)Li; in 48% vyield. Finally, the dilithium salt was reacted with an equimolar

10



amount of TiCl+.2THF to yield M2SB(“YN,1*)TiCl. as a dark red solid in 14% isolated yield

following work up (Equation 2.1).

i) 2.2 eq "BuLi, THF, 0°Cto RT, 1 h % \ i
Me,, \Ti.n\CI
Me
/

i) TICl, 2THF, benzene, 23 °C, 18 h -
Me” N Nl

Me” “\H -2 BuH, -2 LiCl, -2 THF

Equation 2.1. Synthetic route to M2SB(“YN,I*)TiCl..

In the *H NMR spectrum (Figure S2.11), as well as the characteristic resonances for the 1*-Me,

and Si-Me groups observed in all Me2SB(RN,I*)TiX> complexes, the CH proton of the

cyclohexyl amido group can be assigned to the multiplet at 4.75 ppm. By use of COSY, HSQC
and HMBC NMR spectrocopy, it is possible to fully assign resonances in the range of 0.87 to

2.13 ppm to the remaining protons of the cyclohexyl group.

2.1.3 Synthesis and characterisation of Me2SB(®BUN *Et*)TiCl,

3Et*SiMe,Cl was prepared by reaction of three equivalents of SiMe2Cl, with 3EUnd*Li® in an
83% yield; the *H NMR spectrum is shown in Figure S2.13. *E!1*SiMe,Cl was then reacted

with an equimolar amount of LiN(H)'Bu and, following work up, M&2SB(*®N,*E!1*)H, was

isolated as a yellow oil in a quantitative yield; the *H NMR spectrum is shown in Figure S2.14.

Reaction of the proligand with 2.2 equivalents of "BuL.i yielded M2SB(*®®“N,*E!1*)Li. in a 58%
yield following work up; the *H NMR spectrum is shown in Figure S2.16. Me2SB("BUN,3E*)Li,
was reacted with an equimolar amount of TiCls.2THF to yield Me2SB(®“N,*E'1*)TiCl, in an

18% yield as a red solid (Equation 2.2).

11



i) 2.2 eq "BuLi, THF, 0°Cto RT, 1 h
ii) TiCl4.2THF, benzene, 23 °C, 18 h

Me,,
S
Me”

i
“NH -2 BuH, -2 LiCl, -2 THF

A

Equation 2.2. Synthetic route to M2SB(®BUN *E*)TiCl..

The *H NMR spectrum of Me2SB(®BUN *E*)TiCl, confirms the presence of only five 1*-Me
resonances in the range of 2.03 to 2.45 ppm (Figure S2.17). Three resonances are observed for
the ethyl chain; a pair of multiplets at 3.34 and 3.03 ppm corresponding to the methylene
protons, with the presence of both 2Ju.n and 3Ju.n coupling, and a doublet of doublets
corresponding to the methyl group, which appears to be a triplet as both sets of 2Ju.4 coupling

is 7.6 Hz.

2.1.4 Synthesis and characterisation of M&P"'SB(®BUN, 1*)TiCl,

Ind*Li was added dropwise to 1.5 equivalents of Si(Me,Pr)Cl. to yield 1*SiR1R2Cl as a pale
orange solid as a mixture of two isomers. 1*(Me,Pr)CI was then reacted with 1.05 equivalents
of LiN(H)'Bu and, following work up, the products MeP'SB(®UN,1*)H, were isolated. Addition
of 2.2 equivalents of "BuLi to MP'SB(BUN,I*)H. resulted in the formation of
MePrSB(BUN,I*)Liz; the *H NMR spectrum of MeP'SB(®BUN,1*)Li, is shown in Figure S2.21.
MePrSB(BUN,I*)Li, was reacted with an equimolar amount of TiCls.2THF (Equation 2.3),
following work up MeP'SB("UN,I*)TiCl, was afforded as red oily solid in 20% yield

respectively.

i) 2.2 eq "BuLi, THF, 0°Cto RT, 1 h % \ i
o Prs,, \T'.||\C|
rs

ii) TiCl4.2THF, benzene, 23 °C, 18 h Si i
Si > Me” \N/ \CI

Me” \NH -2 BuH, -2 LiCl, -2 THF /l\

\ /
//

Equation 2.3. Synthetic route to MP'SB(®BUN,1*)TiCl,
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In MePISB(®BUN, I1*)TiCl,, the conformationally locked nature of the product leads to a pair of
two diastereoisomers in a 57:43 ratio as determined from the *H NMR spectrum (Figure $2.22).
The I*-Me resonances of the major isomer are observed between 2.36 and 2.56 ppm, whilst the
resonances for the minor isomer are found between 2.02 and 2.19 ppm. Both N-'Bu resonances
are observed at 1.42 ppm, the Si-Me resonances at 0.63 and 0.58 ppm, and the Si-Pr resonances

between 1.74 and 1.04 ppm.

2.1.5 Synthesis and characterisation of Me2SB(®BUN,1*)ZrCl,
Me2SB("BUN, 1*)Li, was reacted with an equimolar amount of ZrCl. to yield Me2SB(*®®N,1*)ZrCl
in a 24% yield as a dark orange/brown solid following work up (Equation 2.4). The *H NMR

spectrum contains the same diagnostic ligand resonances as found in the titantium analogues

Me2SB(BUN, I*)TiX, (Figure S2.24).

,?:\i i) 2.2 eq "BuLi, THF, 0 °Cto RT, 1 h ’% :ll
. ° Me/, b .\Cl
ii) ZrCly, benzene, 23 °C, 18 h ; Zr!
Me/,S. ) 4 M VSI\ / \
i € N Cl

Me” \NH -2 BuH, -2 LiCl, -2 THF /l\
/K \’

Equation 2.4. Synthetic route to Me2SB(BUN,1*)ZrCl,

2.2 Immobilisation of complexes
The complexes were supported on solid polymethylaluminoxane (SMAQ),%*® a modified,
polymerised methylaluminoxane that is insoluble in many common organic solvents. The

complex was mixed with SMAO with an Al:Ti ratio of 200:1 (Equation 2.5).
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Me-, O-aI-Os, Me
Al Al Me
Me- ¢ Toluene
Al Al +
0 0] 1h
60 °C

Solid polymethylaluminoxane

Solid polymethylaluminoxane

Equation 2.5. Schematic representation of the immobilisation of Me2SB(®®UN,*E[*)TiCl, on
SMAO.

The 3CP-MAS NMR spectra of SMAO-Me2SB(®BUN, I1*)TiR, (R = CH2Ph, Me and CH,SiMes)
and sSMAO-Me2SB(®BUN, 1*) Ti(Cl)CH,SiMe;s are shown in Figure 2.2.

In addition to the resonances that are attributable to the SMAO support, resonances at
approximately 20 and 30 ppm correspond to the 1*-Me and N-'Bu resonances of the supported
complex respectively. The quaternary resonances of the I* ring are combined with the

resonance of SMAQO at 125-140 ppm.

In all complexes, there is a resonance in the region of 50 to 60 ppm, in good agreement with

the Ti-Me resonances in the **C{*H} solution NMR spectrum of Me2SB(®®UN,1*)TiMe., which

cannot be assigned to either the ligand or solid support. This can be attributed to methylation
of the titanium centre upon immobilisation resulting in the cationic active species; this has been
observed previously for other SMAO supported constrained geometry complexes,®” and has
been hypothesised to occur both for SMAO supported complexes, and in solution when

metallocene complexes are activated with a MAO cocatalyst.®
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Figure 2.2. ¥C CP-MAS NMR spectra of (purple) SMAO-Me2SB(®BUN, 1*)Ti(CH2Ph)., (blue)
SMAO-M2SB(®BUN, I*)TiMe2, (green) sSMAO-Me2SB(®BUN,I1*)Ti(CH.SiMes); and  (red)
SMAO-Me2SB(®BUN, [*)Ti(CI)CH.SiMes.

