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ABSTRACT: A family of ansa-permethylindenyl-phenoxy
(PHENI*) transition-metal chloride complexes has been synthe-
sized and characterized (1−7; {(η5-C9Me6)Me(R″)Si(2-R-4-R′-
C6H2O)}MCl2; R,R′ = Me, tBu, Cumyl (CMe2Ph); R″ = Me, nPr,
Ph; M = Ti, Zr, Hf). The ancillary chloride ligands could readily be
exchanged with halides, alkyls, alkoxides, aryloxides, or amides to
form PHENI* complexes [L]TiX2 (8−17; X = Br, I, Me,
CH2SiMe3, CH2Ph, NMe2, OEt, ODipp). The solid-state crystal
structures of these PHENI* complexes indicate that one of two
conformations may be preferred, parametrized by a characteristic
torsion angle (TA′), in which the η5 system is either disposed away
from the metal center or toward it. Compared to indenyl
PHENICS complexes, the permethylindenyl (I*) ligand appears
to favor a conformation in which the metal center is more accessible. When heterogenized on solid polymethylaluminoxane
(sMAO), titanium PHENI* complexes exhibit exceptional catalytic activity toward the polymerization of ethylene. Substantially
greater activities are reported than for comparable PHENICS catalysts, along with the formation of ultrahigh-molecular-weight
polyethylenes (UHMWPE). Catalyst−cocatalyst ion pairing effects are observed in cationization experiments and found to be
significant in homogeneous catalytic regimes; these effects are also related to the influence of the ancillary ligand leaving groups in
slurry-phase polymerizations. Catalytic efficiency and polyethylene molecular weight are found to increase with pressure, and
PHENI* catalysts can be categorized as being among the most active for the controlled synthesis of UHMWPE.

■ INTRODUCTION
Traditional heterogeneous polymerization catalysts are now
commonly replaced by soluble Kaminsky metallocenes for
applications where fine control over the polymer molecular
weight and distribution, comonomer content, and tacticity is
required.1,2 The metallocene catalysts can be tuned sterically
and electronically to enhance catalytic activity and give control
over both macroscopic and microscopic properties of the
polymer.3 The improved performance of group four constrained
geometry complexes (CGCs), bearing an ansa-cyclopentadien-
yl-amido ligand, compared to more classical MCp2 (Cp = η5-
C5H5) Kaminsky metallocenes, is believed to be a result of the
less crowded coordination sphere, the smaller Cp−M−N bite
angle, and a suppression of chain transfer processes.4 This leads
to increased activities, generally higher molecular weight
polymers, and also the ability to incorporate comonomers
with high efficiency.5 The development of new generations of
CGCs and related postmetallocene catalysts�many of which
incorporate phenoxide ligands�is an area of ongoing intensive
research.6−12

The phenoxy-induced complexes of Sumitomo (PHENICS)
are a class of ansa-bridged postmetallocenes bearing an apical Cp

derivative and a basal aryloxide motif: {(η5-RCp)R2E(ArO)}-
MX2. Complexes have been reported with titanium, zirconium,
hafnium, and tantalum metal centers; Me2Si, Et2Si, MePhSi,
MeEtSi, MeCySi, silolyl (C4H8Si), and Me2C ansa bridges; Cp,

d

tBuCp, Cp*, indenyl (Ind), fluorenyl (Flu), and d

tBu2Flu apical
ligands; and phenoxy substituents including Me, iPr, tBu, and 1-
adamantyl.13−19 PHENICS complexes have been shown to be
useful catalysts for the copolymerization of ethylene and 1-
hexene at elevated temperatures, producing high-molecular-
weight copolymers with high comonomer incorporation.18

Following the synthesis of permethylindenyl-based metal-
locenes,20−24 Williams et al. reported the synthesis of
permethylindenyl CGC analogues of the type Me2SB(RN,I*)-
TiCl2 ({(η5-C9Me6)Me2Si(RN)}TiCl2, where I* = η5-
C9Me6).

25,26 Ethylene polymerization activities up to three
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times that of the Cp* (η5-C5Me5) derivatives were reported,
withmore electron-donating amido fragments shown to result in
increased catalytic activities.25 More recently, we have reported
the permethylindenyl-phenoxy (PHENI*) ligand, offering
exceptional performance in olefinic polymerizations producing
ultrahigh-molecular-weight homopolymers and highly tunable
copolymers.27−30

The control and tuneability afforded by single-site catalysts is
brought into the realms of industrial-scale applicability through
heterogenization.31 The immobilization of single-site catalysts
on suitable carriers facilitates their use in slurry-phase or
fluidized bed reactors previously used for Ziegler−Natta
reactions with minimal modifications as well as ensuring the
formation of polymer particles with dispersed morphologies and
desirable bulk densities.32,33 Many inert inorganic supports such
as silica,34,35 alumina,36 zirconia,37 metal−organic frame-
works,38 and layered double hydroxides39,40 have been
developed, but these need pretreating to enable metallocene
immobilization.41 Solid polymethylaluminoxane (sMAO) has
been introduced as a dual-function activator and catalyst
support. The structure of sMAO and of supported metallocenes
is poorly understood, but many catalysts of this type yield
polymers with narrow molecular-weight distributions and
apparent single-site behavior, suggesting that a similar polymer-
ization mechanism is occurring using both solution-phase
metallocenes and slurry-phase supported metallocenes.41,42

In this work, we expand the scope of PHENI* complexes,
reporting the synthesis and characterization of 15 group four
complexes bearing five PHENI* ligands. Complexes of
zirconium and hafnium are reported as well as titanium
complexes bearing chiral-at-silicon ligands and a range of
ancillary donors. Structural trends are examined in solution and
in the solid state, and are related to the ethylene polymerization
performance of heterogenized catalysts.

■ RESULTS AND DISCUSSION
Synthesis of PHENI* Ligands. The synthesis of PHENICS

ligands has been reasonably well-developed: substituted phenols
are first ortho-brominated using either Br2 or N-bromosuccini-
mide, and the phenolic hydroxyl protected as a methoxy
group,17 though it was subsequently shown that an allyloxy
protecting group led to improved yields.14 The resulting aryl
bromide is exchanged for lithium and the ansa bridge
incorporated by reaction with either 6,6-dimethylfulvene or
the desired RaRbSiCl2. Reactions with the lithium or sodium salt
of the desired Cp derivative leads to the proligands in yields of

75−86%. Group four complexes were made by in situ
deprotection with nBuLi followed by the addition of TiCl4,
TiCl2(NMe2)2, ZrCl4, ZrCl2(NMe2)2, or HfCl2(NMe2)2 in
yields of 2−50%.14,17,18 The amido metal sources were found to
react more selectively toward the deprotected dilithium salt, and
subsequent chlorination could be accomplished withMe3SiCl.

18

The related stepwise synthesis of permethylindenyl analogues
of PHENICS, PHENI* proligands Me2SB(R,R′ArOAllyl,I*)H (I*
= C9Me6; R,R ′ = (Me, tBu; P1) , ( tBu, tBu; P2) ,
(CMe2Ph,CMe2Ph; P3); Cumyl = CMe2Ph) has previously
been reported.27 Subsequent optimizations have been per-
formed to the synthesis: isolation and workup of each
intermediate has not been proved necessary and the trans-
formation of the allyl-protected bromophenols to lithium ligand
salts can be achieved in a one-pot process (Scheme 1). Allyl-
protected bromophenols were ortho silylated via lithium−
halogen exchange and then combined with hexamethylindenyl
lithium (Ind#Li) to form allyloxy-protected proligands. The
proligands were treated with nBuLi/NEt3 in toluene, and ligand
salts Me2SB(R,R′ArO,I*)Li2 (L1−L3) were obtained as highly air-
sensitive orange powders in quantitative yields following
removal of the volatile components under vacuum. The addition
of Et3N to the deprotonation and deprotection step had been
previously found to significantly increase yields of isolated
PHENICS complexes.17 Here, the presence of 1-heptene and
NEt3 was identified in the distillate by 1H NMR spectroscopy
(Figure S22), confirming the proposed deprotection mecha-
nism�nBu− attack at the allyl group�and the catalytic role of
the tertiary amine. Chiral ligands with “unsymmetrical” silane
bridges, rac-Me,R″SB(d

tBu2ArO,I*)Li2 (R″ = nPr (L4), Ph (L5)),
were synthesized analogously using Me(nPr)SiCl2 or Me(Ph)-
SiCl2, respectively, as the silicon source. L1−L5 are observed to
decompose over the course of a few weeks when stored in the
solid state at −30 °C.
Single crystals suitable for X-ray diffraction of the proligands

P2 and P3 were obtained from saturated hexane solutions at
−30 °C. P2 crystallized in the monoclinic space group I2/a,
whereas P3 adopted the triclinic space group P1̅ (Figures S76
and S77). The bridging silicon atoms adopt ideal tetrahedral
geometries (mean C−Si−C = 109.4 ± 3.5°). In both cases, the
I*, ArO, and Allyl groups are all essentially planar and
approaching mutual perpendicularity in P2 (interplanar angles
76.4−79.3°) but distorted away from this arrangement in P3
(47.6−83.1°).

