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ABSTRACT

Rac- and meso-bis(1-hexamethylindenyl)phenylborane zirconium dichloride, {rac-, meso-
(P"BBI*)ZrCl,} has been synthesised and fully characterised. The slurry phase ethylene
polymerisation performance of rac-(""BBI*)ZrCl, immobilised on a range of
methylaluminoxane (MAQO)-modified, solvent-dispersed, high surface area layered double
hydroxides (AMO/AIM-MgxAIl-CO3 LDHSs) have been studied. The polymerisation activities
show a strong dependence on the nature of the LDH. Rac-(""BBI*)ZrCl. supported on a MAO-
modified 1-hexanol dispersed [Mgo.73Alo.27(OH)2][COsJo13s LDH displayed a maximum
ethylene polymerisation activity of 6641 kgee molz 2 h™t bar™ at 70 °C and 2 bar ethylene.
Benchmarking studies reveal that some of the rac-(""BBI*)ZrCl, supported catalysts
outperform a range of commonly used industrial metallocene PE catalysts.

1. Introduction

Polyolefins play a vital role in today’s world, with polyethylene production estimated to reach
99.6 million metric tons in 2018.! Titanium based Ziegler-Natta,> and chromium based
Phillips® catalytic systems dominate the field of ethylene and a-olefin polymerisation.
Heterogeneous catalysts limit reactor fouling with respect to homogeneous catalysts, and so
are typically the commercial option. However, they have poorly understood active species,
often leading to a distribution of products. Homogeneous catalysts have well defined active

sites compared to heterogeneous catalysts and can offer higher selectivities.*®> Group 4 bent



metallocenes, Cp2MX2 (Cp = n-CsHs, M = Ti, Zr or Hf, X = CI or alkyl group), provide an
alternative to Ziegler-Natta and Phillips catalysts for ethylene polymerisation, with their single
active site capable of producing polymer with narrow molecular weight distributions.® It has
been demonstrated that variations in both the steric and electronic properties have profound
effects on both the catalytic activity and the physicochemical properties of the polymers

produced.”®

A variety of permethylindenyl (CoMe7, Ind*, I*) complexes have been synthesised,
including those of group 4 metals.>*? Ind* ligation produces a more electron rich metal centre
than indenyl (Ind) due to a positive inductive effect, which strengthens the metal—ligand
bonding interactions. Complexes with Ind* ligands are more sterically demanding than the
parent indenyl ligand, increasing the Kinetic stability of the Ind*-metal bonds.® These factors
have been linked to improved polymerisation activity, with rac-ethylenebis(permethylindenyl)
zirconium dichloride (rac-(EBI*)ZrCly) having a greater slurry phase activity
(4325 kgre molz *htbar!)  than  rac-ethylenebis(indenyl)  zirconium  dichloride
(rac-(EBI)ZrCly; 1841 kgee molz *h~tbar™t) when both complexes were immobilised on
MAOQO activated aqueous miscible organic layered double hydroxide (AMO-LDH) solid

supports.?

Boron-bridged metallocene complexes have been reported by Reetz,*3*® Shapiro,'*

Braunschweig,**® Stephan®® and reviewed by Bourissou et al.'* rac-(""E2°BBI)ZrCl,,

reported by Reetz et al., has shown fairly active solution phase ethylene polymerisation
(200—2600 kgee molz*htbar?) and produced high molecular weight polymer (ca.
700 kg mol ™). 1%

In 1980, Kaminsky and co-workers reported that group 4 metallocenes, which have low
solution phase ethylene polymerisation activity, displayed improved activity when they were
activated by methylaluminoxane (MAOQ).2 Although precise details about the structure and
functionality of MAO remain unclear,’> MAO is currently understood to act as a source of
[AlMe2]*, 151 which plays a key role in transforming solution phase catalyst precursors into
the catalytically active cationic species.’® MAO has a similar importance in supported
metallocene catalysis. 3 generation Ziegler-Natta catalysts (TiCls systems)??? and Phillips
catalysts® both involve complexes immobilised on inorganic supports, such as MgClz and SiO.

However, inorganic supports such as SiO2,? Al20s32* clays,® Zr02,% MgCl%?" and



AMO-LDHs?® amongst others,? are only viable supports for metallocenes when they either
contain Lewis acid sites, such as those found on SiO,—AlOs,° or are first activated, for example
by coating them with MAQO. The surface functional groups on the inorganic supports graft the
activators such as methylaluminoxane, forming an active support,® which then coordinates to
a metal complexes, abstracting a ligand to create the catalytically active cationic species.®
Weckhuysen et al. have recently proposed that, similar to [AIMe2]" in solution phase catalysis,
silica-MAO supports have weak Lewis acidic sites which coordinate to a metallocene precursor
to form the catalytically active cationic species.® It has also been suggested that deactivation
occurs when surface silanol groups coordinate to the metal centre. As a result, careful control

of the surface hydroxyl concentration is essential to optimise a solid catalyst support.

Layered double hydroxides (LDHs) are a general class of lamellar anion exchangeable
materials. 34 They are typically represented by the general formula
[MZ* MY (OH) 2] [X™ ]gmm(H20) wherez=1o0r2,y=30r4,0<x<1, Mand M’ can be
a range of metal cations including Mg?*, Ca?* and AI**, and X" can be a variety of anions,
such as CO3s?™ and SO42". Structurally, LDHs can be compared to brucite (Mg(OH)), which
consists of edge-sharing magnesium hydroxide octahedra. Substituting some divalent ions with
trivalent ions results in net positively charged layers, which are balanced by intercalated
anions.® Interlayer water provides structural stability via hydrogen bonding between layers.
Conventional water-washed LDHs are hydrophilic and their inherent high charge density and
causes the primary platelets to aggregate into non-porous stone-like particles via both
electrostatic and hydrogen-bonding interactions. As a result, conventional LDHs are
characterised by their low specific surface areas and their poor dispersibility in non-polar
solvents. These attributes impose limits on their practical applications in area such as sorbents
and catalysts and inhibits their ability for efficient and extensive surface functionalisation.®’
Recently, we have found that redispersing conventional LDHSs in aqueous miscible organic
(AMO) solvents can create a new class of LDHSs, we have termed them: AMO-LDHs. AMO-
LDHS may be described by the formula [M*1-xM"*(OH)2]% X" Jgn'm(H20)w(AMO-
solvent).® Molecular dynamics simulations indicate that AMO molecules strongly interact
with the LDH surface to disrupt the hydrogen bonding network.3®* AMO-LDHs are highly
dispersible in non-polar solvents and exhibit N, BET specific surface areas up to 301 m? g*
which represents a 26200% increase in surface area compared to conventional LDHs. In
addition, AMO-LDHs are less dense than conventional LDHs, with loose bulk densities of
0.10-0.18 g mL™* compared to 0.29-0.95 g mL 14041 Most recently, the solvents used for