All supported complexes show a broad resonance in the 2?Al DP-MAS hahnecho NMR
spectrum, indicating the highly amorphous nature of the SMAO support. In the 2°Si CP-MAS
NMR spectrum, the complexes all show a resonance at approximately —19 ppm, corresponding
to ansa-bridging silicon in the ligand backbone. In addition, the 2°Si NMR spectra of both
SMAO-Me2SB(®BUN, I*)Ti(CH2SiMes), and sMAO-Me2SB(®BUN,1*)Ti(CI)CH2SiMes have an
extra resonance at 0.38 and —0.05 ppm respectively (Figures S2.34 and S2.37); we propose that
this is attributable to the —CH.SiMes initiator groups that remain bound to the surface of the
SMAO particle once the metal centre has been methylated. ICP has been carried out for the

complex SMAO-Me2SB(BUN, I*)TiCl, previously, and results show complete immobilisation in

an [Al]o : [Ti]o ratio of 200:1, and no leaching is observed over 3 hours of heating in slurry.®’



2.3 Slurry-phase ethylene homopolymerisation

2.3.1 Effect of the leaving group on slurry-phase ethylene polymerisation
Solid polymethylaluminoxane immobilised Me2SB(®UN,I1*)TiR, (R=Me, CH2SiMe; or CH,Ph)
and  Me2SB(BUN,I*)Ti(CI)CH.SiMe;  catalysts were tested for their ethylene

homopolymerisation activity in the slurry phase (Figure 2.3, Tables S3.1 and S3.2).
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Figure 2.3. Ethylene polymerisation activities for sSMAO-Me2SB(*BUN, 1*) Ti(CI)CHSiMes and
SMAO-Me:SB(®BUN, 1*) TiR; (R = Me, CH,Ph and CH,SiMes). Polymerisation conditions (left):
10 mg catalyst, 2 bar ethylene, 50 mL hexane, 150 mg TiBA and 30 minutes. Polymerisation
conditions (right): 10 mg catalyst, 2 bar ethylene, 50 mL hexane, 150 mg TiBA and 70 °C.

Figure 2.3 shows the ethylene homopolymerisation activities between 50 and 90 °C, and at
70°C between 5 minutes and 1 hour, when compared with the activities of
SMAO-Me2SB(BUN, I*)TiCl,.5" At 60 °C, the dialkyl complexes exhibit significantly higher
polymerisation  activities (6865, 5792 and 5375 kgee/molti/h/bar  for  the
SMAO-Me2SB (BN, 1*) Ti(CH.SiMes)s, SMAO-Me2SB(®BUN, I*) Ti(CH2Ph), and
sSMAO-Me2SB(BUN, I*) TiMe, complexes respectively) than that of SMAO-Me2SB(*BUN,1*)TiCl,
(3602 kgee/molrifh/bar) and SMAO-Me2SB(BUN, I*)Ti(CI)CH:2SiMes (2942 kgee/mol+i/h/bar)

complexes. The effect of alkylation of metallocene type permethylindenyl complexes on
polymerisation activity has been studied previously, with alkylation of the complexes leading

to significantly enhanced polymerisation activities. The increase in polymerisation activities
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has been proposed to be due to a number of reasons: firstly, the alkyl initiator groups are
electron donating, whilst the chloride group is electron withdrawing. Since it has previously
been shown that addition of electron donating groups to an indenyl ring enhances
polymerisation activity, and conversely electron withdrawing groups lead to decreased
activities,®* it has been proposed that a similar effect would be observed with variation of the
initiator group. Secondly, it is thought that formation of the active species occurs by alkylation
followed by abstraction to form a cationic species that is bound to the solid support. This is
seen by reaction of Me2SB(®UN,I1*)TiCl, with methylaluminoxane (Figure S2.26) and so
activation will be easier with an alkylated complex compared with a dichloride complex.
Finally, the initiatior group likely remains bound to the surface of the solid support, and it is
believed that this group exerts a secondary coordination influence on the active site of the
catalyst. The initiator group also significantly effects the molecular weights (Mw) of the
polymer that is formed (Figure 2.4), which is further evidence of the secondary coordination
effect. Waymouth et al. have demonstrated how the oxidation state of the titanium metal centre
can affect the rate of polymerisation as selectivities in copolymerisations;® it is possible that
variation of the leaving group could lead to differing levels of Ti(lll) and Ti(IV) species
through ease of reduction by the SMAOQO support, and as such lead to differing levels of

polymerisation activity.

In all cases, polymerisation activities decrease at higher temperatures, and this can be attributed
to both decreased solubility of ethylene in hexanes and thermal decomposition of the catalyst.
The alkylated complexes however show a decrease in polymerisation activities at 90 °C

compared with 60 °C when compared with sSMAO-M2SB(BUN,1*)TiCl,. Polymerisation
activities decrease by 46 and 32% for SMAO-M2SB(BUN,I*)TiMe, (5375 to

2926 kgee/molri/h/bar) and SMAO-Me2SB(BUN, 1%)Ti(CH,Ph) (5793 to 3935 kgee/moli/h/bar)
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respectively, whilst activities of sMAO-M2SB(®BUN,1*)Ti(CH,SiMes). (6866 to
1977 kgpe/mol+i/h/bar) and SMAO-Me2SB(BUN, 1*)Ti(Cl)CH.SiMes (2943 to
862 kgre/molri/h/bar) decrease by 71%, the activity of sMAO-M&2SB(BUN,I*)TiCl, only

decreases by 29% (3602 to 2565 kgpe/mol+i/h/bar).

Polymerisation studies were also conducted to investigate how polymerisation activities
decreased with time at 70 °C. When comparing the activities after 5 and 60 minutes, the
polymerisation activity of SMAO-M&2SB(®BUN, 1*)TiCl, decreases (47%) by less than that of the
SMAO-Me2SB (BN, [*) TiMe, (56%), SMAO-Me2SB(BUN, I*) Ti(CH2Ph), (59%),
SMAO-Me2SB(®BUN,I*)Ti(CI)CH2SiMes  (66%) and sMAO-Me2SB(*BUN,1*)Ti(CH2SiMes).
(61%) catalysts. These decreases in activity are caused both by catalyst decomposition but also
the polymer templating effect** which results in blocked active sites that results in decreased
activities, and also the polymer taking on the form of discrete ‘popcorn-shaped’ particles,
mimicking that of the solid support.®>*°

Gel permeation chromatography (GPC) studies also demonstrate the effect of the leaving group
on the polymer properties (Figure 2.4, Figure S3.14). Polymer molecular weight distributions
(Mw/My) are in the range 3.5-6.0. sMAO-M2SB(®BUN,I*)Ti(Cl)CH,SiMe; and
SMAO-Me2SB(*BUN, 1*) Ti(CH.SiMes). produce polymer with much higher molecular weights
(1509 and 1860 kDa at 50 °C respectively) compared with 654, 877 and 979 kDa for
SMAO-Me2SB(BUN, I*)TiMey, SMAO-Me2SB(®BUN, |*)TiCl, and
SMAO-Me2SB (BN, I*) Ti(CH2Ph), complexes. This highlights that the leaving group still has

an effect on the polymerisation mechanism, further suggesting that the initiator group remains
bound to the solid support surface and exerts a secondary coordination influence. The decrease
in polymer molecular weight with increased temperature is expected, and has previously been

observed for a variety of solid supported catalysts.®>%® At higher polymerisation temperatures,
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the system has more energy to overcome the greater activation barrier of chain termination
relative to the barrier of propagation, hence resulting in lower polymer molecular weights.
Mw/Mn values have also been shown to decrease at higher ethylene pressures, presumably as

the higher ethylene pressure leads to improved control of the polymerisation reaction.
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Figure 2.4. Molecular weights of the polyethylenes produced for the complexes
sMAO-Me:SB(®BUN, I1*) Ti(CI)CH2SiMes; and sSMAO-Me2SB(*BUN,I1*)TiR, (R = Me, CH2Ph and
CH.SiMes). Polymerisation conditions: 10 mg catalyst, 2 bar ethylene, 50 mL hexane, 150 mg
TiBA and 30 minutes.

Scanning electron miscroscopy images show that the polyethylenes obtained using
SMAO-Me:SB(®BUN, 1*) TiR; (R = Me, CH2Ph and CH,SiMes) possesss a “popcorn” morphology

(mimicking the support), Figure 2.5.

SEI  10kV WD11mm §S50 250 | SEI  1CKV WR1tmwm 5550

Figure 2.5. SEM images of polyethylene produced by a) sSMAO-M&SB(BUN,I1*)TiMe,, b)
SMAO-Me:SB(BUN, 1*) Ti(CH,SiMes). and c) SMAO-Me:SB(BUN, I*) Ti(CH2Ph)..
Polymerisation conditions: 10 mg catalyst, 2 bar ethylene, 50 mL hexane, 150 mg TiBA and
30 minutes.
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2.3.2 Effect of the amido group on slurry phase ethylene polymerisation.