Group Four PHENI* Halide Complexes. Direct combi-
nation of the crude dilithium ligand salts with TiCl4·2THF in

Scheme 1. Synthesis of Group Four PHENI* Dichloride Complexes1−7 via Ligand SaltsL1−L5; All Chiral Compounds Formed
as Racemic Mixtures; Cumyl = CMe2Ph; Yields Given Are for Isolated Recrystallized Complexes
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toluene afforded PHENI* titanium dichloride complexes in
isolated recrystallized yields of 20−30%, comparable to the
yields reported for PHENICS complexes. In addition to the
previously reported complexes 1, 2, and 5, titanium complexes
Me,d

nPrSB(d

tBu2ArO,I*)TiCl2 (6) and Me,PhSB(d

tBu2ArO,I*)TiCl2 (7)
of the mixed-bridge ligands L4 (Me,nPr) and L5 (Me,Ph) were
prepared and isolated. The comparatively low isolated yields in
these cases (6 and 3%, respectively) are attributed to poorer
differential solubility with respect to impurities, with extraction
from the bulk crude proving challenging. Heavier group four
congeners of 2were synthesized from ligand L2 by reaction with
either ZrCl4 or HfCl4. The zirconium complex, Me2SB-

(d

tBu2ArO,I*)ZrCl2 (3), was synthesized as a dark yellow solid
in a 32% isolated recrystallized yield. The hafnium analogue,
Me2SB(d

tBu2ArO,I*)HfCl2 (4), was isolated by recrystallization
from pentane at−80 °C as a yellow solid in a low isolated yield of
1%. As well as challenges associated with obtaining sufficiently
pure material from the crude bulk material, the low yield is
attributed to the poor solubility of HfCl4 in toluene and poor
reaction selectivity. An additional factor is the apparently poor
stability of L1−L5 when stored in the solid state.

The same salt metathesis protocol can be successfully applied
beyond group four metals, and a tantalum(V) complex, Me2SB-

(d

tBu2ArO,I*)TaCl3 (18), was synthesized from L2 and TaCl5.
Complex 18 was isolated and fully characterized including by X-
ray crystallography (see the Supporting Information for further
details).
All complexes were analyzed by multinuclear NMR spectros-

copy. The 1H, 13C{1H} and 29Si NMR spectra all show similar
features and are consistent with the proposed C1-symmetry
structures (Figures S23−S43). Notably, the six diagnostic I*Me
singlets were observed in the 1H NMR spectra between δ 2.66
and 1.90 ppm and the meta-aryl protons as a pair of doublets
between δ 7.58 and 7.19 ppm with a 4JH−H constant of 2 Hz. For
complex 6, the SiCH3 resonance is a singlet at δ 0.73 ppm, and
the SiCH2CH2CH3 resonance is a triplet at δ 0.94 ppm (3JH−H =
7.1 Hz). The SiCH2CH2CH3 resonances are obscured by the
tert-butyl signals but can be clearly identified in the 1H−13C
HSQCNMR spectrum at δ2 (1.37, 20) and (1.43, 18) ppm, with
the negative phase DEPT editing confirming the assignment of
methylene groups. In the 1H NMR spectrum of 7, the SiCH3
singlet is at δ 1.04 ppm, and the SiC6H5 resonances are
multiplets at δ 7.23−7.32 and 7.78−7.82 ppm.

Figure 1. Solid-state ellipsoid plots of group four PHENI* dichloride complexes Me2SB(d

tBu,MeArO,I*)TiCl2 (1), Me2SB(d

tBu2ArO,I*)TiCl2 (2),27

Me2SB(d

tBu2ArO,I*)ZrCl2 (3), Me2SB(d

tBu2ArO,I*)HfCl2 (4), Me2SB(Cumyl2ArO,I*)TiCl2 (5), (R)-Z-Med

,nPrSB(d

tBu2ArO,I*)TiCl2 (6), and (R)-E-Me,PhSB-

(d

tBu2ArO,I*)TiCl2 (7). Hydrogen atoms omitted for clarity; one stereoisomer shown; thermal ellipsoids drawn at 30% [or 15% (6)] probability. The
solid-state structure of 6 contains crystallographically independent molecules (Z′ = 2), one residue depicted.

Table 1. Selected Geometric Parameters (Lengths in Å, Angles in °) for PHENI* Complexes1−7 and the Ind-PHENICS
ComplexAa

complex A14 1 227 3 4 5 6 7
space group P21/c Pbca P1̅ P1̅ P1̅ P1̅ Pn21a P21/c
M(1)−O(1) 1.7722(18) 1.7949(12) 1.7838(1) 1.9236(16) 1.918(3) 1.791(2) 1.783(4) 1.798(6)
M(1)−Icent* 2.031 2.0242(9) 2.0156(1) 2.1703(11) 2.140(2) 2.0243(17) 2.010(3) 2.0280(2)
O(1)−M(1)−Icent* 115.86 115.49(5) 114.16(1) 115.30(6) 115.32(12) 114.53(10) 115.13(14) 116.42(1)
C(1)−Si(1)−C(23)−C(18) 11.8(3) 45.3(2) 35.89(1) 44.4(2) 41.2(5) 27.1(4) 33.2(5) 44.75(1)
TA′ 71.6 31.8(1) 33.0(2) 80.2(2) 79.2(5) 42.9(3) 86.4(5) 35.8(7)
I*−ArO 60.85 54.38 45.08 66.52 64.00 46.31 49.25 51.86
ΔM−C 0.180 0.098 0.096 0.122 0.118 0.136 0.078 0.084
τ4 0.90 0.90 0.90 0.92 0.91 0.92 0.90 0.89
conformation type A B B A A B A B

aEstimated standard deviations (ESDs) given in parentheses.
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In addition to the previously reported solid-state structure for
complex 2, X-ray crystal structures of PHENI* dichloride
complexes 1 and 3−7 are reported in the current work, enabling
a detailed investigation of structural trends (Figure 1 and Table
1). The solid-state structures of PHENI* complexes are
tetrahedral at the metal center, with τ4 geometry indices of
0.89−0.92.43 Measured Ti−Icent* distances are similar to
permethylindenyl post metallocene complexes,25 to the
analogous Ti−Cpcent for PHENICS complexes14,17,18 and
titanium constrained geometry complexes.44,45 The Ti−O
bond lengths and Icent*−Ti−O angles are in the same range as
PHENICS complexes.14,17,18 The Ti−O bonds are slightly
shorter than in other phenoxy-titanium systems such as
phenoxy-tetrazole,46 phenoxy-imine,47 phenoxy-amine,48,49

bis-phenoxy,50 and phenoxy-azo ligands.51

Compared to the indenyl−PHENICS complex reported by
Hanaoka et al., Me2SB(d

tBu,MeArO,Ind)TiCl2 (A),
14 the PHENI*

complexes are significantly more twisted, as defined by the larger
torsion angle C(1)−Si(1)−C(23)−C(18) = 45.3(2) (1),
35.89(1) (2), and 27.1(4)° (5) (cf. 11.75° (A)) and a smaller
I*−ArO interplanar dihedral angle (54.38 (1), 45.08 (2), and
46.31° (5) cf. 60.85° (A)). This can be summarized by the TA′
parameter (Figure 2) calculated as the torsion angle C(10)−

C(2)−O(1)−C(18). It is noted that the synthesized complexes
adopt one of two conformations: the “A” geometry is defined as
having TA′ between 70 and 80°, while the “B” geometry has TA′
between 30 and 40°. Under this parametrization, it is interesting
to note that, while A crystallizes with the A-type geometry, the
three analogous PHENI* complexes (1, 2, and 5) crystallize
with the B conformation. This may have implications in

catalysis, where the geometry around the metal center influences
the energy barrier for olefin coordination. In the B
conformation, the I* system is oriented away from the active
center, counterintuitively leaving the titanium atom more
accessible than in the less bulky indenyl complex.
In the solid-state structure of 5, the ortho-cumyl phenyl ring is

held at a distance of Ti−Phcent = 4.657 Å from themetal center in
a conformation which may enable a degree of long-range π−d
stabilization despite the steric incentive to dispose the ring away
from the metal center.
The zirconium (3) and hafnium (4) complexes are

isostructural as expected from the similar ionic radii; rZr4+ =
0.59 Å and rHf

4+ = 0.58 Å.52,53 Both display A-type conformation
in the solid state, with comparable M−O and M−Icent*
distances, and O−M−Icent* and TA′ angles. By contrast, the
smaller radius of Ti4+ (0.42 Å) and higher charge density likely
account for shorterM−L bonds, a smaller bridge torsion angle, a
smaller interplanar dihedral angle, and B-type conformation in 2.
The heavy group four congeners have a dihedral angle and TA′
torsion angle comparable to A, perhaps indicating that the larger
metals compensate for the steric bulk of the permethylated
ligand.
Complexes 6 and 7, where the ligand is chiral at silicon, have

TA′ parameters of 56.4(5) and 35.8(7)°, respectively. The solid-
state geometry of 7 is consistent with B-type conformation, with
a very similar TA′ angle to that of 2 (33.0(2)°), which shows
that additional steric bulk at the bridge does not significantly
impact the ligand conformation preference. Conversely, 6 has a
solid-state structure toward the A-type conformation, demon-
strating the delicate balance of steric, electronic, and packing
factors in determining crystallographic conformation. In both
cases, racemic mixtures are obtained with a 1:1 ratio of the (R)
and (S) configurations at the silicon. Notably, though, the A−B
conformation results in the possibility of diastereomers: in the
solid-state structure of 6, the I* C6 ring is orientated cis to the
SinPr (Z), whereas 7 displays the (E) configuration with the I*
C6 disposed trans to the SiPh.