AMO dispersion have been expanded to include aqueous immiscible (AIM) solvents.
AIM-LDHs also exhibit similar improvements in specific surface area, density and

dispersibility in non-polar solvents compared to conventional LDHs.*?

Herein, the synthesis of phenylborane-bis(permethylindenyl) zirconium dichloride
((P"BBI*)ZrCl,) will be discussed and its activity for ethylene polymerisation when
immobilised on a series of LDHSs supports will be carried out. We have investigated the effect
of the AMO/AIM-LDH structure on the ethylene polymerisation activity of
LDH/MAOQO/zirconocene systems by systematic variation of the AMO or AIM solvent
treatment and Mg:Al ratio in the LDH layers.

2. Results and discussion

2.1. Synthesis and characterisation of a boron bridged zirconocene complex

2.1.1. Synthesis and characterisation of (""BBI*)H;

Ind*Li was reacted with 0.5 equivalent PhBCI; in Et,O for 12 h, after which the reaction
mixture was filtered. The filtrate was dried, and the resultant grey solid washed with pentane,
producing (""BBI*)H: in 28% crystalline yield. The *H NMR spectrum of (""BBI*)H; shows
five singlets between 1.67 and 2.35 ppm in a 3:3:3:3:6 ratio for the methyl groups (Figure S1).
A resonance was observed for the indenyl methine protons at 4.18 ppm, and two multiplets at
7.35 and 8.10 ppm correspond to the meta-/para- and ortho-protons of the phenyl rings
respectively. The BC{*H} NMR spectrum displays resonances between 125.4 and 143.4 ppm
for the aromatic indenyl carbons and at 46.8 ppm for the CH carbon. This agrees well with the
results reported by Rufanov et al. for (MsS)sBBI)Hy; an allylic proton was seen at 3.28 ppm,

and the indenyl carbons between 123.8 and 151.5 ppm.*® No resonances could be observed in
the ™B{*H} NMR spectrum of (""BBI*)H,. Yellow crystals suitable for a single crystal X-ray
diffraction study were grown from toluene at —30 °C. The molecular structure is shown in
Figure S2 and selected bond lengths and angles are given in Table S1. The indenyl rings are
almost parallel (a=12.15°) in (""BBI*)H, most likely due to a m stacking interaction. This
effect is not observed in SBI*H», which adopts a tetrahedral geometry the bridging silicon
atom, and adopts a conformation where the methyl groups sit between the indenyl rings, which
are almost perpendicular to each other.> The B—Cing¢ bond lengths observed in (""BBI*)H.
(1.609 A average) are similar to those in Ind.B(NCsH1o) (1.603 A average). However, the
B—Ph bond length (1.571(31) A) is significantly longer than the corresponding B-N bond



(1.376(2) A).** Contrary to rac-(""E2°BBI)ZrCl, reported by Reetz et al.,’* no ether was

coordinated to the boron, most likely due to the increased steric bulk of permethylindenyl when

compared to the indenyl analogue.
2.1.2. Synthesis and characterisation of (""BBI*)Li;

"BuLi was added to (*"BBI*)H; in Et,O at 0 °C and allowed to warm to room temperature and
stir for 2 h. After drying in vacuo and washing with pentane at 0 °C, (""BBI*)Li, was obtained
as an orange powder in 68% yield. The *H NMR spectrum showed 6 singlets between 1.27 and
3.05 ppm corresponding to the indenyl methyl groups, a multiplet at 7.14 ppm assigned to the
meta- and para- phenyl protons, and a multiplet at 8.18 ppm assigned to the ortho- phenyl

protons (Figure S3).
2.1.3. Synthesis and characterisation of (""BBI*)ZrCl.

Compound (""BBI*)Li, was combined with an equimolar amount of ZrCls in a toluene-Et,O
mixture (30:1 v/v) and stirred for 18 h (Eq. 1). The Et2O was expected to act as a donor group
to the boron atom, as was reported in rac-(""E2°BBI)ZrCl,.:* The reaction was filtered, and the

solvent was removed in vacuo to afford a red powder that was washed with pentane.
Recrystallisation from toluene at —30 °C afforded single crystals of rac-(""BBI*)ZrCl; suitable
for X-ray diffraction. When the reaction was carried out in benzene and then recrystallised in

hexane at —30 °C, red crystals were obtained in a 2:1 isomeric mixture of both rac- and meso-

1 eq. ZrCl, g
» Ph—B + .Gl

toluene, 1 mL Et,0 ZF£C|
18 h, 23 °C

isomers.

’

Eq. 1. Synthetic route to rac-(""BBI*)ZrCl,.

The *H NMR spectrum of rac-(""BBI*)ZrCl shows 6 singlets of equal intensity between 1.79
and 2.53 ppm corresponding to the six methyl groups (Figure S4). Two multiplets observed at
7.38 and 8.50 ppm were attributed to the meta/para- and ortho-phenyl protons respectively.



The B¥C{*H} NMR spectrum displayed resonances between 125.8 and 133.3 ppm for the
aromatic indenyl carbons. The methyl groups were observed between 15.4 and 23.4 ppm. An
1B{'H} signal was observed at 73.5 ppm which is at a higher frequency than in the related
complexes (MesS)sCBBI)ZrCl, (33.2 ppm)*® and (“sH10NBBI)ZrCl, (38.6 ppm).**  For
(¢sH10NBBI1)ZrCly, the piperidino group is doubly bonded to the boron atom; however, the large

difference between the Ph- and C(SiMes)s-substituted groups is surprising. No NMR
spectroscopic data was reported by Reetz et al. for the analogous ("™E2°BBI1)ZrCl, complex.