We have previously reported the synthesis of a family of complexes M2SB(RN,1*)TiCl,, and
their use as slurry phase ethylene polymerisation catalysts.®” These complexes demonstrated a
clear trend of increased ethylene polymerisation activity with increased electron donating

ability of the amido fragment which is compared with Me2SB(“YN,1*)TiCl. (Figure 2.6).
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Figure 2.6. Slurry-phase ethylene polymerisation activities for SMAO-Ve2SB(RN,I1*)TiCl,

(R ="Bu, 'Pr, "Bu and Cy). Polymerisation conditions (left): 10 mg catalyst, 2 bar ethylene,
50 mL hexane, 150 mg TiBA and 30 minutes. Polymerisation conditions (right): 10 mg
catalyst, 2 bar ethylene, 50 mL hexane, 150 mg TiBA and 70 °C.

When compared with the previously synthesised complexes,®” polymerisation activities of

SMAO-Me2SB(YN,I*)TiCl, are more comparable to those of sSMAO-Me2SB("BUN,I1*)TiCl,
(848 kgee/molri/h/bar after 30 minutes at 50 °C) than that of sSMAO-M&2SB(P'N,I1*)TiCl,

(1402 kgpe/molyi/h/bar after 30 minutes at 60 °C), with a maximum activity of
788 kgpe/molri/h/bar after 30 minutes at 50 °C. The molecular weights (Mw) of the polymers
produced were determined by GPC (Figure 2.7). Polymer molecular weights decrease with
increased polymerisation temperature (868 to 247 kDa), due to the relative rates of chain
propagation and termination changing with temperature,®” and chain transfer reactions
increasing at higher temperatures.® In addition, there are greater values of polydispersities

(Mw/M) for the less active catalysts, at 70 °C, Mw/M, values for sSMAO-Ve2SB("BUN,1*)TiCl, is
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3.9 compared with 8.4, 7.6 and 5.7 for SMAO-Me2SB(SYN, 1*)TiClz, SMAO-Me2SB(P'N, I%) TiCl,

and SMAO-Me2SB("BUN, 1*)TiCl, respectively.
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Figure 2.7. Molecular weights and polydispersities of the polyethylenes produced for the
complexes SMAO-M2SB(RN,1*)TiCl, (R = Bu, 'Pr, "Bu and Cy). Polymerisation conditions:

10 mg catalyst, 2 bar ethylene, 50 mL hexane, 150 mg TiBA and 30 minutes. Mw/M, values
given.

2.3.3 Effect of variation of the permethylindenyl ligand, ansa bridge and metal centre
on slurry-phase ethylene polymerisation.

SMAO-M2SB(BUN3RI*)TiCl, (R=Me and Et), sMAO-MePSB(BUN,I*)TiCl,, and

sMAO-Me2SB(*BUN, 1*)ZrCl, were tested for slurry phase ethylene homopolymerisation (Figure

2.8).
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Figure 2.8. Slurry-phase ethylene polymerisation activities for sSMAO-Me2SB(®BUN >E*)TiCly,
SMAO-MeRSB(BUN,I*)TiCl, (R = Me and Pr) and SMAO-Me2SB(BUN, 1*)ZrCl.. Polymerisation
conditions (left): 10 mg catalyst, 2 bar ethylene, 50 mL hexane, 150 mg TiBA and 30 minutes.

Polymerisation conditions (right): 10 mg catalyst, 2 bar ethylene, 50 mL hexane, 150 mg TiBA
and 70 °C.

At temperatures below 70 °C, SMAO-Me2SB(®BUN,*El*)TiCl, exhibits higher activities than
SMAO-Me2SB(BUN,I*)TiCl,, with a maximum activity of 4067 kgee/molri/h/bar after
30 minutes at 50 °C. This increase in activity initially appears unexpected, since the analogous
family of catalysts SMAO-M2SB(®BU2F|u,3RI*)ZrCl, shows decreases in activity for the 3-ethyl
complex relative to the permethylindenyl complex (4963 and 6755 kgee/molz/h/bar).>®
However, considering that the CGC complexes have two fewer valence electron than these
complexes, 28 the additional inductive effect of the ethyl group relative the methyl is likely to
enhance polymerisation activity, similarly to what has been observed for amido group
variation. Similarly to sMAO-M&2SB(®BU2F|y,2RI*)ZrCl, catalysts, there are much greater
decreases in polymerisation activities at higher temperatures for sMAO-Me2SB(®BUN > E*)TiCl,
(3913 and 2323 kgee/molri/h/bar for 60 and 90 °C) compared with SMAO-Me2SB(BUN, 1*)TiCl.
(3602 and 2565 kgpe/molri/h/bar for 60 and 90 °C), indicating a decrease in thermal stability

of these 3-ethylpentamethyindenyl complexes relative to the permethylindenyl analogues.

SMAO-MeP'SB(BUN, 1*) TiCl, also show higher activities than SMAO-Me2SB(®BUN,I1*)TiCl. at all
temperatures with a maximum value of 4197 kgee/moli/h/bar after 30 minutes at 60 °C. This
is in contrast to the related complexes SMAO-RLR2SB(®BU2F |y, 1*)ZrCl; (R1 = R2 = Me, Et, and
R:1 = Me, R2 = Pr) where the dimethylsilyl bridged complex shows higher activities
(6755 kgee/molz/h/bar) compared to the diethylsilyl bridged complex (5550 kgee/molz/h/bar)
and the methylpropylsilyl bridged complex (5059 kgre/molz/h/bar).>® Alt and co-workers have
previously reported the synthesis of constrained geometry complexes of the form

MeRSB(BUN,2RCp) TiCl, and MERSB(BUN,3RI)TiCly, and shown that variation of R group lead
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to enhancements in polymerisation activity for R = vinyl compared with R = phenyl, likely due
to the relative electron donating ability of the groups.! Similarly for metallocene type
complexes, work has been undertaken to investigate how the ansa bridge effects both

polymerisation activity, but also stereospecificity in propylene polymerisation,%-%2

Pombeiro and co-workers have shown through variation of the 2- position of complexes
Me2SB("BUN,>RCp*)TiCl, that addition of alkyl groups, (R = Me, "Bu) resulted in decreases in
polymerisation activity relative to the Me2SB(®®UN,%HCp*)TiCl,, when activated with an excess
of MAO, whereas addition of a phenyl group in the 2- position (Me2SB(®®'N,>""Cp*)TiCl, has
been shown to increase polymerisation activity.®® Alt et al. proposed that this activity
enhancement could be due to a spacer effect, whereby the phenyl group separates the bulky
MAO anion from the catalytic species,*® this effect has also been seen in
ansa-bis(fluorenylidene)zirconium dichloride systems. %4 Conversely, with
(3-R)-pentamethylindenyl complexes Me2SB(®BUN,I1*)TiCl, and Me2SB(BUN,*E1*)TiCl,, this
additional steric bulk has been contributed by the I* ring itself, we propose the addition of the
3-ethyl group, a methylpropylsilyl or diethylsilyl ansa-bridge will, through a balance of steric
and electronic factors, enhance polymerisation activity through a directional and inductive

effect of these groups.

Variation of the metal centre down group 4 from titanium to zirconium results in significant
decreases in polymerisation activity, which is contrast to what has been observed for many
metallocene type ethylene polymerisation catalysts,® but is commonly observed for CGCs.13%
DFT studies have shown that this decrease in polymerisation activity is attributable to the
ethylene insertion step in the polymerisation mechanism, where the activation barrier for
zirconium constrained geometry complexes is much greater than is observed for titanium

analogues, resulting in slower polymerisation rates.®® The maximum activity after 30 minutes
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for SMAO-Me2SB(BUN, 1*)ZrCl, is 99 kgee/molz/h/bar, and this 30 fold decrease in activity

with respect to the titanium analogue is not uncommon for these complexes, with large
decreases in activity observed for the Cp* analogues when supported on silica and activated
with MAO.% Molecular weights (Mw) and polydispersities (Mw/My) are given in Table 2.2

(Figure S3.13), whilst sMAO-Me2SB(®BUN *E*)TiCl, gives lower molecular weight

polyethylenes than the permethylindenyl complex. The narrow molecular weight distributions
indicate controlled polymerisation with a single site catalytic species in both cases, this can
also be observed in the ssNMR 2°Si CP-MAS spectrum of both catalysts where a single 2Si
resonance is observed in both cases (Figures S2.44). The complexes also produce higher
molecular weight polyethylenes than comparable permethylindenyl complexes, such as

SMAO-Me2SB(Cp,1*)ZrCl, (130 kDa), and sMAO-rac-SBI*ZrCl, (183 kDa) at 60 °C,*®

presumably due to the more open coordination sphere of the metal centre for CGCs.!

The polyethylenes produced by SMAO-VM&P'SB(®BUN,1*)TiCl, exhibit much higher molecular

weights than sSMAO-Me2SB(*BUN,I1*)TiCl, with relatively low molecular weight distributions

(3.7-4.3) being maintained throughout once again indicating a controlled single site nature of
the ethylene polymerisation. At low temperatures, molecular weights are almost double, with
a value of 1501 kDa at 50 °C.