Ancillary Ligand Substitution. The chloride ancillary
ligands of PHENI* complexes could readily be replaced by
halide, alkyl, alkoxide, aryloxide, and amide groups through
stoichiometric reactions with suitable reagents (Scheme 2).
The syntheses of bromide- and iodide-substituted complexes

Me2SB(d

tBu2ArO,I*)TiX2 (X = Br, 8; X = I, 9) can be achieved
quantitatively using Me3SiBr and Me3SiI, respectively, and have
been previously described.27 Both complexes crystallize in the
triclinic space group P1̅ with the solid-state structure of 8

Figure 2. Schematic solid-state crystallographic conformations, left, of
Ind-PHENICS (A) and the PHENI* analogue (1); right, the
characteristic torsion angle TA′.

Scheme 2. Synthesis of Titanium PHENI* Complexes 8−17 by Ancillary Ligand Substitution; Dipp = 2,6-Diisopropylphenyl;
Reactions Are Deemed Quantitative by 1H NMR Spectroscopy
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exhibiting the A geometry (TA′ = 78.8(2)°; Figure 3 and Table
2). Uniquely, the solid-state structure of 9 contains crystallo-
graphically distinct molecules in the asymmetric unit (Z′ = 3),
which are in a 2:1 ratio of and A and B conformations, having
TA′ angles of 36.7(5) and 72.4(7)°, respectively (Figure S78).
This is excellent evidence for the existence of the proposed A−B
conformational regime, with the observed symmetric 1H NMR
spectrum of complex 9 suggestive of a time-averaged structure in
solution. Rapid conformational interconversion is observed on
the NMR spectroscopic timescale even at −70 °C (Figure S50),
indicative of a low energy barrier for interconversion,
presumably via hemilabile I* coordination and rotation about
the Si−I* bond. Single-point energies calculated by density
functional theory (DFT) indicate only minor differences in
thermodynamic preference (on the order of kBT) between the A
and B conformations (Table S2). The observed crystallographic
conformations may result from changes in the position of the A
⇌ B equilibria, which is clearly a finely balanced system with
small changes in steric and electronic effects able to promote one
solid-state conformation over the other.
Alkyl complexes with methyl and neosilyl (CH2SiMe3)

ancillary ligands were formed from both 1 and 2 as the parent

complex, using MeLi (as an Et2O solution) or LiCH2SiMe3, in
both cases with the elimination of LiCl. Both reactions were
essentially instantaneous at room temperature. In both methyl

complexes�Me2SB(d

tBu2ArO,I*)TiMe2 (10) and Me2SB-

(d

tBu,MeArO,I*)TiMe2 (16)�two TiCH3 resonances are found
at δ 0.16 and 0.87 ppm in the 1H NMR spectra. The neosilyl
complexes�Me2SB(d

tBu2ArO,I*)Ti(CH2SiMe3)2 (11) and Me2SB-

(d

tBu,MeArO,I*)Ti(CH2SiMe3)2 (17)�each display two
CH2SiMe3 resonances between δ 0.12 and 0.17 ppm. In
addition, the CH2SiMe3 resonances appear as two pairs of
diastereotopic doublets at δ 1.91, 0.97, 0.94, and −0.89 ppm
with 2JH−H geminal coupling constants of 11 Hz. In the solid-
state crystal structures, while 10 adopts the B conformation
(TA′ = 33.8(1)°), 11 displays an intermediate torsion angle
toward A-type geometry (TA′ = 65.4(2)°). This demonstrates
that methylation has little structural effect compared to the
parent dichloride complex, 2, which is significant as methylation
is involved in the initiation step of catalytic olefin polymer-
ization. Attempts to synthesize benzyl (CH2Ph, Bn) complexes
derived from both 1 and 2 were unsuccessful using KBn.

Figure 3. Solid-state ellipsoid plots of group four PHENI* complexes Me2SB(d

tBu2ArO,I*)TiBr2 (8), Me2SB(d

tBu2ArO,I*)TiI2 (9; residue 1, 9 B, shown),
Me2SB(d

tBu2ArO,I*)TiMe2 (10), Me2SB(d

tBu2ArO,I*)Ti(CH2SiMe3)2 (11), Me2SB(d

tBu2ArO,I*)Ti(NMe2)2 (13), and Me2SB(d

tBu2ArO,I*)Ti(ODipp)2 (15).
Hydrogen atoms omitted for clarity; thermal ellipsoids drawn at 30% probability. Asymmetric unit of 9 plotted in Figure S78.

Table 2. Selected Geometric Parameters (Lengths in Å, Angles in °) for PHENI* Complexes8−11, 13, 15a

complex 8 9-A 9-B 10 11 13 15
space group P1̅ P1̅ P1̅ P1̅ P1̅ P1̅ P1̅
Ti(1)−O(1) 1.7960(14) 1.794(5) 1.793(5) 1.8021(9) 1.8174(1) 1.8603(13) 1.8595(1)
Ti(1)−Icent* 2.0342(10) 2.033(4) 2.031(3) 2.0357(8) 2.0842(1) 2.1003(9) 2.0971(1)
O(1)−Ti(1)−Icent* 118.29(6) 117.80(19) 114.92(18) 118.02(4) 119.10(1) 113.18(5) 112.17(1)
C(1)−Si(1)−C(23)−C(18) 38.16(18) 17.1(8) 36.3(7) 40.25(15) 1.69(1) 34.46(17) 7.51(1)
TA′ 78.8(2) 72.4(7) 36.7(5) 33.8(1) 65.4(2) 78.5(1) 62.5(1)
I*−ArO 61.46 58.50 48.53 54.24 70.86 51.92 56.00
ΔM−C 0.174 0.210 0.165 0.117 0.287 0.054 0.245
τ4 0.88 0.89 0.89 0.89 0.88 0.86 0.90
conformation type A A B B intermediate A intermediate

aEstimated standard deviations (ESDs) given in parentheses.
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However, a clean product was obtained between 2 and the
Grignard reagent BnMgCl in a mixed benzene/THF solvent
system. The bright orange product, Me2SB(d

tBu2ArO,I*)TiBn2
(12), was then extracted in toluene, using 1,4-dioxane to aid
precipitation of the byproduct MgCl2. In the 1H NMR spectrum
of 12, the benzyl aromatic protons are seen as three multiplets at
δ 6.86, 6.93, and 7.04 ppm, and the diastereotopic CH2Ph
protons are two pairs of doublets at δ 1.31, 2.12, 2.66, and 2.74
ppm, with a 2JH−H geminal coupling constant of 11 Hz.
Amide, alkoxide, and aryloxide complexes were formed from

the reaction between 2 and two equivalents of either LiNMe2,
NaOEt, or KODipp (Dipp = 2,6-di-iso-propylphenyl), eliminat-
ing the corresponding alkali metal chloride salt. These reactions
occurred more slowly than the halide and alkyl exchanges:
complete substitution was observed with the amide after 42 h at
80 °C, the alkoxide after 137 h at 60−80 °C, and the aryloxide
after 24 h at 60 °C. In all cases, the formation of the
monosubstituted intermediates Me2SB(d

tBu2ArO,I*)Ti(Cl)X (X =
NMe2, OEt, ODipp) could be observed during the course of
reaction by 1H NMR spectroscopy (Figure S66).
For the fully substituted amide complex, Me2SB(d

tBu2ArO,I*)-
Ti(NMe2)2 (13), the NMe2 protons have resonances at δ 2.60
and 3.00 ppm in the 1H NMR spectrum. For the alkoxide
complex, Me2SB(d

tBu2ArO,I*)Ti(OEt)2 (14), the OCH2CH3
protons resonate as triplets at δ 1.01 and 1.18 ppm (3JH−H =
6.9 Hz), and the OCH2CH3 protons are seen as a multiplet at δ
3.88 ppm and a quartet at δ 4.42 ppm, all shifted slightly to
higher frequency compared to the monosubstituted intermedi-
ate. In the 1H NMR spectrum of the aryloxide complex,
Me2SB(d

tBu2ArO,I*)Ti(ODipp)2 (15), the ArCHMe2 resonances
are binomial septets at δ 3.14 and 3.52 ppm (3JH−H ≈ 6.8 ppm),
the ArCHMe2 protons exist as doublets at δ 0.89, 0.98, 1.16, and
1.20 ppm (3JH−H ≈ 6.7 ppm). This suggests that, while the
ODipp leaving groups are magnetically inequivalent to each

other, rotation about the O−Dipp bond is fast on the NMR
spectroscopic timescale, leading to a time-averaged signal from
the two iso-propyl groups on each Dipp. The Dipp aromatic
protons are seen as multiplets between δ 6.81 and 7.12 ppm. In
all cases, therefore, the two ancillary ligands are inequivalent and
do not exchange on the NMR timescale. Both 13 and 15 have
large TA′ parameters in the solid-state structures (78.5(1) and
62.5(1)° respectively), 13 classified as A-type geometry, and 15
somewhat intermediate between the A- and B-type conforma-
tions.