Single crystals of rac- and meso-(""BBI*)ZrCl, were grown from toluene and hexane
respectively and subject to single crystal X-ray structure analysis. The molecular structures of
rac- and meso-(""BBI*)ZrCl; are shown in Figure 1 and selected bond lengths and angles are

given in Table 1.

Figure 1. Solid-state molecular structures of left) rac- and right) meso-(""BBI*)ZrCl,. Thermal ellipsoids are
drawn at 30% probability and hydrogen atoms have been omitted for clarity.



Table 1. Selected bond lengths and angles for rac- and meso-(""BBI*)ZrCl,. Estimated standard deviations
(ESDs) are given in parentheses. 'geometric parameters are defined in the SI.

Bond lengths and angles rac- meso-
Zr-B(1)/A 3.0079 2.975
Zr-Cl(1)/A 2.4222(4) 2.4305(12)
Zr-Cl(2)/A 2.4209(4) 2.4053(11)

Average Zr-Cpcend A 2.229 2.471
C(1)-B-C(16)/(°) 107.78(13)  109.5(4)
a¥/(°) 64.67 64.54
BY/(°) 20.06 23.56
31(°) 124.80 125.18
HATY/(°) 3.55 4.02

The hinge and the fold angles (defined in SI) are similar to those observed in (""BBI*)H..
However, the Cp rings, which were almost parallel in (""BBI*)H; (a=12.15°), are significantly
tilted in rac-(""BBI*)ZrCl, (0=64.67°) and meso-(""BBI*)ZrCl, (a=64.54°). This value is
larger than that reported for bis(hexamethylindenyl)zirconium dichloride, rac-Ind*ZrCl;,
(0=51.71°),® but similar to the value for rac-("""™H*BBI1)ZrCl (a=67.61°),*2 indicating that the
boron bridge results in an increase of the tilt angle of the rings. As a consequence, 3 is much
smaller than in the proligand, but is slightly larger than that reported for rac-(SBI*)ZrCl
(18.69°).12 The zirconium atom is in a distorted tetrahedral environment, as demonstrated by
the distortion of the angles of CI(1)-Zr-CI(2) (98.689(16)°) and 6 (124.80°) from the ideal value
of 109.5°, most likely due to the steric bulk of the ligands in rac-(""BBI1*)ZrCl,. The value of
& for rac-(""BBI*)ZrCl. is very similar to that reported for rac-("""™M*BBI)ZrCl, (122.3°),*% but
much smaller than that for rac-(Ind*),ZrCl,, (133.59°)* indicating that the boron bridge
reduces the steric repulsion between the indenyl rings. The average Zr-Cpcent Values of 2.227 A
for (rac-) and 2.471 A (for meso-) agree well with those of other ansa bridged indenyl
zirconocenes reported in the literature; rac-(SBI*)ZrCl; (2.251 A), (EBI*)ZrCl (2.240 A for
rac- and 2.246 A for meso-),'? and rac-(""TH"BBI)ZrCl, (2.214 A).*® However, the value of
Awm-c (0.212 A average) of rac-(""BBI*)ZrCl, which is similar to that for rac-(""T"FBBI1)ZrCl,
(0.221 A average),*® is much larger than those of rac-Ind*,ZrCl, (0.075 A) and rac-(SB1*)ZrCl,



(0.105 A).*? The boron bridge appears to increase the n°—n® ring slip relative to other ansa

complexes, which may impact on its reactivity profile.

2.2 Synthesis and characterisation of AMO- and AIM-Mg;Al-CO3 LDHSs

2.2.1 Variation of the dispersing solvent

AIM- and AMO-MgAl-CO3 LDHs were prepared according to literature procedures.*>#2 They
can be defined by the generalised formula, [Mg1-xAlx(OH)2][COz]x2(H20)0.23-10(AMO/AIM-
solvent)o.o1-0.16 (See SI). We have adopted the abbreviation Mg,Al-COsz-y, where z = (1-x)/X, y
is the AMO/AIM dispersion solvent; AMO = A (acetone), E (ethanol); AIM =T (toluene), 1H
(1-hexanol) or EA (ethyl acetate).

In a typical Mg,Al-COs-y synthesis, a 30% solid content Mg,Al-COz dispersion in water
obtained by a conventional co-precipitation reaction using Mg(NO3)2-6H20, AI(NO3)3-9H.0
and Na,COs at pH 10 is subsequently redispersed in AMO/AIM solvent (y) for ca. 4 hours.*?
These suspensions were then filtered and dried in a vacuum oven at room temperature for 18 h,
after which they were thermally treated under vacuum at ca. 150 °C (MgzAl-CO3-A) or 200 °C
as these temperatures have been shown to maximise the polymerisation activity of catalytic

systems. 2846

The PXRD patterns of all AMO- and AIM-MgsAl-COs-y LDHs (before thermal treatment;
Figure 2) are similar to that of MgsAI-CO3-H20 (doos=7.63 A).#” However, the interlayer
separations (given by doos) slightly increased in both the AMO- and AIM-MgzAl-COz-y LDHs,
this slight increase in the interlayer separation appears to be independent of the dispersing
solvent and may arise from less intra-layer hydrogen bonding. The lattice constants indicate
that the brucite-type layer structure is retained up to 300 °C, a small decrease in the interlayer
separation may indicate loss of some intercalated water or AMO/AIM solvent.*® The peak
widths at half maximum of the 003 Bragg reflections can be used to study the variation in
crystallinity of the LDHSs. Table S4 shows the crystalline domain lengths (CDLs) for a variety
of AMO- and AIM-LDHs. If we infer that coherence along c-axis (stacking vector) is an
indicator of delamination of the platelets we observe that Mg.73Al-CO3-1H is the most
delaminated of the LDHSs, with the crystalline domain length almost a third of that of
Mg2.83AI-COs-T. As noted earlier, Mg2.83Al-COz-T has a lower solvent content than the other

LDHs, which could explain the lower extent of delamination.
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Figure 2. PXRD of AMO- and AIM-Mgs;AI-COs-y LDHs after dispersion in; (a) acetone, (b) ethanol, (c)
1-hexanol, (d) ethyl acetate and (e) toluene. (*) denotes a reflection from the sample spinner.