Table 2.2 Molecular weights (Mw) and polydispersities (Mw/Mn) of the polyethylenes produced

for the complexes sSMAO-MeRSB(®BUN3RI*)TiCl, (R=Me, Et and Pr). Polymerisation
conditions: 10 mg catalyst, 2 bar ethylene, 50 mL hexane, 150 mg TiBA and 30 minutes.

Complex | Me2SB(BUN,I*)TiCl, | Me2SB(BUN,*EU*)TiCl, | MePrSB(®BUN,I*)TiCl,
T Muw Muw/My Muw Muw/M, Muw Muw/M,
(°C) (kDa) (kDa) (kDa)
50 881 3.6 598 37 1501 3.7
60 490 3.9 505 3.3 1059 3.9
70 474 3.9 276 4.9 777 3.9
80 289 5.8 205 4.7 769 4.3
90 246 5.8 168 45 428 4.0
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2.4 Slurry-phase ethylene/1-hexene copolymerisation

The effect of temperature on ethylene/1-hexene copolymerisation has been studied using
SMAO-Me:SB(BUN, 1*) TiCl,. Copolymerisations were carried out for 30 minutes in a 150 mL
ampoule with a sidearm with 0.156, 0.312 or 0.625 mL of 1-hexene in 5 mL of hexanes that
was added at the start of the polymerisation, a total volume of 50 mL hexanes, 10 mg of
catalyst, 150 mg TiBA scavenger, 2 bar of ethylene pressure and a [Alsmao]o:[Ti]o ratio of
1:200. The temperature of polymerisation was varied from 30 to 90 °C and the results of these

studies are shown in Figure 2.9.
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Figure 2.9. Slurry-phase ethylene copolymerisation activities for SMAO-Me2SB(®BUN, 1*)TiCl..

(Co)polymerisation conditions: 10 mg catalyst, 2 bar ethylene, 0, 0.156, 0.312 or 0.625 mL
1-hexene, 50 mL hexane, 150 mg TiBA and 30 minutes.

At temperatures below 70 °C, there are decreases in activity with addition of 1-hexene
compared with homopolymerisation. This is likely to be due to a higher activation energy for
chain propagation of an a-olefin compared with ethylene,®” causing activities to be lower for
copolymerisation than homopolymerisation. At 80 and 90 °C, activities also decrease with
addition of 1-hexene (from 3308 and 3010 kgre/molri/h/bar for homopolymerisation to 2939

and 2388 kgee/molri/h/bar with addition of 0.625 mL of 1-hexene respectively), due to the
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exothermic spike leading to catalyst deactivation. At 70 °C, activities increase with addition of
1-hexene from 3443 to 4248 kgre/molri/h/bar for increasing addition of 1-hexene, possibly due
to the enthalpic barrier of 1-hexene insertion at low temperatures being overcome,®” 1-hexene
increasing ethylene solubility,®® and increased ability for monomer close approach to the
catalyst site.®® The uptake rate graphs show the relative ethylene uptake rates for

(co)polymerisations at 70, 80 and 90 °C (Figure S3.4-S3.6).

The uptake rate plots indicate that there is not significantly greater catalyst deactivation in the
copolymerisation reactions compared with the homopolymerisations, with uptake rates
remaining constant through the polymerisations. At 70 °C, with addition of 0.625 mL

1-hexene, an increase in uptake rate is observed after 750 seconds.

The polymers produced have been studied by differential scanning calorimetry (DSC) to
determine polymer melt and crystallisation temperatures and enthalpies (Tables S3.4 and S3.5,
and Figure 2.10). DSC is a common method of studying polymers of this type, as it gives an

indication of the incorporation of comonomer into a polymer chain.*

With addition of 1-hexene, there are large decreases in all values measured across the
temperature range. The increase in chain branching that occurs from 1-hexene incorporation
into the polymer chain weakens the VVan der Waals forces within the polymer. The broadening
of the peaks with increased 1-hexene addition is caused by a decrease in polymer crystallinity

and defective crystal formation.!

The levels of 1-hexene incorporation have been determined using high temperature 3C{*H}
NMR spectroscopy, with the side chain resonances and carbon resonances in close proximity
being assigned by comparison to literature values.'°21% |t has previously been shown that for

ethylene/1-octene copolymerisations, incorporation levels decrease with increased temperature
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of reaction.®” However, as is seen in Table 2.3, the levels of 1-hexene incorporation increase

from 1.9% at 30 °C to 2.6% at 90 °C.

——0 mL 1-hexene
0.156 mL 1-hexene

——0.312 mL 1-hexene

——0.625 mL 1-hexene

24 T,=1105°C
AH, =104 Jg"!
T.=1081°C__— | T,=116.3°C
AH, =156 Jg”!

AH, =85 Jg!
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Tn=1377°C
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AH,, = 68 Jg"'
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50 . 1[I)0 I 1!!')0 ‘ 2[I)0
Temperature (°C)
Figure 2.10. DSC plot for polymers produced by sMAO-Me2SB(*BUN,I*)TiCl, at 70 °C for

0 mL 1-hexene (black), 0.156 mL 1-hexene (green), 0.312 mL 1-hexene (blue), and 0.625 mL
1-hexene (red).

Table 2.3. 1-hexene incorporation levels and melt temperatures (Tm) of the copolymers
produced. (Co)polymerisation conditions: 10 mg sSMAO-Me2SB(*BUN,1*)TiCly, 2 bar ethylene,

0, 0.156, 0.312 or 0.625 mL 1-hexene, 50 mL hexane, 150 mg TiBA and 30 minutes.

Vol. 1-hexene | 0 0.156 0.312 0.625
added (mL)
Temperature | Tm | Tm  Incorporation | Tm Incorporation | Tm  Incorporation
of (°C) | (°C) (%) (°C) (%) (°C) (%)
polymerisation
(°C)
30 135 | 126 - 123 - 114 1.7
40 135 | 124 - 119 - 112 2.0
50 136 | 125 - 120 - 114 2.2
60 136 | 123 - 116 - 115 2.1
70 138 | 125 0.6 122 1.0 122 2.1
80 136 | 123 - 119 - 122 2.3
90 134 | 126 - 122 - 118 2.6
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Table 2.4. Polymer molecular weights (Mw) and molecular weight distributions (Mw/M) of the
polymers produced. (Co)polymerisation conditions: 10 mg SMAO-Me2SB(BUN, 1*)TiCl,, 2 bar

ethylene, 0, 0.156, 0.312 or 0.625 mL 1-hexene, 50 mL hexane, 150 mg TiBA and 30 minutes.

Vol. 1-hexene 0 0.156 0.312 0.625
added (mL)
Temperature Mw  Mw/Mp Mw Muw/Mn Mw Muw/Mn Muw Muw/Mn
of (kDa) (kDa) (kDa) (kDa)
polymerisation
(°C)
30 2313 4.2 1291 2.8 1133 3.1 894 3.0
40 2197 3.9 856 2.8 781 2.8 695 2.7
50 1175 4.1 740 2.8 700 2.8 393 2.8
60 1063 4.4 637 3.0 499 3.1 203 2.7
70 414 6.6 313 3.0 213 3.2 95 3.0
80 282 6.8 294 3.6 243 3.1 95 4.1
90 172 6.7 87 3.7 49 35 51 3.4

Large decreases in polymer molecular weights were observed with addition of 1-hexene. At
70 °C, molecular weights decrease from 414 kDa for homopolymerisation to 95 kDa addition
of 0.625 mL of 1-hexene (Table 2.4). This effect has been observed in the literature, with the
molecular weight decrease resulting from frequent chain termination following addition of
1-hexene and chain transfer to 1-hexene monomers. Klosin and co-workers have undertaken
work to negate this molecular weight decrease by addition of heteroatom substituents to the

indenyl ligand.®72104

Three other catalysts, sMAO-MeP'SB(BUN,I*)TiCl,, sMAO-Me2SB(*BUN,*E*)TiCl,, and
SMAO-Me2SB(*BUN, I*)Ti(CH2Ph),, and an industrial standard sSMAO-Me2SB(*®N,Cp*)TiCl,
were also tested for ethylene/1-hexene copolymerisation at 70 °C under the previously
described conditions. As can be seen in Figure 2.11, with the exception of
SMAO-Me2SB(*®UN,I*)TiCl,,  copolymerisation  activities  decrease  relative  to
homopolymerisation, and typically the maximum activities for copolymerisations are seen for

addition of the largest amount of 1-hexene (0.625 mL). Copolymerisation activities similarly
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decrease for sSMAO-MeP'SB(BUN I*)TiCl; and sMAO-Me2SB(BUN,*EU*)TiCl, relative to

homopolymerisation. Temperature variation of ethylene homopolymerisation has shown that
both complexes exhibit much greater decreases in polymerisation activity

SMAO-Me2SB(*BUN,I*)TiCl, (4138 to 3038 kgee/molri/h/bar  (27%) and 3593 to

2698 kgre/molri/h/bar (25%) respectively compared with 3524 to 2981 kgee/moli/h/bar (15%)

from 70 to 80 °C).