Exploration of Reactive PHENI* Cationic Intermedi-
ates. The catalytically active species in group four metallocene
olefin polymerization is believed to be a cationic monoalkyl
complex of the form [[L]MMe]+, formed by the reaction of the
precatalyst with a suitable activator. Activators such as
[Ph3C][BArF4] (ArF = C6F5) or [PhNHMe2][BArF4] have
been demonstrated to abstract an alkyl group from the metal
center, while MAO is additionally able to alkylate the precatalyst
prior to abstraction.54,55

To probe this reaction, and the identity and stability of the
reactive intermediate in olefin polymerization, dichloride
complex 2 and dimethyl complex 10 were reacted separately
with 1−10 molar equivalents of MAO and monitored by 1H
NMR spectroscopy in a range of solvents (benzene-d6,
bromobenzene-d5, and dichloromethane-d2; Figures S81−
S86). In all cases, the formation of a single PHENI* species is
observed consistent with C1 symmetry, with a single resonance
corresponding to a TiCH3 environment in a cationic complex.
For 2/MAO, this 1H NMR resonance is seen at δ 0.17 ppm,
correlating to a 13C shift of δ 66 ppm in the HSQC NMR
spectrum (dichloromethane-d2); for 10/MAO, the resonance is
at δ 0.46 ppm, correlated to a 13C shift of δ 55 ppm. Notably, the
species formed from 2 and 10 gave resonances with different
absolute chemical shifts, which suggests non-negligible inter-
action of the counterion (either [MAO−Cl]− or [MAO−Me]−)
with the cationic metal center. This may have implications for

Figure 4. Solution-phase mean polymerization activity as a function of temperature of polymerization using the catalysts Me2SB(d

tBu2ArO,I*)TiCl2 (2),
Me2SB(d

tBu2ArO,I*)TiMe2 (10), and Me2SB(d

Cumyl
2ArO,I*)TiCl2 (5). Polymerization conditions: 715 nmol complex, MAO ([AlMAO]0/[Ti]0 = 1000) or

TB/TIBA ([TB]0/[TIBA]0/[Ti]0 = 1:200:1), 2 bar ethylene, 50 mL hexanes, and 5 min or until stirring ceased. Error bars shown at one standard
deviation.
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catalysis, where ion-pairing of this sort is commonly found to
affect activity.56 Exposing the NMR tubes to an atmosphere of
ethylene (1 bar) resulted in the instant formation of a
polyethylene precipitate, demonstrating that both activated
PHENI* complexes are effective catalysts for olefinic polymer-
ization.
The PHENI* dimethyl complex 10 was also reacted with

[Ph3C][BArF4] (TB) and [PhNHMe2][BArF4] and monitored
by 1H NMR spectroscopy in a range of solvents (benzene-d6,
bromobenzene-d5, dichloromethane-d2, pyridine-d5, and aceto-
nitrile-d3; Figures S87−S91). Reactions between 10 and
[Ph3C][BArF4] resulted in the instant formation of a dark red
solution. The resulting salt was virtually insoluble in any of the
noncoordinating solvents studied. The formation of Ph3CMe
could be clearly identified by 1H NMR spectroscopy, and the
formation of a single BArF salt was confirmed by 11B and 19F
NMR spectroscopy. The resonances corresponding to the
PHENI* ligand were not assignable due to the poor solubility or
possibly indicating a mixture of products or ligand decom-
position. A resonance at δ 0.21 ppm (dichloromethane-d2) is
consistent with the [TiCH3]+ resonance observed from the
reactions with MAO. Subsequent exposure of the NMR tubes to
ethylene (1 bar) led to the instant formation of a polyethylene
precipitate. It was postulated that a coordinating solvent may
stabilize and solubilize the ionic salt product; however, reactions
between 10 and [Ph3C][BArF4] in pyridine-d5 or acetonitrile-d3
led to a mixture of products. A broad resonance at δ 0.62 ppm
(acetonitrile-d3) is tentatively assigned to the [TiCH3]+
resonance, but catalyst decomposition is seen to occur in
these coordinating solvents.
The reaction between 10 and [PhNHMe2][BArF4] was

studied in benzene-d6, bromobenzene-d5, and dichlorome-
thane-d2. A mixture of products was obtained, indicating poor
solution-phase stability of the cationic titanium complex.
However, the presence of CH4 in the 1H NMR spectrum (δ
0.16 ppm (benzene-d6), 0.15 ppm (bromobenzene-d5), 0.21
ppm (dichloromethane-d2)) is suggestive that the anilinium
borate is able to abstract a methyl group from 10. The poorly
coordinating BArF4 anion is expected to reduce the ion pairing
effect and increase catalytic activity. However, it also results in a
destabilized cation relative to the more tightly bound [[L]-
TiMe][Cl−MAO] pair.

Homogeneous Polymerization Reactivity. The
PHENI* complexes Me2SB(d

tBu2ArO,I*)TiCl2 (2), and Me2SB-
(d

Cumyl
2ArO,I*)TiCl2 (5) were initially screened for polymer-

ization activity in homogeneous solution-phase reactions,
activated by MAO ([AlMAO]0/[Ti]0 = 1000), across a temper-
ature of polymerization (Tp) range of 30 ≤ Tp ≤ 90 °C (Figure
4; Table S4). These complexes were selected to probe the effect
of ligand sterics on polymerization activity, with the bulky cumyl
groups (5) compared to the tert-butyl (2). Polymerization runs
were performed in hexanes for 5 min or until reactor fouling
resulted in the cessation of stirring. Both complexes show high
activities toward ethylene polymerization, with 2/MAO up to
4220 kgPE molTi−1 h−1 bar−1 (Tp = 70 °C) and 5/MAO up to a
remarkable 23 300 kgPE molTi−1 h−1 bar−1 (Tp = 40 °C). Nabika
et al. have claimed that bulkier ortho substituents on PHENICS
complexes result in increased polymerization activities,17 and
this also appears to be the case for PHENI* catalysts. As is
commonly seen for solution-phase polymerizations, the polymer
formed with a highly aggregated morphology, which caused
reactor fouling.27,57 Reactor fouling occurred within 2min for 5/

MAO due to rapid polymer formation, and runs were stopped
when the mechanical stirring became hindered. This contributes
to the extremely high reported activities and also results in
reduced experimental reproducibility. The activity of 5/MAO is
greater than that reported for unbridged indenyl zirconocenes
((2,4,6‑ d

Me
3Ind)2ZrCl2: 3890 kgPE molZr−1 h−1 bar−1 (Tp = 50 °C, 1

bar)),58 constrained geometry complexes (Me2SB(d

tBuN,Cp*)-
TiMe2: 114 kgPE molTi−1 h−1 bar−1 (Tp = 25 °C, 1 bar)),59 and
PHENICS complexes (Me2SB(d

tBu,MeArO,Cp*)TiCl2: 10 267 kgPE
molTi−1 h−1 bar−1 (Tp = 40 °C, 6 bar)).14 Activity is comparable
to that of rac-(SBI*)ZrCl2 (22 622 kgPE molZr−1 h−1 bar−1 (Tp =
60 °C, 2 bar),22 and less than that of rac-(EBI*)ZrCl2 (61 800
kgPE molZr−1 h−1 bar−1 (Tp = 70 °C, 2 bar)).60

Solution-phase polymerizations were also performed using
complex 10 and the stoichiometric activator trityl borate (TB;
[Ph3C][BArF4]; ArF = C6F5). The reactive cationic intermedi-
ates arising from 2/MAO and 10/TB ought to be identical
species ([Me2SB(d

tBu2ArO,I*)TiMe]+), with this experiment
probing the effects of activation and counteranion. Activators
bearing weakly coordinating anions such as BArF4−, CN-
(BArF3)2−, C6F4-1,2-[BArF2]2(μ-OArF)−, or tetrakis[3,5-bis-
(pentafluorosulfanyl)phenyl]borate have been shown to result
in extremely high polymerization activities.61−65 Furthermore,
anion engineering has been identified as an important emerging
method of modulating polymer properties.66 AliBu3 (TIBA) was
included to act as a scavenger for protic impurities. Runs with
10/TB/TIBA ([Ti]0/[TB]0/[Al]0 = 1:1:200) were performed
across a temperature range of 30 ≤ Tp ≤ 90 °C. Polymerization
activities were much higher than with 2/MAO, up to 27 000
kgPE molTi−1 h−1 bar−1 (Tp = 50 °C). As with 5/MAO, reactor
fouling interfered with the mechanical stirring, and runs were
terminated after 26−190 s. The temperature profile of 10/TB/
TIBA is broadly similar to that of 5/MAO, suggestive of a
common rate-limiting process, likely resulting from mass-
transport and morphological limitations.
The polymers resulting from solution-phase polymerizations

were analyzed by differential scanning calorimetry (DSC) and
gel-permeation chromatography (GPC). The polymers dis-
played melting transition temperatures at 141−143 °C and
crystallinities of 56−66%, consistent with UHMWPE.67

Both 2/MAO and 5/MAO produced high- or ultrahigh-
molecular-weight polyethylene, with 5/MAO consistently
greater than 2/MAO (Figure S118). At 30 °C, 5/MAO
produced UHMWPE with a Mw of 1.7 MDa, while 2/MAO
produced PE withMw of 690 kDa. This is greater than theMw of
polyethylene produced by reported PHENICS complexes
(Me2SB(d

tBu,MeArO,Cp*)TiCl2: 635 kDa (Tp = 40 °C, 6 bar)),
though in that case, the presence of 1-hexene is expected to
lower the molecular weight compared to homopolymeriza-
tion.14 Both complexes produced polymers with decreasing Mw
at increasing temperatures, resulting from an increased rate of
chain termination processes relative to propagation.68 By
contrast, 10/TB/TIBA produced polymers with ultrahigh
molecular weights, up to 2.6 MDa, and largely independent of
polymerization temperature, though with a large variance
resulting from irregular reaction times. Increased molecular
weights with a borate activator are expected from a reduction in
chain transfer to aluminum.