The AIM-LDHs display rosette morphologies (Figure 3) as expected from the co-precipitation

synthesis.*

Figure 3. TEM images of (a) Mg2.s3AI-COs-T, (b) Mg273AI-CO3-1H and (c) Mg2.94Al-CO3-EA.

The disruption of the hydrogen bonding network as a result of the AMO and AIM process leads
to dramatically increased specific surface areas compared to a conventional water-washed
MgsAl-CO3 LDH (43 m?g1).40

Figure S5 shows the TGA and dTGA curves for a selection of AIM-LDHSs. The toluene- and

ethyl acetate-treated LDHSs display two significant mass loss events, as has previously been



observed for AMO-LDHs.*® Below the 1% minimum in the derivative (T1; 210 and 146 °C
respectively) there is a loss of coordinated surface water and AMO/AIM solvent molecules,
which is followed by the formation of layered double oxides (LDOs) below the 2" minimum
in the derivative (T2; 400 and 335 °C respectively). It can be seen that in Mg273AI-CO3-1H,
these mass loss events occur, with Ty at 150 °C and T» at 350 °C, however there is an additional
low temperature minimum in the first derivative at 85 °C. The room temperature vacuum
treatment does not appear to have successfully removed all the weakly bound 1-hexanol,
resulting in the high residual solvent content, and it is proposed that it is this weakly

physisorbed solvent that is lost at 85 °C.

27Al, *H and *C solid state NMR (SSNMR) spectra were measured for Mg2.s3Al-COs-T and
Mg2.73AI-COs-1H before thermal treatment. The 2’Al spectra display only hexa-coordinated
and no tetra-coordinated Al resonances,*® with signals at 9.04 and 9.11 ppm respectively
(Figures S6 and S7). *H and *3C SSNMR spectra for Mgz.s3AI-COs-T do not show any solvent
resonances (Figures S8 and S9). A maximum is seen in the *H NMR spectrum at 3.2 ppm
corresponding to H.0, and OH groups in the LDH. Only one **C resonance is observed at
169.8 ppm which is due to CO3>~. The CO3* signal is also seen in the *C NMR spectrum for
Mg273AI-CO3-1H (Figure S10) at 169.9 ppm, in addition to six signals between 13.6 and
61.9 ppm corresponding to the solvent. The *H NMR spectrum of Mg,.73AI-CO3-1H (Figures
S11 and S12) shows four sharp resonances between 0.89 and 3.54 ppm which correspond to
1-hexanol protons. The sharpness of the signals indicates that there is still some motion off the
solvent molecules, consistent with molecular dynamics simulations.® Superimposed on these
sharp resonances, is a broad resonance can be seen which may be attributed to hydroxyl groups;
Mgs-OH groups resonate at the lower frequency, and Mg1.91Al-OH groups have been reported
to resonate around 2.4 ppm.* This signal is not clearly defined in the 'H NMR spectrum of
Mg2.73AI-COs-1H, partially because it is obscured by the 1-hexanol peaks, and also because
lower spinning speeds were used with respect to other literature reports.>® An additional broad

resonance is observed at 5.27 ppm, which is attributed to interlayer H,O molecules.
2.2.2. Variation of the Mg/Al ratio in the LDH

Following the previously described procedure, Mg1.91AI-CO3-1H and Mgs.79Al-CO3-1H were
synthesised from precursor solutions containing [Mg]:[Al] ratios of 2:1 and 4:1 respectively.

The Mg and Al content were determined using ICP-MS. Figure 4 shows the PXRD patterns of

10



the MgxAl-COs3-1H LDHs. There are no significant changes in the LDH structure upon
changing the [Mg]:[Al] ratio.
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Figure 4. PXRD of (a) Mg1.91AlI-CO3-1H, (b) Mg2.73AI-CO3-1H and (c) Mgs 7sAl-CO3-1H. (*) denotes a reflection
from the sample holder.

Table S6 gives the N2 BET specific surface areas for 1-hexanol treated LDHs with varying
[Mg]:[Al] ratios. Mg2.73Al-COs-1H displayed the greatest specific surface area, although all
the 1-hexanol-treated LDHSs have greater specific surface areas than those LDHs treated with
ethyl acetate or toluene. This suggests that 1-hexanol is more effective at interrupting the
interlayer hydrogen bonds within LDHs and results in good delamination compared to other
AIM solvents. The lower surface area observed for Mg1.01Al-COz-1H may be rationalised by

considering the greater electrostatic interactions associated with a higher Al content.

The TGA and dTGA curves of Mg1.01Al-COs-1H and Mgsz.79Al-CO3-1H are shown in Figure
S13. Notably, these show no mass loss event in the low temperature regime (85 °C) as was
observed in Mg2.73Al-COs-1H, suggesting that there is less physisorption of the solvent in these
LDHs. T1 and T occur at lower temperatures in Mg1.91AI-COs-1H than in Mgz .70Al-CO3-1H;
T1at 120 and 140 °C and T at 330 and 290 °C respectively. These are both lower in turn than
in Mg2.73Al-CO3-1H (150 and 350 °C), again implying that the solvent is bound more strongly
in this LDH than in the Mg1.9:AI-COs-1H and Mgs.79Al-CO3-1H LDHs.