SMAO-Me2SB(®BUN, I*)Ti(CH2Ph),  complex is  less  thermally  stable  than
SMAO-Me2SB(®BUN,I*)TiCl,. A 44% decrease is seen in the copolymerisation for
SMAO-Me2SB(®BUN, I*) Ti(CH2Ph), (4377 to 2621 kgee/molri/h/bar) compared with the 4%
increase in activity for sSMAO-Me2SB(*BUN, 1*)TiCl, (3443 to 3602 kgee/mol+i/h/bar) on addition

of 0.156 mL 1-hexene (Figure 2.11).
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Figure 2.11. Ethylene/1-hexene copolymerisation activities. (Co)polymerisation conditions:
10 mg catalyst, 2 bar ethylene, 0, 0.156, 0.312 or 0.625 mL 1-hexene, 50 mL hexane, 150 mg
TiBA and 30 minutes.

This effect can also be seen in the two uptake rate plots (Figures S3.1 and S3.6), with the uptake
rate plots remaining approximately constant for the duration of the polymerisations in the case

of the dichloride complex, whilst the dibenzyl complex sees large decreases in uptake rates for
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the copolymerisations, while the homopolymerisation uptake remains approximately constant
through the reaction. 1-hexene incorporation levels have been calculated for all of the catalysts
for the copolymerisation with 0.625 mL of 1-hexene, and the melting points determined by

DSC (Table 2.5).

Table 2.5. Polymer melt temperatures (Tm), and 1-hexene incorporation levels for the catalysts:
SMAO-M2SB(BUN,I*)TiCl,, SMAO-Me2SB(BUN,*E*)TiCl,, sMAO-MeP'SB(BUN,I*)TiCly,
SMAO-Me2SB(*®BUN, I*)Ti(CH2Ph),, and sMAO-M&2SB(*®UN,Cp*)TiCl.. (Co)polymerisation
conditions: 10 mg catalyst, 2 bar ethylene, 0, 0.156, 0.312 or 0.625 mL 1-hexene, 50 mL
hexane, 150 mg TiBA and 30 minutes.

Volume of 1-hexene added (mL) | O | 0.156 0.312 0.625
Supported Complex Tm Tm Tm  Incorporation | Tm  Incorporation

(°C) | (°C) | (°C) (%) (°C) (%)
SMAO-Me2SB(*®BUN, I*)TiCl, 138 | 125 | 122 1.0 122 2.1
SMAO-Me2SB(BUN, 3E*) TiCl, 133 | 122 | 117 - 114 2.4
SMAO-MePSB(BUN, 1%)TiCl, 133 | 123 | 117 - 114 1.9
SMAO-Me2SB(®BUN,1*)Ti(CH2Ph), | 133 | 122 | 117 - 114 2.2
SMAO-Me2SB(*BUN,Cp*)TiCl, 134 | 120 | 117 - 107 35

In the case of all catalysts, all polymer melt temperatures decrease, with increasing addition of
1-hexene comonomer. Incorporation levels for the permethylindenyl complexes (1.9-2.4%)
are lower than that of the permethylcyclopentadienyl ones (3.5%). The incorporation levels are
lower than typically observed for solution phase copolymerisation.”> Marks and Williams
previously synthesised a range of constrained geometry complexes supported on MAO-
activated sulfated alumina which showed lower levels of 1-hexene incorporation compared
with solution phase reactions.” These were attributed to mass transfer effects, where both the

support and the propagating polymer chain cause diffusional resistance of the comonomer.”
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2.5 Slurry phase ethylene/styrene copolymerisation

Five solid catalysts have been tested for the slurry phase ethylene/styrene copolymerisation.
Copolymerisation activities decrease to a greater extent than was seen for ethylene/1-hexene
copolymerisations (Figure 2.12). Mulhaupt et al. have previously reported similar results in

solution phase using Me2SB(*®UN,Cp*) TiCl,.1%

5000 1

---m--- sSMAO-Y=SB (YN, 1) TiCl,
4000 i ~--m--- sSMAO-M*SB("'N,Cp*)TiCl,
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Figure 2.12. Ethylene/styrene copolymerisation activities. (Co)polymerisation conditions:
10 mg catalyst, 2 bar ethylene, 0, 0.156, 0.312 or 0.625 mL styrene, 50 mL hexane, 150 mg
TiBA and 30 minutes.

The decrease in copolymerisation activities are greater for the I* complexes than the Cp*
complex, where the activity increases from 2227 to 2346 kgee/molyi/h/bar on addition of
0.156 mL of styrene followed by a decline in activities on addition of higher amounts of
styrene. Klosin et al. reported that variation of the 3- and 4- positions of the Cp ring to phenyl
groups resulted in higher copolymerisation activities than the Cp* complex,
30 500 kgpe/mmolcat compared with 11 870 kgee/mmolcat, indicating the electronics of the ring

substituents can greatly effect copolymerisation activities.®

For SMAO-Me2SB(BUN, I*)TiCl,, activities decrease from 3442 to ~1200 kgee/molri/h/bar for

additions of 0.156 and 0.312 mL of styrene, which then increases to 2036 kgee/mol+i/h/bar with
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addition of 0.625 mL. This is in contrast to the other I* complexes where no increase in
activities are seen for higher levels of styrene addition, but significant decreases in activity are
seen in all cases. SMAO-M2SB(BUN*EU*)TiCl, decreases from 3759 to
~1350 kgee/molri/h/bar, SMAO-MeP'SB(BUN, 1*) TiCl, from 4145 to ~850 kgee/molri/h/bar, and

SMAO-Me2SB(BUN, I*)Ti(CH2Ph), from 4380 to ~850 kgee/molri/h/bar. The polymer melt

temperatures have been determined for the copolymers produced, and styrene incorporation
levels determined by C{*H} NMR spectroscopy for the highest level of styrene addition
(Table 2.6). The Cp* complex shows higher levels of styrene incorporation relative to the I*
complex (3.8% compared with 1.6-2.5%). Okuda and co-workers reported

Me2SB(*BUN,Cp*)TiCl, incorporated 15.8 mol% of styrene into the copolymer with a MAO
cocatalyst, the fluorenyl analogue, Me2SB(*®“N,FIu)TiCl,, resulted in only 1.1 mol% styrene
incorporation and Me2SB(BUN,3-SMe3|) TiCl, resulting in 5.7 mol% incorporation under the same

conditions.” Klosin et al. showed greater levels of styrene incorporation, up to 30 mol%

incorporation from 11 mol% using modified Cp* complexes.®

Table 2.6. Polymer melt temperatures (Tm), and styrene incorporation levels for the catalysts:
SMAO-Me2SB(BUN, I*)TiCl,, sSMAO-Me2SB(BUN *E*)TiCl,, sMAO-MeP'SB(BUN,I*)TiCl,,
SMAO-Me2SB (BN, I*)Ti(CH2Ph),, and sMAO-M&2SB(*®UN,Cp*)TiCl,. (Co)polymerisation
conditions: 10 mg catalyst, 2 bar ethylene, 0, 0.156, 0.312 or 0.625 mL styrene, 50 mL hexane,
150 mg TiBA and 30 minutes.

Volume of styrene added (mL) 0 0.156 0.312 0.625
Supported Complex Tm Tm Tm Tm Incorporation

C) (°C) CC) | (°Q) (%)
SMAO-Me2SB(®BUN, I*)TiCl, 138 119 105 98 2.3
SMAO-Me2SB(BUN,*E*) TiCl, 133 120 114 107 2.5
SMAO-MePSB(BUN, 1%)TiCl, 133 122 119 113 1.6
SMAO-Me2SB(*BUN, I*) Ti(CH2Ph) 133 120 116 110 1.8
SMAO-Me2SB(*®BUN,Cp*)TiCl, 134 115 109 98 3.8
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SMAO-Me2SB(BUN, 3 EY*) TiCl, (2.5 mol%) shows similar levels of comonomer incorporation
than sSMAO-Me2SB(*BUN,I*)TiCl, (2.3 mol%). Lower levels of styrene incorporation were
observed for the sMAO-MEP'SB(BUN,I*)TICl, and sMAO-Me2SB(®BUN,1*)Ti(CH2Ph);

compared with the other complexes, which is also coupled with lower copolymerisation

activities.