Heterogeneous Polymerization Reactivity; Effect of
the PHENI* Ligand. Group four PHENI* complexes 1−15
were immobilized on third-generation sMAO in a [AlsMAO]0/
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[M]0 (M = Ti, Zr, Hf) ratio of 200:1 by standard procedures to
afford 1sMAO−15sMAO as pale orange to brown solids22 and used
for the polymerization of ethylene (Tables 3, S4 and S5). The
ethylene polymerization performance of 1sMAO, 2sMAO, 5sMAO,
8sMAO, and 9sMAO have been previously described.27 It has been
noted that the PHENI* catalyst 1sMAO is up to 22 times more
active than the Ind-PHENICS analogue AsMAO. Moreover, while
2sMAO is more active than 1sMAO, further increasing the ligand
bulk results in decreased slurry-phase activity for 5sMAO, contrary
to the observed solution-phase trend.
In addition to the typical kinetic and thermodynamic

advantages of permethylation, increased stability, and hindered
TIBA coordination, it is proposed that the large increase in
activity of PHENI* complexes compared to Ind-PHENICS may
in part be related to the conformational geometry of the catalyst.
As defined by the torsion angle TA′,A has a value of 71.6°, and 1,
2, and 5 are in the range 32−43° and approximately 22 times
more active in polymerization. In the B-conformation, the I*
system is oriented away from the coordination sites at the metal,
thus increasing accessibility and reducing the energy barrier for
coordination−insertion. While methylation did not significantly
change the TA′ parameter in 10 compared to the dichloride
precatalyst, 2, it remains unclear how the dynamic in operando
ligand geometry is affected by the formation of the cationic
active species or by immobilization at the sMAO surface. The
observed rapid interconversion in solution is consistent with a
hemilabile PHENI* ligand, which may also reduce the energy
barrier to monomer insertion. DFT calculations suggest that the
B geometry is thermodynamically preferred in both the cationic
active species and the ethylene π complex (Table S3).

Effect of the Group Four Metal. The zirconium complex
3sMAO/TIBA showed moderate polymerization activity, up to
353 kgPE molZr−1 h−1 bar−1 at Tp = 50 °C. Polymerization with
the hafnium complex, 4sMAO/TIBA, resulted in only trace
quantities of polymer being isolated (<20 mg) with activities of
<30 kgPE molHf

−1 h−1 bar−1. The presence of minor impurities in
theNMR spectrum of bulk samples of 4may be expected to have
a disproportionate effect on the catalytic performance, but single

crystals of 4 were then used in the immobilization to mitigate
this as far as possible given the small sample mass.
A similar trend was reported for group four PHENICS

complexes by Hanaoka et al. with Me2SB(d

tBu,MeArO,Cp*)TiCl2
and Me2SB(d

tBu,MeArO,Cp*)ZrCl2 having activities of 10 300 and
530 kg molM−1 h−1 bar−1, respectively.14 Likewise, Senda et al.
report a series of fluorenyl PHENICS complexes with activities
of 2800, 1030, and 200 kg molM−1 h−1 bar−1, respectively, for
Me2SB(d

tBu,MeArO,d

tBu2Flu)TiCl2, Me2SB(d

tBu,MeArO,d

tBu2Flu)ZrCl2,

and Me2SB(d

tBu,MeArO,d

tBu2Flu)HfCl2.
18 However, in both cases,

polymerization data for PHENICS complexes were reported
only for ethylene/1-hexene copolymerization. DFT studies in
silico have found that the activation barrier for ethylene insertion
is lower for Ti(IV)-constrained geometry complexes, modeled
as [H2SB(HN,Cp)MMe]+ (M =Ti, Zr, Hf), than either Zr(IV) or
Hf(IV).69 Similar results have also been found for metallocenic
systems, Cp2MMe2/B(C6F5)3, with titanocenes having lower
coordination and insertion barriers than zirconocenes or
hafnocenes.70 These trends are somewhat controversial,
however, with claims published that both titanium-71,72 and
zirconium-based73,74 complexes are more active for ethylene
polymerization, and counterclaims that there is little differ-
ence.49,75 The divergence of experimental results from
computed insertion energy barriers highlights the role of
nontrivial reaction mechanisms and kinetics, with polymer-
ization activity determined by the subtle interplay of many steric,
electronic, kinetic, and thermodynamic factors. In the current
work, it is noted that the less active catalysts, 3 and 4, both have
A-type solid-state conformations, while the more active 2 is B-
type.

Effect of the ansa Bridging SiMeR″ Group. PHENI*
complexes bearing varied substituents at the silane ansa bridge
displayed largely similar slurry-phase polymerization behavior.
All three complexes, the SiMePh mixed-bridge complex, 7sMAO/
TIBA (3710 kg molTi−1 h−1 bar−1 at Tp = 60 °C), the SiMe2
bridge complex 2sMAO/TIBA (3720 kg molTi−1 h−1 bar−1 at Tp =
60 °C), and the SiMenPr complex, 6sMAO/TIBA (3900 kg
molTi−1 h−1 bar−1 at Tp = 60 °C), all displayed similar activities.

Table 3. Selected Ethylene Polymerization Results for sMAO-Supported PHENI* Catalystsa

catalyst activity/kgPE molM−1 h−1 bar−1 polymer yield/g Mw/kDa D̵ Tm/°C a (%)

1sMAO/TIBA 3230 ± 150 2.277 2088 3.0 133.7 67.9
2sMAO/TIBA 3720 ± 110 2.629 2088 5.2 133.4 77.7
3sMAO/TIBA 340 ± 10 0.229 120.0/1303 3.8/3.4 135.5 95.0
4sMAO/TIBA <30 trace n.d. n.d. 121.0 1.7b

5sMAO/TIBA 1980 ± 40 1.353 1777 3.5 133.9 71.3
6sMAO/TIBA 3900 ± 20 2.688 2337 3.1 136.4 64.4
7sMAO/TIBA 3710 ± 540 2.518 1366 3.1 136.1 89.0
8sMAO/TIBA 3130 ± 30 2.204 2438 3.0 135.3 83.0
9sMAO/TIBA 2490 ± 260 1.671 2696 2.6 134.5 75.7
10sMAO/TIBA 2820 ± 290 1.880 2174 3.0 134.6 70.1
11sMAO/TIBA 2590 ± 50 1.716 2114 1.7 135.9 64.3
12sMAO/TIBA 1870 ± 110 1.239 2274 1.9 136.3 72.8
13sMAO/TIBA 1870 ± 160 1.251 2523 2.3 134.3 67.1
14sMAO/TIBA 1370 ± 50 0.906 2609 2.4 134.9 67.2
15sMAO/TIBA 760 ± 40 0.505 2525 2.2 135.3 57.5
AsMAO/TIBA 140 ± 1 0.096 1092 20.9 132.4 78.0

aData for all polymerizations may be found in Tables S4 and S5. Activity is reported as mean ± standard deviation. Weight-average molecular
weight determined by GPC; thermal characterization determined by DSC (20 K min−1, second heat). Polymerization conditions: 10 mg solid
catalysts, 150 mg TIBA, 2 bar ethylene, 50 mL hexanes, 30 min, and Tp = 60 °C. bThe low crystallinity of PE produced by 4sMAO/TIBA is
attributed to the large amount of catalyst residue present.
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The slightly higher activity of 6sMAO/TIBA is despite 6 having an
A-type solid-state conformation, highlighting the complex
nature of structure−activity relationships in olefin polymer-
ization chemistry.