2.3 Slurry phase ethylene polymerisation studies

11



2.3.1. Synthesis and characterisation of MAO-modified MgxAl-COz LDHs

Thermally treated AMO/AIM-MgxAl-CO3z LDHs were contacted with 40 wt% MAO in toluene
followed by heating at 80 °C for 2 h. The suspension was swirled frequently in order to achieve
a homogeneous functionalisation by the MAO and no particle attrition. The toluene was then
removed in vacuo. ICP-MS was used to quantify the Al wt% in Mg..73AI-COz-1H (200 °C) and
Mg2.73AI-CO3-1H/MAO that enabled the MAO:LDH loading to be determined to be 49.4%.
Diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) was used to study the
acetone-, ethanol- and toluene-washed LDH materials and LDH/MAO activated supports
(Figure S14). The spectra of MgsAI-CO3-A and MgsAl-CO3-A/MAO are shown in Figure S15
as a representative example. Absorption bands were observed assigned to COs?" stretches
(1700-1250 cm™t) and OH stretches (3700—-3000 cm™1). Upon contacting with MAO, two IR
bands, one at 2949 cm ™! attributed to stretching vibrations in an “Al-CHs” moiety,* and one

at 1219 cm* assigned to terminal methyl groups are observed.>

1B, 2'Al, and '3C solid state NMR (SSNMR) spectroscopy was used to study the
Mg2.73A1-CO3-1H/MAO/rac-(""BBI*)ZrCl; solid catalyst (Figure S17-S19). The B NMR
spectrum showed two B environments (17 and 22 ppm). The 2’ Al spectrum showed octahedral
Al sites, as well as the formation of a tetrahedral site.>® The expected broad MAO resonance is
possibly obscured by these sharp peaks. The *C NMR spectrum shows resonances
corresponding to the phenyl protons on the ligand at 130 ppm, as well as signals between 13
and 36 ppm which may correspond to both the AIM-solvent and indenyl methyl groups. A

sharp resonance at 8 ppm corresponds to MAO.

We have previously demonstrated that the surface area did not change when going from an
acetone dispersed AMO-LDHs (MgsAI-COs-A) to a rac-(EBIZrCl, supported
methylaluminoxane modified AMO-LDH (MgsAI-CO3-A/MAO/rac-(EBI)ZrClz2, 101 and
114 m? g* respectively). However, the pore volume did dramatically decrease (0.305 and

0.013 m3 g! respectively).?8

A Zr K-edge EXAFS study has shown that when rac-(EBI)ZrCl, was supported on MAO-
modified AMO-LDH, the zirconium was in a tetrahedral environment with the (EBI) ligand, a

methyl and in close contact with an oxygen atom from the surface.?%

2.3.2. Slurry phase polymerisation using immobilised zirconocenes
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In an initial study, we have investigated the catalytic polymerisation activities of a series of
commercial benchmark zirconocenes; (CpM®4),ZrCl,, (Cp™®“),ZrCl, and rac-(EBI)ZrCl;
immobilised on a series of MAO-modified AMO- and AIM-LDHs. The zirconocenes were
immobilised onto the MAO-activated AMO-/ AIM-LDH-MgxAI-CO3z supports by adding a
toluene solution of the zirconocenes to a toluene dispersion of the LDH and heating to 60 °C
for 1 h with regular swirling. After 1 hour, the toluene supernatant solution become colourless
and was removed by filtration to produce coloured solids that were dried in vacuo and isolated

in quantitative yields..

Slurry phase ethylene polymerisation studies of (CpMe4),ZrCl, immobilised on five different

LDHs is shown in Figure 5. The data reveal an almost tenfold increase in the polymerisation
activity of (CpM),ZrCl, immobilised on Mg273AI-CO3-1H/MAO  compared to
Mg2.94AI-CO3-EA/MAO (5147 and 579 kgee molz-*htbar? at 60 °C respectively).
Remarkably, the nature of the LDH has significant effect on the performance of these single
site metallocene catalysts. Although, they all have similar Mg:Al ratio, the dispersing solvent

generates very different surface chemistry.
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Figure 5. (a) Temperature dependence of polymerisation activity for (CpMe“)zZrCIz supported on a range of MAO-

modified MgsAl-COs-y LDHs; (b) temperature dependence of polymerisation activity for (CpMe“)zZrCIz supported
on different MAO-modified MgyAl-COs-1H LDHs. [Al]o:[Zr]o=100:1, TIBA cocatalyst (150 mg), 2 bar ethylene,

10 mg catalyst, 50 mL hexane and 30 minutes. Error bars given as the standard error, o; = 6/v/n.

To further examine this trend, we have studied the performance of both (CpnB”)zZrCIz and
rac-(EBI)ZrCl> immobilised on Mg2.73AI-CO3-1H/MAO, Mg2.83AI-COz-T/MAO and
Mg2.94Al-CO3-EA/MAQ. Both these complex shows the same trends (Figure S20). For

example, the performance of both systems is dependent on the activated support, with again
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Mg2.73AI-CO3-1H/MAOQ being the most active and Mg2.94Al-CO3-EA/MAO the least active

support in all cases.

Rationalisation of the effect of the dispersing solvent effect is not immediately apparent, we
have found no direct correlation with any physical property. It is logical that the surface area
should play a role; a larger specific surface area could contribute to a more effective
functionalisation by MAO and metallocene binding, improving the dispersion of the active
sites and reducing the chance of a bimolecular deactivation.® However, we note that
Mg2.83Al-CO3-T has a relatively low specific surface area. 1-hexanol dispersed LDHs are
consistently the best supports, it may be significant that these LDHs contain high levels of
residual 1-hexanol even after thermal treatment. Perhaps the presence of a small amount of 1-
hexanol contributes to some additional functionalisation of the MAO with beneficial

aluminium-alkoxide groups.

The performance of (CpMe4),ZrCl, immobilised on Mgi.01AI-COs-1H LDH/MAO and

Mgs.79Al-CO3-1H LDH/MAO were investigated to study the effect of varying the Mg:Al ratio
on polymerisation activity (Figure 5b). All 1-hexanol-treated LDHs were found to be highly
active supports, with Mgz 73AI-CO3-1H/MAO being the most active. The peak activities for the
Mg1.01AI-CO3z-1H/MAO and Mgz 79Al-COs-1H supported systems were 4164 (50 °C) and
3916 kgee molz* h ™ bar* (70 °C) respectively; lower than the Mg273Al-COs-1H/MAO
system at the same temperatures (4671 and 4438 kgee molz* h™t bar? at 50 and 70 °C
respectively). The higher activity of Mg..73Al-CO3-1H/MAO does correlate with its higher
BET surface area (Table S5). Despite the higher specific surface area of
Mg3.79Al-CO3-1H/MAO compared to Mg1.91Al-CO3-1H/MAO, it does not appear to be a more
active catalytic support. It is possible that the higher AI** content in the latter increases the
number of Lewis acidic sites, which has previously been reported to increases catalytic

activity.> These 1-hexanol-treated LDHSs produce significantly more active solid catalysts than

the ubiquitous silica supports. For example, immobilisation of (CpnB”)zer|2 on silica that has
been thermally treated at 600°C and then modified with MAO to give