3  Conclusions

Eight new constrained geometry complexes were reported, with variation of the
permethylindenyl fragment, ansa-bridge, amido group, metal centre and initiator groups. When
supported on SMAO, these complexes, with the exception of M2SB(*®UN,1*)ZrCl,, have been
shown to be efficient ethylene polymerisation catalysts. Variation of the initiator groups

resulted in the highest enhancement in activities, with SMAO-Me2SB(®BUN,1*)Ti(CH.SiMes)

having a maximum activity of 7048 kgee/molri/h/bar.

The four complexes tested for copolymerisation showed good levels of 1-hexene incorporation,
from 1.9 to 2.4 mol%, as is commonly expected for constrained geometry complexes. Variation

of copolymerisation temperature with sSMAO-M&2SB(®BUN,1*)TiCl, showed that 1-hexene

incorporation levels increase with higher copolymerisation temperature, and at 70 °C
copolymerisation activities increased relative to homopolymerisation, the only time this was
observed. Ethylene/styrene copolymerisations showed similar levels of incorporation, 1.6—
2.5 mol%, with activities being hindered by addition of styrene relative to

homopolymerisation.
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4  Materials and Methods

4.1 Synthesis and characterisation of complexes

4.1.1 Synthesis of M2SB(®BUN, 1*) TiMe;

Me2SB("BUN,I*)TiCl, (100 mg, 0.22 mmol) was dissolved in toluene and cooled to —78 °C. A
pre-cooled (0 °C) MeLi solution (0.31 mL, 1.6 M, 0.49 mmol) was added dropwise over
5 minutes. The reaction was left to stir at —78 °C for 4 hours, during which a colour change
from red to dark green was observed. The resultant mixture was left to warm to room
temperature and the solvent removed in vacuo. The product was then extracted in pentane (3 x
10 mL), and left at —23 °C (18 hours) affording a green-yellow precipitate. The pentane
solution was decanted and the solid dried in vacuo. The solid was then recrystallised in pentane

to afford Me2SB(*®UN,I*)TiMe; as a green-yellow solid in 69% yield (61 mg, 0.15 mmol).

IH NMR (CsDs, 298 K, 400 MHz): & (ppm) 2.47 (3H, s, 1*-Me), 2.45 (3H, s, 1*-Me),
2.34 (3H, s, I*-Me), 2.11 (3H, s, I*-Me), 2.06 (3H, s, I*-Me), 2.03 (3H, s, I*-Me), 1.51 (9H,
s, N-Bu), 0.64 (3H, s, Si-Me), 0.63 (3H, s, Si-Me), 0.59 (3H, s, Ti-Me) and -0.14 (3H, s, Ti-
Me). 3C{*H} NMR (CsDs, 298 K, 125 MHz): § (ppm) 142.18 (I*), 135.76 (1*), 133.72 (I*),
132.82 (1*), 131.62 (1*), 130.04 (1), 129.91 (I*), 122.82 (I*), 88.91 (I*), 57.79 (N-CMes),
53.43 (Ti-Me), 52.20 (Ti-Me), 34.71 (C-Mes), 21.45 (1*-Me), 17.03 (I*-Me), 17.03 (I*-Me),
16.33 (I*-Me), 16.15 (I*-Me), 15.36 (I*-Me), 9.33 (Si-Me) and 8.44 (Si-Me). CHN Analysis

(%): Expected: C 68.12, H 9.69, N 3.45. Found: C 68.54, H 10.07, N 3.33. CCDC: 1966405.

4.1.2 Synthesis of Me2SB(BUN, 1*) Ti(CH.SiMes).
Me2SB(BUN,1*)TiCl, (100 mg, 0.22 mmol) and LiCH,SiMes (42.2 mg, 0.45mmol) were

cooled to 5°C, and benzene was added. The orange-brown reaction mixture was allowed to

warm to room temperature and stirred for 20 hours. The resultant mixture was filtered, dried in
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vacuo, and the product extracted in pentane (3 x5 mL). The solution was left at —20 °C
(18 hours) affording a bright orange precipitate. The pentane solution was decanted and the
solid dried in vacuo to afford Me2SB (BN, 1*) Ti(CH2SiMes). in 57% yield (141 mg, 0.26 mmol).
A second crop of orange crystals suitable for a single crystal X-ray diffraction study were

grown from the pentane filtrate at —23 °C.

IH NMR (CsDs, 298 K, 400 MHz): & (ppm) 2.56 (3H, s, 1*-Me), 2.55 (3H, s, 1*-Me),
2.36 (3H, s, 1*-Me), 2.17 (3H, s, I*-Me), 2.12 (3H, s, I*-Me), 2.08 (3H, s, I*-Me), 1.51 (9H,
s, N-Bu), 1.21 (1H d, 2Jun = 11.0 Hz, Ti-CH,-Si), 0.98 (1H, d, 2Jun = 11.0 Hz Ti-CH.-Si),
0.65 (1H, d, 2Jun =110 Hz, Ti-CH-Si), 0.66 (3H, s, I*Si-Me), 0.63 (3H, s, I1*Si-Me),
0.25 (9H, s, CH2Si-Mes), 0.02 (9H, s, CH.Si-Mes) and —0.87 (1H, d, 2Jun = 11.0 Hz,
Ti-CH2-Si). BC{*H} NMR (CsDs, 298 K, 125 MHz): § (ppm) 141.28 (1*), 136.61 (1*), 133.82
(1I%), 13327 (1%), 131.74 (I*), 130.25 (I*), 129.79 (I*), 123.29 (I*), 88.34 (I%),
76.93 (Ti-CH2), 68.67 (Ti-CH2), 59.05 (N-CMes), 34.33 (C-Mes), 21.74 (I*-Me),
17.67 (I*-Me), 17.24 (1*-Me), 17.05 (I*-Me), 16.67 (I*-Me), 16.58 (I*-Me), 9.80 (Si-Me),
8.93 (Si-Me), 3.92 (Si-Mez) and 2.91 (Si-Mes). CHN Analysis (%): Expected: C 63.34, H

10.08, N 2.55. Found: C 64.78, H 10.35, N 2.48. CCDC: 1966406.

4.1.3 Synthesis of Me2SB(BUN, 1*) Ti(CH2Ph);
Me2SB("BUN,1*)TiCl2 (150 mg, 0.34 mmol) and KCH2Ph (96.2 mg, 0.74 mmol) were cooled to

5°C, and benzene was added. The dark red reaction mixture was allowed to warm to room
temperature and stirred for 20 hours. The resultant mixture was filtered then freeze-dried from
benzene under vacuum. The dark red solid was washed with pre-cooled pentane at —78 °C to

afford Me2SB("BUN,1*)Ti(CH.Ph). as an orange solid in 58% yield (105 mg, 0.19 mmol).

IH NMR (CsDs, 298 K, 400 MHz): & (ppm) 7.16 (2H, t, 3Jut = 7.8 Hz, Ph-Hmeta), 7.06 (2H,

t, 3\JHH =75 HZ, Ph'Hmeta), 6.94 (ZH, d, Ph'Hortho, SJHH =75 HZ), 6.92 (2H, t, Ph'Hpara,
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3Jun = 7.0 Hz), 6.83 (2H, t, Ph-Hpara, 3Jun = 7.0 Hz), 6.71 (2H, d, Ph-Hortho, 3Jun = 7.0 Hz),
2.70 (1H, d, Ti-CH2-Ph, 2Jun =10.5 Hz), 2.45(3H, s, 1*-Me), 2.40 (1H, d, Ti-CH.-Ph,
2Jun = 10.5 Hz), 2.24 (3H, s, 1*-Me), 2.20 (3H, s, 1*-Me), 2.10 (3H, s, I*-Me), 1.97 (3H, s, 1*-
Me), 1.90 (3H, s, 1*-Me), 1.59 (1H, d, Ti-CH2-Ph, 234y = 10.5 Hz), 1.52 (1H, d, Ti-CH»-Ph,
2Jun = 10.5 Hz), 1.42 (9H, s, N-'Bu) and 0.62 (6H, Si-Me). B¥C{*H} NMR (CsDs, 298 K,
125 MHz): & (ppm) 150.75 (Ph), 150.20 (Ph), 141.98 (1*), 136.42 (1*), 134.11 (I*), 133.90
(1*), 131.82 (1*), 130.44 (1*), 129.96 (I*), 128.20 (Ph), 128.10 (Ph), 127.43 (Ph), 127.35 (Ph),
125.56 (I*), 122.43 (Ph), 121.95 (Ph), 91.09 (I*), 85.01 (Ti-CH), 81.75 (Ti-CHy),
60.42 (N-CMes), 34.26 (C-Me3), 21.14 (I*-Me), 17.40 (I*-Me), 17.26 (1*-Me), 16.52 (1*-Me),
16.05 (1*-Me), 15.17 (1*-Me), 9.37 (Si-Me) and 8.53 (Si-Me). CHN Analysis (%): Expected:

C 75.38, H 8.49, N 2.51. Found: C 75.49, H 8.80, N 2.45.