Effect of the Ancillary X Ligand. All the complexes
8sMAO−15sMAO are theorized to form the same [L]TiMe+ active
species and are observed to tend toward mutually similar
polymerization activities at high temperatures (Figure 5). A
particular exception to this is the ODipp complex 15, though a
confounding factor in this case was incomplete immobilization
resulting from the large ODipp ligands shown by a significantly
colored supernatant even after heating at 80 °C for 3 h with
stirring. Otherwise, the chloride and bromide complexes show
activities of 2180−2190 kgPE molTi−1 h−1 bar−1, and the
complexes 9sMAO−14sMAO show activities between 1190 and
1580 kgPE molTi−1 h−1 bar−1 at a polymerization temperature of
90 °C. At lower polymerization temperatures, much more
substantial deviations in polymerization activities are observed,
with the catalysts 2sMAO, 8sMAO−14sMAO having activities of
1380−3610 kgPE molTi−1 h−1 bar−1.
It was anticipated that alkylated complexes 10sMAO−12sMAO

would have increased activities relative to halide precatalysts,
since halide abstraction is the first step of the initiation pathway;
however, the general trend halide ≳ alkyl ≳ amide ≳ alkoxide ≳
aryloxide emerges. This indicates that activation is relatively
facile, and a mixture of steric, electronic, and stability effects are
likely at play: since charge separation is disfavored in nonpolar
solvents, ion pairing between [[L]TiMe]+ and [sMAO−X]− in a
secondary coordination sphere is the most probable justification
for the influence of the leaving group. Metallocenium ion pairing
has been shown to be a significant factor in ethylene
polymerization, with the Lewis acidity and free energy of ion
pair separation correlating with catalytic activity.76 Punzalan et
al. have recently shown in silico that the complex interactions of
ion pairing, catalyst conformation, and polymer chain
conformation in titanium CGC systems influence ethylene
insertion and β-elimination kinetics.77 Alkylated permethylin-
denyl metallocenes, supported on sMAO, have been shown

previously to have higher ethylene polymerization activities than
the parent halide complexes.24 However, in the current work, the
methyl (10) and neosilyl (11) complexes demonstrated
activities comparable to iodide (9) and less than both bromide
(8) and chloride (2), with benzyl (12) having still lower
activities. These results suggest that precatalyst activation is
comparatively facile, with steric, electronic, conformational, and
secondary coordination effects dominating the propagation
kinetics. Ionic reassociation has been shown to lead to the
formation of long-lived resting states.78 Superimposed on the
ion pair effect is the influence of the ancillary ligands on PHENI*
conformation. In the slurry-phase it has been shown that the
position of the A−B conformational equilibrium may be a
relevant parameter when comparing Ind and I* titanium
dichloride complexes. The ancillary ligands alter the con-
formation of the solid-state structures, and this may be expected
to have an observable effect on catalysis if the initial
conformational preference is preserved upon immobilization.

Polyolefin Characterization. All titanium catalysts pro-
duced polyethylenes with melting transitions between 133 and
136 °C, and crystallinities of α = 58−83%, consistent with the
formation of linear HDPE (Figure S119 and Table S6).
The molecular weight of PE produced by the PHENI*

complex 1sMAO/TIBA was substantially greater than that by
AsMAO/TIBA as well having a much narrower dispersity (Figure
S117). The bimodal distribution observed for AsMAO/TIBA is
indicative of a departure from single-site catalytic behavior. The
molecular weight of PE produced by 1sMAO/TIBA and 2sMAO/
TIBA is similar and unimodal, suggesting that substitution at the
para position of the phenoxy group has little bearing on
polymerization kinetics. Cumyl substitution at the ortho
position resulted in reduced molecular weights, with the
additional steric bulk seemingly unable to reduce chain transfer
processes. Substitution at the silicon bridge was found to have a
more significant effect on the polymer molecular weight, with
the MenPrSi bridge (6sMAO/TIBA; 2.3 MDa, Tp = 60 °C)
producing slightly higher Mw polymer than the Me2Si bridge
(2sMAO/TIBA; 2.1 MDa, Tp = 60 °C), and the MePhSi bridge

Figure 5. Slurry-phase mean ethylene polymerization activity as a function of temperature for sMAO-supported Me2SB(d

tBu2ArO,I*)TiCl2 (2),
Me2SB(d

tBu2ArO,I*)TiBr2 (8), Me2SB(d

tBu2ArO,I*)TiI2 (9), Me2SB(d

tBu2ArO,I*)TiMe2 (10), Me2SB(d

tBu2ArO,I*)Ti(CH2SiMe3)2 (11), Me2SB(d

tBu2ArO,I*)-
TiBn2 (12), Me2SB(d

tBu2ArO,I*)Ti(NMe2)2 (13), Me2SB(d

tBu2ArO,I*)Ti(OEt)2 (14), Me2SB(d

tBu2ArO,I*)Ti(ODipp)2 (15). Polymerization conditions: 10
mg solid catalyst, 150 mg TIBA, 2 bar ethylene, 50 mL hexanes, and 30 min. Error bars shown at one standard deviation.
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(7sMAO/TIBA; 1.4 MDa, Tp = 60 °C) significantly lower. This is
evidence that the substituents at the silicon ansa bridge influence
the kinetics of the polymerization mechanism, altering the
relative rates of termination and propagation.
The zirconium catalyst 3sMAO/TIBA produces polyethylene

with a bimodal molecular weight distribution (MWD), with
large aggregate dispersities in the range 41.0−92.3 (Figure
S111). Peak deconvolution reveals that approximately 80% of
the polymer mass is composed of low-molecular-weight PE (Mw
≤ 25 kDa) with a moderate D̵ of 3.4−7.9. The remainder is
composed of UHMWPE (Mw = 1.2−2.1 MDa) with narrow
MWDs, having dispersities in the range 1.9−3.4. This is a clear
departure from single-site catalysis, with at least two reaction
modes active, andmay in part be due the increased chain transfer
to aluminum possible with the larger group four metals. No
evidence was found for a bimodal copolymer MWD for
zirconium PHENICS complexes.14,18 The melting temperature
of 136 °C (α = 95%) is consistent with the formation of a single
thermal phase of HDPE. By modeling group four metallocenes
in silico, Martińez-Araya et al. calculated, on the basis of energetic
barriers, that titanocenes were expected to produce higher-
molecular-weight polymers than either zirconocenes or
hafnocenes.79 Very few complexes of zirconium or hafnium
have been reported able to produce UHMWPE owing to their
propensity for β-hydrogen transfer.80,81 For the reported
PHENI* complexes, it is clear that titanium gives not only
dramatically higher polymerization activity than its heavier
congeners, but also better controlled single-site reactivity. The
quantity of PE isolated from polymerization using the hafnium
catalyst 16sMAO/TIBAwas insufficient for GPC characterization,
though the identity of the sample as HDPE was confirmed by
DSC analysis, having a weak melting transition at 121 °C,
slightly lower than expected probably due to relatively high
amounts of catalyst residue in the polymer resin.
For the titanium catalysts with varied ancillary ligands (2sMAO,

8sMAO−15sMAO), with the exception of the dimethyl complex
(10) and the dibenzyl complex (12), PE was produced within a
narrow molecular-weight envelope, spanning 2.2−2.9 MDa at

Tp = 50 °C, and 1.4−1.7MDa atTp = 90 °C (Figure 6). This is to
be expected from the formation of a common propagating
cationic active species. Surprisingly, 10sMAO/TIBA produced PE
with notably higher Mw (3.5 MDa at Tp = 50 °C) and 12sMAO/
TIBA with notably lower Mw (1.2 MDa at Tp = 50 °C). In all
cases, dispersities are relatively narrow in the range 1.9−4.4 atTp
= 50 °C, indicative of consistent single-site catalysis. A trend
toward broaderMWDs at higher polymerization temperatures is
observed, with a dispersity range at Tp = 90 °C of 4.3−6.4,
possibly due to partial thermal degradation of the catalyst, or
increased ligand flexibility.

High-Pressure High-Throughput Screening. Parallel-
ized high-throughput studies were performed at Xplore s.r.l.
under 120 psi (8.3 bar) ethylene in 23 mL cells containing 5 mL
of heptane, 10 μmol TIBA, and 0.05−0.80 mg of the precatalysts
1sMAO−3sMAO, 5sMAO, 11sMAO, and AsMAO across a temperature
range of 40 ≤ Tp ≤ 80 °C.82 Contrary to the observed behavior
at 2 bar, polymerization activity was greater at 80 °C than 60 °C
(Figure 7). This suggests that the dominating factor in the
previously observed high temperature activity decrease (vide
supra) is the reduced solubility of ethylene, rather than catalyst
thermal degradation. The ligand effects are fairly consistent
across the two polymerization regimes, with 2sMAO/TIBA
displaying the highest activities at 8.3 bar, up to 6001 kgPE
molTi−1 h−1 bar−1 at 80 °C, more than double the efficiency
reported at 2 bar pressure. The activity of 1sMAO/TIBA at 80 °C
was 3750 kgPE molTi−1 h−1 bar−1, 34 times greater than for the
analogous supported Ind−PHENICS complex, AsMAO/TIBA
under the same conditions.
Kinetic profiles are stable up to a reaction time of 1 h with

minimal catalyst deactivation observed (Figures S124−S127).
In all cases, the polyethylene produced had significantly greater
molecular weights, as measured by GPC, than when synthesized
at 2 bar (Figure S129). AtTp = 60 °C,AsMAO produced PE with a
Mw of 2.3 MDa, double that recorded at 2 bar, and with a
narrower, though still poorly controlled, dispersity of 9.2. The
PHENI* catalysts all produce UHMWPE in a narrow range
between 4.1 and 4.9 MDa, approximately double that recorded