SiOz/MAO/(CpnB”)zerlz produces a solid ethylene polymerisation catalyst with a peak
activity of 51 kgee molz X h™* bar™* (80 °C; 8 bar ethylene).>®

The polymerisation activity of rac-(""BBI*)ZrCl, immobilised on the MAO-functionalised

AMO-/AIM-LDHs was studied and compared to the previously studied benchmark
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metallocenes. A toluene solution of rac-(""BBI*)ZrCl, was added to a slurry of Mgy.73Al-COs-
1H/MAO in toluene. The suspension turned blue upon mixing and subsequently became deep
purple over the course of one hour, after filtration and drying, a pale lilac powder was isolated
in quantitative yield. Figure 6 shows a comparison of the ethylene polymerisation activity of
rac-(""BBI*)ZrCl, on Mg73Al-COs-1H/MAO. It can be seen that at 50°C on the
Mg2.73Al-CO3-1H/MAO activated support, rac-(""BBI*)ZrCl, has a similar activity to

(CpMe4),ZrCl, and (CpB)2ZrCly; 4866, 4670 and 4862 kgee molz 2 h™ bar* respectively. At
60 °C, it is slightly less active than (CpMe4),ZrCl, but more active than the other benchmark

complexes, but at 70 and 80 °C, rac-(""BBI*)ZrCl; outperforms all the complexes tested, with
a peak activity of 6641 kgre molz* h™t bar™? compared to 4438 kgee molz* h™t bar? for

(CpMe4),ZrCly, the next most active complex.

9000 - - m- - Mg,Al-CO,-1H/MAO/rac-(""BBI*)ZrCl,
] - m- - Mg,Al-CO,-1H/MAO/(CpMe:),ZrCl,
< 8000 - - m- - Mg,Al-CO,-1H/MAO/(Cp™Y),ZrCl,
3 1 - -m- - Mg,Al-CO,-1H/MAO/rac-(EBI)ZrCl,
< 7000
= "
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= ] LR T~
< 3000 Tl Y
1 __-—-::l>: -
2000 - ; S-—.
| w77 .
1000 T T T T
50 60 70 80
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Figure 6. Temperature dependence of polymerisation activity of rac-(""BBI*)ZrCl, supported on
Mg2.73Al-CO3-1H/MAO compared to (CpMe4),ZrCly, (CpnB“)zerIz and rac-(EBI)ZrCly. [Al]o:[Zr]o=100:1; TIBA
cocatalyst (150 mg), 2 bar ethylene, 10 mg catalyst, 50 mL hexane and 30 minutes. Error bars given as the
standard error, 6; = o/V/n.

The only other comparative catalytic data we could find for related B-bridged zironocenes was
for rac-("E2°BBI)ZrCl,, in which Reetz et al. reported solution phase ethylene polymerisation

activities between 200 and 2600 kgee molz*h .13

GPC analysis was used to determine the weight average molecular weights, My, and the
number average molecular weights, My, of the polyethylenes (PE) produced. The My of the PE
produced by the LDH/MAO/(CpM¢4),ZrCl, catalyst systems are shown in Figure 7a (with the
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exception of Mg2.94Al-COs-EA/MAO/(CpMe4),ZrCl, which did not produce enough PE for

GPC analysis). The My of the PE produced by the AMO- and AIM-LDH/MAOQ systems range
between 200 and 775 kg mol~* and are not strongly affected by the dispersing solvent. As the
polymerisation temperature increases the PE My decreases, which is attributed to increase rate

of chain termination relative to the rate of propagation.>®

The polydispersity index (PDI), Mw/M,, for a single-site coordination-insertion catalyst is

calculated to be 2.3° The PDIs of the PE produced by the LDH/MAO/(Cp""*),ZrCl, systems
range from 2.65 to 3.15, which suggests a well-behaved single site behaviour (Figure 7a).

a) n(2.95) - #- Mgy gA-CO- TIMAO/CpH)zrCl, ) 2807 - a- - Mg, ;,A-CO,-1HMAO/rac-(""BBI*)ZrCl,

ss04 -~ - a- - Mg,Al-CO,-E/MAO/(CpMe4ZrCl,
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500 | oo CO.. Med -1
~ n(2:90) . Mg, ;,Al-CO,-1HMAO/(CpMe4)ZrCl, 240 4 e (6.10)
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Figure 7. (a) Temperature dependence of the molecular weights of PE produced by (CpMé),ZrCl, supported on a

range of MAO-modified MgsAl-COs-y LDHSs; (b) temperature dependence of the molecular weights of PE
produced by rac-(""BBI*)ZrCl, supported on a MAO-modified Mgz 73Al-CO3-1H. PDIs are given in parentheses.
[Al]o:[Zr]o=100:1, TIBA cocatalyst (150 mg), 2 bar ethylene, 10 mg catalyst, 50 mL hexane, 30 minutes. Error

bars given as the standard error, 6; = o/V/n.

The My, of the PE produced by rac-(""BBI*ZrCl,) supported catalysts are shown in Figure 7b.
These systems produce PE with My, of between 150 and 250 kg mol which are lower that
those compared to the (CpMe4),ZrCl, systems. Unusually, the My, increases with temperature

(Figure 7b), and a shoulder appears in the GPC data at higher My (Figure S21) as the
temperature increases. This may suggest a bimodal polymerisation response, with an additional
robust active site forming at high temperatures that produces higher molecular weight
polymer®” The two B environments observed in the SSNMR spectrum of the
AIM-LDH/MAO supported complex also indicate a bimodal catalyst system. As a result the
PDI values for the supported rac-(""BBI*ZrCl,) systems are significantly larger than the
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supported (CpM®4),ZrCl, systems and increase with temperature, ranging from 3.75 to 6.10

when supported on LDH/MAO.