4.1.4 Synthesis of Me2SB(®UN, 1*) Ti(Cl)CH2SiMes
Me2SB(*BUN,I1*)TiCl> (200 mg, 0.45 mmol) was dissolved in 5 mL of benzene and cooled to

5°C. A solution of 1 equivalent of LiCH2SiMes (42.2 mg, 0.45 mmol) in benzene was added
dropwise over 45 minutes. The orange reaction mixture was allowed to warm to room
temperature and stirred for 20 hours. The resultant mixture was filtered, dried in vacuo, and the
product extracted in pentane (3 x 5 mL). The solution was left at —30 °C (18 hours) affording

Me2SB("BUN,1*)Ti(Cl)CH.SiMejs as a bright orange precipitate in a 43% yield (96 mg).

IH NMR (CsDs, 298 K, 400 MHz): & (ppm) 2.54 (3H, s, I*-Me), 2.53 (2H, s, I*-Me), 2.26
(3H, s, I*-Me), 2.18 (3H, s, I*-Me), 2.09 (3H, s, I*-Me), 2.07 (3H, s, I*-Me), 1.57 (1H, d,
Ti-CH2-Si, 2Jnn = 11.9 Hz), 1.51 (9H, s, N-Bu), 0.63 (3H, s, Si-Me), 0.51 (3H, s, Si-Me),
0.10 (9H, s, CH2Si-Mes) and —0.97 (1H, d, Ti-CH2-Si, 2Jun = 11.9 Hz). *C{*H} NMR (CeDs,
298 K, 125 MHz): & (ppm) 142.46 (I*), 137.00 (I*), 135.99 (1*), 134.25 (I*), 131.97 (I*),

130.94 (1*), 130.55 (I*), 95.84 (I*), 73.14 (Ti-CH,), 60.31 (N-CMes), 33.96 (C-Mes),
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21.47 (1*-Me), 17.83 (I*-Me), 17.11 (1*-Me), 16.59 (I*-Me), 16.56 (I*-Me), 16.56 (I*-Me),
8.51 (Si-Me), 7.90 (Si-Me) and 2.54 (Si-Mes). One I* resonance is not observed, and is likely
to be obscured by the solvent signals. CHN Analysis (%): Expected: C 60.28, H9.01, N 2.81.

Found: C 60.14, H 9.01, N 2.83. CCDC: 1966407.

4.1.5 Synthesis of Me2SB(®BUN > Et*)TiCl,

Me2SB("BYN,*El*)Li,.1.5THF (760 mg, 1.64 mmol) was mixed with an equimolar amount of
TiCls.2THF (630 mg) and cooled to 5 °C. The mixture was dissolved in benzene, allowed to
warm to 23 °C and stirred for 18 hours resulting in a dark red solution. The volatiles were
removed under vacuum, and the product extracted in pentane as a dark red solution. The
solution was concentrated and Me2SB("BUN,3E1*)TiCl, precipitated at -20 °C as a dark red solid

in a yield of 25% (0.19 g, 0.41 mmol).

IH NMR (CsDs, 298 K, 400 MHz): & (ppm) 3.34 (1H, m, I*-CH2-CH3 3Jun = 7.6 Hz), 3.03
(1H, m, I*-CH2-CHs 3Jun = 7.6 Hz), 2.45 (3H, s, I1*-Me), 2.35 (3H, s, I*-Me), 2.21 (3H, s,
I*-Me), 2.08 (3H, s, I*-Me), 2.03 (3H, s, 1*-Me), 1.41 (9H, s, N'Bu), 0.92(3H, dd,
I*-CHo-CHa, 3Jun = 7.6 Hz), 0.63 (3H, s, Si-Me) and 0.59 (3H, s, Si-Me). 3C{*H} NMR
(CsDs, 298 K, 125 MHz): & (ppm) 145.71 (1*), 139.70 (1*), 137.69 (1*), 136.38 (I*), 131.59
(1%), 131.37 (1*), 130.38 (I*), 129.25 (I*), 96.64 (I*-Si), 62.02 (N-C-(CHa)s), 32.80 (N-C-
(CHa)s), 23.71 (I*-CH2-CHa), 21.65 (1*-Me), 17.30 (1*-Me), 16.66 (I*-Me), 16.37 (I*-Me),

16.22 (1*-Me), 15.04 (I*-CH2-CHs), 8.21(Si-Me) and 7.65 (Si-Me).

4.1.6 Synthesis of Me2SB(®YN, 1*)TiCl;
Me2SB(YN,1*)Liz (1.20 g, 3.27 mmol) was mixed with an equimolar amount of TiCls.2THF

(2.09 g, 3.27 mmol). The mixture was cooled in an ice bath and dissolved in benzene resulting
in a dark red solution. The reaction mixture was allowed to warm to 23 °C and stirred for

18 hours. The volatiles were removed under vacuum, followed by extraction with pentane to
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yield a dark red solution. The solution was reduced and a dark red solid was precipitated at

~20 °C to afford M2SB(YN, I*)TiCl, in a 14% isolated yield (0.22 g).

IH NMR (CsDs, 298 K, 500 MHz): & (ppm) 4.25 (1H, m, N-CyHipso), 2.55 (3H, s, 1*-Me),
2.42 (3H, s, 1*-Me), 2.36 (3H, s, I*-Me), 2.22 (3H, s, I*-Me), 2.13 (1H, m, N-CyHortho), 2.07
(3H, s, I*-Me), 2.02 (3H, s, 1*-Me), 1.99 (1H, m, N-CyHortho), 1.64 (1H, m, N-CyHmeta), 1.56
(A1H, m, N-CyHmeta), 1.43 (1H, m, N-CyHpara), 1.26 (1H, m, N-CyHmeta), 1.15 (1H, m,
N-CyHmeta), 0.87 (1H, m, N-CyHpara), 1.02 (1H, m, N-CyHortho), 0.94 (1H, m, N-CyHortno),
0.87 (1H, m, N-CyHpara), 0.60 (3H, s, Si-Me) and 0.54 (3H, s, Si-Me). *C{*H} NMR (CsDs,
298 K, 125 MHz): & (ppm) 146.40 (I1*), 140.25 (I1*), 137.19 (1*), 135.82 (1*), 131.65 (I*),
131.56 (1*), 131.09 (1*), 131.01 (I*), 93.78 (I1*-Si), 64.94 (N-Cyipso), 35.37 (N-CYortno), 35.00
(N-Cyortho), 26.62 (N-Cy¥meta), 26.36 (N-C¥meta), 26.10 (N-Cypara) 21.32 (1*-Me), 17.25 (1*-
Me), 17.12 (1*-Me), 17.04 (1*-Me), 16.91 (I*-Me), 16.52 (I*-Me), 7.38 (Si-Me) and 7.08

(Si-Me).

4.1.7 Synthesis of MeP'SB(BUN, I*)TiCl,

MePISB("BUN,1*)Li2.1.2THF (880 mg, 1.93 mmol) was mixed with an equimolar amount of
TiCls.2THF (640 mg). The mixture was cooled in an ice bath and dissolved in benzene
resulting in a dark red solution. The reaction mixture was allowed to warm to 23 °C and stirred
for 18 hours. The volatiles were removed under vacuum, followed by extraction into pentane
to yield a dark red solution. The volatiles were once more removed under vacuum and the
residue was dissolved in trimethylsilylether, concentrated and stored at -20 °C to afford

MePISB(*BUN,I*)TiCl as a dark red solid which was isolated in a 20% yield (180 mg).