Figure 6. Polyethylene molecular weight (Mw; D̵ annotated) as a function of temperature synthesized by sMAO-supported Me2SB(d

tBu2ArO,I*)TiCl2
(2), Me2SB(d

tBu2ArO,I*)TiBr2 (8), Me2SB(d

tBu2ArO,I*)TiI2 (9), Me2SB(d

tBu2ArO,I*)TiMe2 (10), Me2SB(d

tBu2ArO,I*)Ti(CH2SiMe3)2 (11), Me2SB-

(d

tBu2ArO,I*)TiBn2 (12), Me2SB(d

tBu2ArO,I*)Ti(NMe2)2 (13), Me2SB(d

tBu2ArO,I*)Ti(OEt)2 (14), Me2SB(d

tBu2ArO,I*)Ti(ODipp)2 (15). Polymerization
conditions: 10 mg solid catalyst, 150 mg TIBA, 2 bar ethylene, 50 mL hexanes, and 30 min.
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at 2 bar. Remarkable temperature invariance was displayed,
while also being excellently controlled single-site catalysts, with
dispersities in the range 1.8−2.2, close to the ideal Flory−Schulz
value of 2.0 for controlled single-site catalysts.83,84 Furthermore,
very little ligand dependence is observed with all four PHENI*
catalysts producing similar PEs, which indicates a common
limiting factor. It is anticipated that increased ethylene pressure
leads to increased rates of chain propagation and therefore high
polymer molecular weights for cases where the controlling
process is not chain transfer to monomer.85−87

■ CONCLUSIONS
Seventeen PHENI* complexes have been synthesized and
characterized with a variety of phenoxide substituents, ancillary
ligands, and group four metals. For the titanium dichloride
complexes, it appears that the permethylindenyl complexes
adopt a distorted conformation compared to the Ind-PHENICS
in the solid state, which results in a more open active site.
Conformation seems to depend on permethylation, the group
four metal, and ancillary X ligands. The efficacy of catalysts
based on group four PHENI* complexes toward the polymer-
ization of ethylene has been demonstrated. In addition to
exceptional homogeneous catalytic activities, up to 27 000 kgPE
molTi−1 h−1 bar−1, the complexes have been immobilized on
sMAO, which offers excellent morphological control. Ultrahigh-
molecular-weight polyethylene is produced, with Mw up to 3.5
MDa. The influence of catalyst structure on polymerization has
been studied and steric, conformational, electronic, and
coordinative influences have been discussed. Ion pairing and
ligand geometry have been explored as parameters for
determining polymerization activity. The conformation may
exert an influence on catalytic performance, but against a
background of solution-phase interconversion equilibria, the
effects of immobilization and activation, and other parameters,
the significance of conformation in this system remains unclear.
At 8.3 bar, slurry-phase activities over 6000 kgPE molTi−1 h−1

bar−1 are reported, with polymer molecular weight up to 4.9
MDa and narrow MWDs, consistent with ideal controlled
single-site catalysis. Overall, this establishes the PHENI*
catalysts as being among the most active complexes for the
controlled synthesis of UHMWPE.

■ EXPERIMENTAL SECTION
General Procedures. Air- and moisture-sensitive compounds were

manipulated under an inert atmosphere of nitrogen, using standard
Schlenk line techniques88 on a dual manifold vacuum/nitrogen line or
in an MBraun Labmaster 100 glovebox. Pentane, hexane, toluene, and
benzene were dried using an MBraun SPS 800 solvent purification
system, stored over a potassium mirror, and degassed under partial
vacuum before use. Anhydrous dichloromethane was dried using an
MBraun SPS 800 system, stored over preactivated 3 Å molecular sieves
and degassed under partial vacuum before use. Tetrahydrofuran was
distilled from sodium/benzophenone, stored over preactivated 3 Å
molecular sieves and degassed under partial vacuum before use. Diethyl
ether was distilled from NaK, stored over a potassium mirror, and
degassed under partial vacuum before use. Acetone was used as
received. 1,4-Dioxane was distilled from sodium, stored over
preactivated 3 Å molecular sieves, and degassed under partial vacuum
before use. Deuterated solvents were dried over potassium metal
(benzene-d6, and toluene-d8) or CaH2 (chloroform-d, dichloro-
methane-d2, acetonitrile-d3, bromobenzene-d5, pyridine-d5, and tetra-
hydrofuran-d8) and refluxed under reduced pressure, distilled under
static vacuum, freeze−pump−thaw degassed three times, and stored
over preactivated 3 or 4 Å molecular sieves. NMR spectra were
recorded on either a Bruker Avance III HD NanoBay NMR (9.4 T,
400.2MHz), a Bruker Avance III NMR (11.75 T, 499.9MHz), a Bruker
Avance NMR (11.75 T, 500.3 MHz) with a 13C-detect cryoprobe, or a
Bruker NEO 600 (14.1 T, 600.4 MHz) with a broadband helium
cryoprobe. Solid-state NMR spectra were recorded by Dr Nicholas
Rees (University of Oxford) on a Bruker Avance III HDNanoBay solid-
state NMR spectrometer (9.4 T, 399.9 MHz) or by Dr Dinu Iuga
(University of Warwick, UKHigh-Field Solid-State NMR Facility) on a
Bruker WB US2 solid-state NMR spectrometer (20.0 T, 850.2 MHz).
Samples were spun at the magic angle at spin rates of 10, 12, 20, or 60
kHz. 13C NMR spectra were referenced to adamantane, 27Al to
aluminum nitrate, and 29Si to kaolinite. CHN elemental analyses were
carried out in duplicate by Orla McCullough (London Metropolitan
University). GPCwas performed on a high-temperature gel permeation
chromatograph with an IR5 infrared detector (GPC-IR5). Samples
were prepared by dissolution in 1,2,4-trichlorobenzene (TCB)
containing 300 ppm of 3,5-di-tert-butyl-4-hydroxytoluene (BHT) at
160 °C for 90 min and then filtered with a 10 μm SS filter before being
passed through the GPC column. The samples were run under a flow
rate of 0.5 mL min−1 using TCB containing 300 ppm of BHT as the
mobile phase with 1 mg mL−1 BHT added as a flow rate marker. The
GPC column and detector temperature were set at 145 and 160 °C
respectively. Differential scanning calorimetry was performed on a
PerkinElmer DSC 4000 System within a temperature range of 30−180
°C at a rate of 20 K min−1. Polymer samples were sealed in 100 μL of
aluminum crucibles. An empty crucible was used as a reference, and the
DSC was calibrated using indium and zinc.

(2,3,4,5,6,7-Hexamethyl-1H-inden-1-yl)lithium,20,89 TiCl4·2THF,90

and KODipp,91 were synthesized according to literature procedures or
modified literature procedures. The syntheses of 1, 2, 5, 8, and 9 have
been described elsewhere.27 nBuLi (1.6 or 2.5 M in hexanes), MeLi (1.6
M in diethyl ether), PhCH2MgCl (2.0 M in THF), 4-methyl-2-tert-
butylphenol, bromine, titanium tetrachloride, tri-iso-butylaluminum,
2,6-di-iso-propylphenol, potassium hydroxide, sodium hydroxide,
sodium carbonate, 4-methyl-2-tert-butylphenol, sulfuric acid, triphe-
nylmethylium tetrakis(pentafluorophenyl)borate, allyl bromide, and
sodium ethoxide were purchased from Sigma-Aldrich and used as
received. 2,3,4,5,6,7-Hexamethylindene (SCG Chemicals PLC), 6-
bromo-2,4-di-tert-butylphenol (Alfa Aesar), and magnesium sulfate
(Fisher Scientific) were all used as received. Me3SiI and Me3SiBr
(Sigma-Aldrich) were stored over preactivated 3 Åmolecular sieves and

Figure 7. Slurry-phase mean polymerization activity as a function of
polymerization temperature for sMAO-supported Me2SB-

(d

tBu,MeArO,Ind)TiCl2 (A), Me2SB(d

tBu,MeArO,I*)TiCl2 (1), Me2SB-

(d

tBu2ArO,I*)TiCl2 (2), Me2SB(d

tBu2ArO,I*)ZrCl2 (3), Me2SB(d

Cumyl
2ArO,I*)-

TiCl2 (5), and Me2SB(d

tBu2ArO,I*)Ti(CH2SiMe3)2 (11). Polymerization
conditions: 0.05−0.80 mg solid catalyst, 10 μmol TIBA, 8.3 bar
ethylene, 5 mL heptane, and either 60 min or until 120 psi ethylene
uptake. Error bars shown at one standard deviation.
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metallic copper. Et3N was dried over KOH, distilled under static
vacuum, and freeze−pump−thaw degassed before use. 2,4-bis(α,α-
dimethylbenzyl)phenol (Sigma-Aldrich) was recrystallized from hot
ethanol before use. Me2SiCl2, Me(nPr)SiCl2, andMe(Ph)SiCl2 (Sigma-
Aldrich) were dried over preactivated 3 Å molecular sieves before use.
Ethylene was supplied by BOC Ltd. and was passed through
preactivated molecular sieves before use. MAO (Chemtura Corpo-
ration) and solid polymethylaluminoxane (sMAO, third generation;
SCG Chemicals PLC) were supplied as slurries in toluene and were
dried under vacuum before use.