SEM images were recorded for a selection of PE samples (Figure 8). The PE produced by
supported rac-(""BBI*ZrCl,) have more uniform popcorn morphology®® than is often seen with
PE produced using LDH/MAO activated supports.®

SElI 10KV WD13mm 5550

Figure 8. SEM images of polymer produced by (a) Mgz.73Al-CO3-1H/MAO/(CpMe4),ZrCl, and (b) Mg2.73Al-CO3-
1H/MAOQ/rac-(""BBI*)ZrCl..

3. Materials and Methods
3.1. Synthesis and characterisation of (°"BBI*)ZrCl.
3.1.1. Synthesis of (*"BBI*)H;

The synthesis of (""BBI*)H, was adapted from a literature procedure.’® To a solution of
lithium hexamethylindenyl, Ind®Li, (2 g, 9.70 mmol) in Et,O (40 mL) at 0 °C, was added
dropwise a solution of PhBClI> (0.6 mL, 4.79 mmol) in EtO (20 mL) at 0 °C. The suspension
turned yellow and was allowed to warm to room temperature and stir for 18 h. The reaction
was filtered and the residual solids were washed with Et,O (3 x 20 mL). The combined filtrates
were dried in vacuo and the crude solids washed with pentane at 0 °C (3 x 20 mL). The bulk
yellow solid was redissolved in toluene and stored at —35 °C to afford yellow crystals suitable
for X-ray diffraction analysis. A second crop of (""BBI*)H; was obtained by storing the
pentane washings at —35 °C. Compound (""BBI*)H, was isolated in a total yield of 28%
(640 mg, 1.32 mmol).
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'H NMR (400 MHz, C¢Dg, 298 K): § 8.10 (2H, m, 0-PhH), 7.35 (3H, m, m, p-PhH), 4.18 (2H,
s, IndH), 2.35 (6H, s, IndMe), 2.19 (6H, s, IndMe), 2.05 (6H, s, IndMe), 1.98 (6H, s, IndMe)
and 1.67 (12H, s, IndMe). B3C{*H} NMR (125 MHz, C¢Ds, 298 K): & 143.4 (Ind), 137.0 (Ind),
136.5 (Ind), 133.5 (0-Ph), 132.3 (Ind), 131.7 (p-Ph), 129.1 (Ind), 128.7 (m-Ph), 127.6 (Ind),
125.4 (Ind), 46.8 (IndH), 18.3 (IndMe), 16.5 (IndMe), 16.2 (IndMe), 16.2 (IndMe), 15.6
(IndMe) and 15.4 (IndMe). An additional Ind 3C resonance was expected, but was not
observed, presumably obscured by the solvent resonance. Elemental analysis (%): expected: C
88.87, H 8.91; found: C 88.76, H 8.60.

3.1.2. Synthesis of (""BBI*)Li.

To a solution of (""BBI*)H, (500 mg, 1.03 mmol) in EtO (20 mL) at 0 °C was added "BulLi
(1.6 mL, 1.6 M in hexanes, 2.56 mmol) dropwise, and the reaction left to warm to room
temperature and stir for 2 h. A colour change from yellow to red was observed. The solvent
was removed in vacuo and the residues were washed with pentane at 0 °C (2 x 20 mL), to
afford (""BBI*)Li; as an orange powder in 68% yield (350 mg, 0.70 mmol).

H NMR (400 MHz, CsDsN, 298 K): § 8.18 (2H, m, 0-PhH), 7.14 (3H, m, m, p-PhH), 3.05
(6H, s, IndMe), 2.98 (6H, s, IndMe), 2.70 (6H, s, IndMe), 2.58 (6H, s, IndMe), 1.41 (6H, s,
IndMe) and 1.27 (6H, s, IndMe). 'Li NMR (156 MHz, CsDsN, 298 K): § —0.74.

3.1.2. Synthesis of (""BBI*)ZrCl;

The synthesis of (""BBI*)ZrCl, was adapted from a related literature procedure.*®® ZrCls
(164 mg, 0.70 mmol) was added to (""BBI*)Liz (350 mg, 0.70 mmol), followed by toluene
(30 mL) and Et20 (1 mL). The reaction was allowed to stir for 18 h and a colour change from
pale to dark red was observed. The reaction was filtered, and the filtrate was dried under
vacuum, yielding a red solid. This solid was washed with pentane (3 x 20 mL), then dissolved
in a minimum volume of Et;O and stored at —35 °C to obtain red crystals of rac-(""BBI*)ZrCl,,

which were suitable for X-ray diffraction analysis.

When ZrCls (164 mg, 0.70 mmol) was added to (""BBI*)Liz (350 mg, 0.70 mmol), followed
by benzene (30 mL) and the reaction was allowed to stir for 18 h, a colour change from pale to
dark red was again observed. The reaction was dried and washed with hexane (3 x 60 mL). The
reaction mixture was filtered and stored at —35 °C to obtain red crystals. *H NMR spectroscopy

showed a 2:1 rac- to meso- ratio of isomers.
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'H NMR (rac-) (400 MHz, C¢Ds, 298 K): & 8.50 (2H, m, 0-PhH), 7.38 (3H, m, m-, p-PhH),
2.53 (6H, s, IndMe), 2.50 (6H, s, IndMe), 2.20 (6H, s, IndMe), 2.03 (6H, s, IndMe), 1.91 (6H,
s, IndMe) and 1.79 (6H, s, IndMe). *H NMR (meso-) (400 MHz, CsDs, 298 K): & 8.55 (2H, m,
0-PhH), 7.35 (3H, m, m-, p-PhH), 2.53 (6H, s, IndMe), 2.46 (6H, s, IndMe), 2.29 (6H, s,
IndMe), 2.00 (6H, s, IndMe), 1.87 (6H, s, IndMe) and 1.65 (6H, s, IndMe). *C{*H} NMR
(rac-) (125 MHz, Ce¢Ds, 298 K): 0 139.3 (0-Ph), 135.5 (m-Ph), 133.4 (Ind), 133.3 (Ind), 130.6
(Ind), 130.5 (Ind), 129.2 (Ind), 128.8 (p-Ph), 127.0 (Ind), 125.8 (Ind), 23.4 (IndMe), 17.3
(IndMe), 16.6 (IndMe), 16.3 (IndMe), 15.8 (IndMe) and 15.4 (IndMe). An additional two Ind
13C resonances were expected, but were not observed, presumably obscured by the solvent
resonance. *B{*H} NMR (rac-) (160 MHz, CeDs, 298 K): § 73.5 MS (EI) (rac-): predicted:
m/z 643.1781; observed: m/z 643.1756. Elemental analysis (%) (rac-): expected: C 66.87, H
6.39; found: C 66.85, H 6.47.