'H NMR (CsDs, 298 K, 500 MHz): Major Isomer (57%): § (ppm) 2.56 (3H, s, 1*-Me), 2.55
(3H, s, 1*-Me), 2.44 (3H, s, I1*-Me), 2.40 (3H, s, I*-Me), 2.39 (3H, s, I*-Me), 2.36 (3H, s,

I*-Me), 1.74 (2H, s, Si-CH2-CH2-CHs), 1.42 (9H, s, N-Bu), 1.04 (3H, t, Si-CH2-CH2-CHs),
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0.63 (3H, s, Si-Me). Minor isomer (43%): 6 (ppm) 2.19 (3H, s, 1*-Me), 2.17 (3H, s, 1*-Me),
2.08 (3H, s, I*-Me), 2.07 (3H, s, I*-Me), 2.06 (3H, s, 1*-Me), 2.02 (3H, s, 1*-Me), 1.52 (2H,
S, Si-CH2-CH>-CHz), 1.42 (9H, s, N-'Bu), 1.10 (3H, t, Si-CH2-CH2-CH3), 0.58 (3H, s, Si-Me).
BC{'H} NMR (CsDs, 298 K, 125 MHz): Major isomer (57%): & (ppm) 146.39 (1*), 140.68
(1*), 137.96 (1*), 136.96 (1*), 134.68 (1*), 131.58 (1*), 131.51 (1*), 130.52 (1*), 96.30 (1*-Si),
24.86 (Si-CH2-CHa-CHa), 21.54 (1*-Me), 19.88 (I*-Me), 18.35 (Si-CH2-CH2-CHs), 17.95
(Si-CH2-CH2-CHg), 17.37 (I*-Me), 17.30 (I*-Me), 16.66 (I*-Me), 16.57 (I*-Me), 6.47
(Si-Me). Minor isomer (43%): & (ppm) 145.97 (1*), 136.30 (1*), 136.16 (1*), 134.68 (1*),
133.98 (1*), 131.92 (1*), 131.45 (I*), 131.41 (1*), 97.59 (1*-Si), 24.49 (Si-CH,-CH,-CHs),
18.37 (Si-CHz-CH,-CH3), 17.95 (Si-CH2-CH2-CHs), 17.14(1*-Me), 17.00 (1*-Me), 16.98

(I*-Me), 16.91 (I*-Me), 16.54 (1*-Me), 16.48 (I*-Me) and 5.77 (Si-Me).

4.1.8 Synthesis of Me2SB(®BUN,1*)ZrCl;
Me2SB(BUN,1*)Li2.1.25THF (1.20 g, 2.78 mmol) was mixed with an equimolar amount of ZrCl,

(0.65 g, 2.78 mmol). The mixture was cooled in an ice bath and dissolved in benzene resulting
in an orange/brown solution. The reaction mixture was allowed to warm to 23 °C and stirred
for 18 hours. The volatiles were removed under vacuum and the product extracted in pentane
as a dark orange solution. The solution was concentrated and stored at -20 °C to afford

Me2SB(*BUN,1*)ZrCl, an orange solid which was isolated in a 24% yield (0.33 g).

IH NMR (de-benzene, 500 MHz): & (ppm) 2.55 (3H, s, 1*-Me), 2.42 (6H, s, I*-Me), 2.20 (3H,
s, 1*-Me), 2.08 (3H, s, I*-Me), 2.04 (3H, 5, I*-Me), 1.31 (9H, s, N-'Bu) and 0.69 (3H, s, Si-Me),
0.60 (3H, s, Si-Me). BC{*H} NMR (ds-benzene, 125 MHz): & (ppm) 143.15 (I*), 137.04 (I*),
135.65 (1*), 134.98 (1*), 130.08 (I*), 129.05 (1*), 128.36 (1*), 124.05 (1*), 88.67 (1*-Si), 56.74

(N-C-(CH3)3), 33.32 (N-C-(CHs)3), 21.44 (I*-Me), 17.27 (I*-Me), 17.22 (I*-Me), 16.52
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(I*-Me), 16.30 (I*-Me), 15.86 (I*-Me), 9.97 (Si-Me), 8.96 (Si-Me). CHN Analysis (%0):

Expected: C 51.29, H7.17, N 2.85. Found: C 51.70, H 6.82, N 2.89.

4.2 Synthesis of SMAO supported complexes

0.019 mmol of complex and 200 equivalents of SMAO (250 mg, 3.78 mmol) were mixed in
toluene at 25 °C, warmed to 60 °C and regularly swirled for 1 hour. The product was allowed
to settle and the supernatant was decanted. The brown solid product was then dried under

vacuum at room temperature.

SMAO-Me2SB(BUN,I*)Ti(CH2Ph),. Isolated in a 77% vyield. *C CP-MAS NMR
(100.6 MHz): —7 (sSMAO), 17 (I*Me), 21 (1*Me), 35 (I1*Me), 53 (Ti-Me), 129 (SMAO), 132
(1*/Ph), 138 (I1*/Ph) and 178 (SMAO). 2°Si CP-MAS NMR (79.4 MHz): —18. ZAl DP-MAS

hahnecho NMR (104.2 MHz): 349, 211, 79, —85 and —243.

SMAO-Me2SB(BUN, I*) TiMe,. Isolated in a 75% yield. 1*C CP-MAS NMR (100.6 MHz): -7
(SMAO), 17 (I*Me), 21 (I*Me), 35 (I*Me), 51 (Ti-Me), 129 (SMAO), 133 (I*), 138 (I*) and
178 (sSMAO). °Si CP-MAS NMR (79.4 MHz): —43. ?’Al DP-MAS hahnecho NMR

(104.2 MHz): 346, 208, 81, —84 and —241.

SMAO-Me2SB(BUN, I*) Ti(CH:SiMes)z. Isolated in a 71% yield. *C CP-MAS NMR
(100.6 MHz): -7 (SMAO), 17 (I*Me), 21 (I*Me), 35 (I*Me), 53 (Ti-Me), 129 (sSMAO), 133
(1%), 137 (1I*) and 178 (SMAO). 2°Si CP-MAS NMR (79.4 MHz): 0 and —18. ’Al DP-MAS

hahnecho NMR (104.2 MHz): 344, 205, 80, —85 and —242.

SMAO-Me2SB(®BUN, I*)Ti(CI)CH,SiMes. Isolated in a 73% vyield. )C CP-MAS NMR
(100.6 MHz): -8 (SMAO), 17 (I*Me), 34 (I*Me), 51 (Ti-Me), 128 (sSMAO), 132 (1*), 136
(1*) and 177 (sSMAO). Si CP-MAS NMR (79.4 MHz): 0 and —19. 2’ Al DP-MAS hahnecho

NMR (104.2 MHz): 327, 182, —92 and —249.
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SMAQO-Me2SB(BUN,Cp*)TiCls. Isolated in a 68% yield. 3C CP-MAS NMR (100.6 MHz): —8
(SMAO), 18 (Cp*Me), 32 (Cp*Me), 51 (Ti-Me), 128 (SMAO), 132 (Cp*), 135 (Cp*) and 179
(SMAO). 2°Si CP-MAS NMR (79.4 MHz): —19. ?’Al DP-MAS hahnecho NMR

(104.2 MHz): 326, 184, —93 and —249.

SMAO-Me2SB(BUN >EY*)TiCl,. Isolated in a 77% vyield. 3C CP-MAS NMR (100.6 MHz):
~8 (SMAO), 17 (1*Me), 22 (I*Me), 32 (I*Me), 51 (Ti-Me), 128 (SMAO), 131 (I*), 136 (1*)
and 177 (SMAO). #Si CP-MAS NMR (79.4 MHz): —20. ¥’ Al DP-MAS hahnecho NMR

(104.2 MHz): 327, 183, —92, —249.

SMAOQ-MePrSB(BUN, I*) TiCl.. Isolated in a 85% yield.

SMAQO-Me2SB(1BUN, 1*)ZrCl.. Isolated in a 81% yield as a pale yellow solid.

4.3 Slurry phase polymerisation of ethylene

150 mg of triisobutylaluminium (TiBA) was mixed with 10 mL of hexane in a 150 mL
ampoule. 10 mg of supported catalyst was added, followed by 40 mL of hexane. The ampoule
was allowed to warm up in an oil bath to the desired temperature after which it was opened up
to 2 bar of ethylene while stirring and then left under a continuous flow for a specified time.
The ampoule was then degassed and the mixture filtered. The polyethylene was then washed

with pentane, dried and weighed.

4.4 Slurry phase copolymerisation of ethylene/1-hexene and ethylene/styrene

150 mg of triisobutylaluminium (TiBA) was mixed with 10 mL of hexane in a 150 mL
ampoule. 10 mg of supported catalyst was added, followed by 35 mL of hexane. In a sidearm,
the desired amount of comonomer was added in 5 mL of hexane. The ampoule was allowed to
warm up in an oil bath to the desired temperature after which it was opened up to 2 bar of

ethylene while stirring, and the comonomer added in a single addition, and then left under a
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continuous flow for a specified time. The ampoule was then degassed and the mixture filtered.

The polyethylene was then washed with pentane, dried and weighed.
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