3.2. Synthesis and characterisation of AMO-/AIM-LDHs

The synthesis of AMO- and AIM-MgxAI-CO3 LDHs was adapted from literature
procedures.***? A metal precursor solution, A, was formed by dissolving Mg(NOs)2-6H.0
(20 g, 39 mmol) and AI(NO3)3-9H20 (4.9 g, 13 mmol) in 50 mL H20. A second solution, B,
was prepared by dissolving Na,COz3 (2.76 g, 26 mmol) in 50 mL H2O. Solution A was added
dropwise to solution B over the course of one hour. pH 10 was maintained throughout this step
by dropwise addition of 4 M NaOH when necessary. After ageing 18 h, a white precipitate had
formed. This was washed with H>O until the pH had decreased to 7, at which point the wet
cake solid was rinsed with the AMO or AIM solvent (250 mL), and redispersed in the same
solvent (400 mL), until the solid was well dispersed. Following the dispersion step, the solid
was filtered and rinsed again with the solvent (250 mL), before drying in a vacuum oven
overnight at room temperature. The resultant solids were thermally treated under vacuum for

6 h at various temperatures and stored under a nitrogen atmosphere in a glovebox.

Mg2Al-COs and MgsAI-COs LDHs were synthesised by the same method as MgzAI-COs-
LDHs, using 10 g Mg(NO3)2-6H20 and varying the Al content in each according to the desired
product (7.32 and 3.66 g respectively). The Na2COz content was also adjusted to maintain a
[Al]:[COs] of 2:1 (4.13 and 2.07 g respectively).

3.3. Slurry phase polymerisation of ethylene

3.3.1. Synthesis of solid catalysts
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A solution of MAO in toluene was contacted with all the AMO-, AIM-MgxAI-COz-y LDHs
prior to zirconocene immobilisation. 40 wt% MAO (200 mg) was added to each thermally
treated LDH (500 mg). Toluene (40 mL) was added and the suspension was heated to 80 °C,
and swirled every 10 minutes for 2 h, until the supernatant solution was clear and colourless.
The solvent was removed under reduced pressure and the residual white solid dried in vacuo
to give MgxAl-COs-y LDH/MAO.

Inatypical procedure, the activated support (MgxAl-COz-y LDH/MAO, 200 mg, 0.98 mmolai;)
and the zirconocene complex (4.8 mg, 0.00984 mmolz) were first added to a flask. Toluene
was then added and the reaction mixture was heated to 60 °C, and swirled every 10 minutes
for 1 h until the supernatant solution was clear and colourless. The supernatant solution was
removed by filtration and the solid supported catalyst dried in vacuo. A 100:1 [Al]:[Zr] was
used for AMO- and AIM-MgxAl-COs-y LDH/MAO supported complexes.

3.3.2. Slurry phase polymerisation of ethylene

Slurry phase ethylene polymerisation studies were carried out using 10 mg catalyst precursor
and 50 mL hexane in the presence of 150 mg TIBA in a 150 mL high-pressure Rotaflo
ampoule. Polymerisation reactions were carried out under 2 bar overpressure of ethylene gas
at various temperatures for 30 minutes. Polymerisations were stopped by removing the
ampoules from the oil bath and degassing in vacuo. The PE produced were isolated and washed
with pentane (50 mL). Each polymerisation study was conducted at least twice to determine a
mean activity (quoted in units of kgee molzthbar?) and ensure reproducibility of the

results.
3.4 X-ray crystallography

The solid state structures of (""BBI*)H, and rac- and meso-(""BBI*)ZrCl, have been deposited
in the Cambridge Structural Database with CCDC numbers 1886090-1886092.

4. Conclusions

Boron-bridged bis-permethylindenyl zirconium complexes rac- and meso-(""BBI*)ZrCl; have
been successfully synthesised and fully characterised. The AMO and AIM-MgyAl-COz LDHs;
MgzAI-COs-A, MgsAI-CO3z-E, Mg28AI-CO3-T, Mg273AI-CO3-1H, Mg2.9Al-CO3-EA,
Mg1901Al-CO3-1H and Mgz 79Al-CO3-1H were modified with MAO and evaluated as solid
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supports for a range of zirconocene precursors for slurry-phase ethylene polymerisation. The
slurry-phase ethylene polymerisation activity of the immobilised zirconocenes showed a strong
dependence on the nature of the Mg:AI-COz-y LDH. A tenfold increase in ethylene
polymerisation  activity =~ was  observed for  (CpMe4),ZrCl,  immobilised on

Mg273AlI-CO3-1H/MAO  compared to  the  equivalent  immobilisation  on
Mg2.04Al-CO3-EA/MAQO. GPC shows molecular weights, Mw, going down from 500 to 200 kg

mol™ and polydispersities, Mw/M,, between 2 and 3.

Rac-(""BBI*)ZrCl, was immobilised on a range of MAO modified AMO and AIM-MgsAl-
CO3 LDHs. A maximum ethylene polymerisation activity of 6641 kgee molz * h™* bar? was
observed when immobilised on MAO modified Mg273AI-COs-1H. This represents a significant

improvement over the polymerisation activities observed for (CpM®4),ZrCly, (CpnB”)zerIz and

rac-(EBI)ZrCl, as well as the reported values for other bridged permethylindenyl zirconocenes,
rac-(SBI*)ZrCl, and rac-(EBI*)ZrCl,. My are going up from 150 to 250 kg mol? and
polydispersities are high (3.50 < Mw/M, < 6.10) highlighting a system deviating from a desired
metallocene single centre behaviour. Apparition of a shoulder in the GPC traces is indicative
of bimodal behaviour at higher temperature which could lead to promising industrial

development.
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