Preparation of Me,R″SB(R,R′ArO,I*)Li2 (L1−5). Allyl-protected 6-
bromo-2,4-alkylphenols were dissolved in toluene in a Schlenk flask. To
this was added dropwise at−70 °C1.3 equiv of nBuLi solution (1.6M in
hexanes), and the reaction was allowed to warm to −20 °C. This
mixture was then dropwise added to a toluene solution of 3 equiv
MeR′′SiCl2 at −20 °C. The reaction was allowed to warm to room
temperature and stirred for 18 h. The solid byproducts were removed
by filtration, and the volatiles removed under vacuum, leaving the
chlorosilyl product, d

Me,d

R'',Sd

iCl,R,R'ArOAllyl, as a pale yellow to colorless oil.
This was then combined with 1.1 equiv of (2,3,4,5,6,7-hexamethyl-1H-
inden-1-yl)lithium (Ind#Li) and dissolved in THF at 0 °C. The reaction
was allowed to warm to room temperature and stirred for 18 h, after
which it was dried under vacuum; the product was extracted in pentane
and the solvent removed under vacuum to yield the proligands (P1−5)
Me,R″SB(R,R′ArOAllyl,I*)H. The proligand was then redissolved in
toluene. 3.5 equiv of Et3N was added, and the mixture cooled to −78
°C. 2.25 equiv of nBuLi solution (1.6 M in hexanes) was added
dropwise. The reaction was allowed to warm to room temperature and
stirred for 3−18 h, during which the solution gradually darkens.
Removal of the volatiles under vacuum yielded the ligands as dilithium
salts, Me,R″SB(R,R′ArO,I*)Li2 (L1−5), as highly air-sensitive bright
orange powders in approximately quantitative yields. The crude
products were used to synthesize PHENI* transition-metal complexes
without further purification.

The proligands Me2SB(d

tBu,MeArOAllyl,I*)H (P1), Me2SB-

(d

tBu2ArOAllyl,I*)H (P2), and Me2SB(d

Cumyl
2ArOAllyl,I*)H (P3) were

also isolated as white solids prior to lithiation by washing the crude
material with cold (−78 °C) hexanes. Further crops were isolated by
recrystallization from hexanes (4 °C) and combined to give a yield of
40−75%.
P1. 1H NMR (C6D6): δ 7.24 (d, 1H, ArH), 7.03 (d, 1H, ArH), 5.87

(ddt, 1H, OCH2CHCH2), 5.57 (app. dq, 1H, OCH2CHCH2), 5.16
(app. dq, 1H, OCH2CHCH2), 4.47 (ddt, 1H, OCH2CHCH2), 4.26
(ddt, 1H, OCH2CHCH2), 4.00 (s, 1H, I*H), 2.53 (s, 3H, I*Me), 2.21
(s, 6H, I*Me), 2.19 (s, 3H, I*Me), 2.17 (s, 6H, I*Me and ArMe), 1.85
(s, 3H, I*Me), 1.49 (s, 9H, CMe3), 0.29 (s, 3H, SiMe), 0.07 (s, 3H,
SiMe). 13C NMR (C6D6): δ 161.43 (1-C6H2), 142.06 (Ar), 141.96
(Ar), 141.65 (Ar), 139.38 (Ι*), 135.12 (3,5-C6H2), 133.80
(OCH2CHCH2), 132.54 (I*),132.48 (Ι*),132.14 (I*),131.74 (Ar),
130.01 (3,5-C6H2), 129.31 (Ar), 127.98 (Ar), 127.09 (Ar), 125.72
(I*),115.57 (OCH2CHCH2), 75.82 (OCH2CHCH2), 47.71 (I*Si),
35.03 (CMe3), 31.05 (CMe3), 20.81 (C6H2Me), 18.74 (I*Me), 16.10
(I*Me), 16.04 (I*Me), 16.03 (I*Me), 14.87 (I*Me), 14.57 (I*Me),
0.32 (SiMe), −3.12 (SiMe).
P2. 1H NMR (C6D6): δ 7.59 (d, 1H, ArH), 7.37 (d, 1H, ArH), 5.87

(ddt, 1H, OCH2CHCH2), 5.56 (app. dq, 1H, OCH2CHCH2), 5.16
(app. dq, 1H, OCH2CHCH2), 4.47 (ddt, 1H, OCH2CHCH2), 4.26
(ddt, 1H, OCH2CHCH2), 3.98 (s, 1H, I*H), 2.53 (s, 3H, I*Me), 2.24
(s, 3H, I*Me), 2.21 (s, 3H, I*Me), 2.18 (s, 3H, I*Me), 2.14 (s, 3H,
I*Me), 1.86 (s, 3H, I*Me), 1.53 (s, 9H, CMe3), 1.30 (s, 9H, CMe3),
0.28 (s, 3H, SiMe), 0.17 (s, 3H, SiMe). 13C NMR (C6D6): δ 161.70 (1-
C6H2), 145.45 (2,4-C6H2), 142.51 (I*), 142.29 (I*), 141.58 (2,4-
C6H2), 139.74 (I*), 134.21 (OCH2CHCH2), 132.96 (I*), 132.31 (6-
C6H2), 132.17 (I*), 132.03 (3,5-C6H2), 129.67 (I*), 127.45 (I*),
126.51 (3,5-C6H2), 126.12 (I*), 115.91 (OCH2CHCH2), 76.00
(OCH2CHCH2), 48.45 (I*Si), 35.76 (CMe3), 34.65 (CMe3), 31.69
(CMe3), 31.46 (CMe3), 19.10 (I*Me), 16.51 (I*Me), 16.43 (I*Me),
16.39 (I*Me), 15.27 (I*Me), 15.05 (I*Me), 0.20 (SiMe), −2.32

(SiMe). 29Si NMR (C6D6): δ −0.72. Anal. Calcd for C34H50OSi: C,
81.21; H, 10.02. Found: C, 81.20; H, 9.64.

P3. 1H NMR (C6D6): δ 7.63 (d, 1H, 3,5-C6H2), 7.35−7.28 (m, 5H,
CMe2PhH and 3,5-C6H2), 7.23−6.97 (m, 6H, CMe2PhH), 5.49 (ddt,
1H, OCH2CHCH2), 5.15 (dd, 1H, OCH2CHCH2), 4.96 (dd, 1H,
OCH2CHCH2), 3.83 (I*H), 3.49 (ddt, 1H, OCH2CHCH2), 3.26 (ddt,
1H, OCH2CHCH2), {2.50 (3H) 2.21 (3H) 2.17 (6H) 2.04 (3H) 1.78
(3H) 1.75 (3H) 1.71 (3H) 1.70 (3H) 1.67 (3H) (s, I*Me and
CMe2Ph)}, 0.14 (s, 3H, SiMe), 0.02 (s, 3H, SiMe) ppm. 13C NMR
(C6D6): δ 161.12 (OAr), 151.80 (CMe2Ph), 151.05 (CMe2Ph),
145.28 (Ar), 142.45 (I*), 142.17 (I*), 142.04 (Ar), 139.57 (I*), 134.97
(OCH2CHCH2), 134.34 (OAr), 132.93 (I*), 132.78 (I*), 132.10 (I*),
129.61 (I*), 128.38 (CMe2Ph), 128.35 (CMe2Ph), 128.16 (Ar),
128.12 (Ar), 127.97 (OAr), 127.35 (Ar), 127.17 (Ar), 126.62 (Ar),
126.07 (I*), 126.04 (CMe2Ph), 125.62 (CMe2Ph), 114.95
(OCH2CHCH2), 74.34 (OCH2CHCH2), 48.41 (I*Si), 43.11
(CMe2Ph), 42.85 (CMe2Ph), 31.15 (CMe2Ph), 31.08 (CMe2Ph),
30.88 (CMe2Ph), 30.59 (CMe2Ph), 19.11 (I*Me), 16.54 (I*Me),
16.39 (I*Me), 16.36 (I*Me), 15.25 (I*Me), 15.08 (I*Me), −0.39
(SiMe), −2.29 (SiMe). Two additional aromatic 13C NMR resonances
were expected but not detected. 29Si NMR (C6D6): δ −2.34. Anal.
Calcd for C44H54OSi: C, 84.29; H, 8.68. Found: C, 83.77; H, 8.69.

Preparation of Me2SB(d

tBu2ArO,I*)ZrCl2 (3). The ligand L2 (7.1 g, 15
mmol) was prepared in situ and added dropwise to a toluene slurry of
ZrCl4 (5.2 g, 22 mmol) and the reaction mixture was then stirred at 23
°C for 18 h. The reaction mixture was filtered, the volatiles removed
from the filtrate under vacuum, and the resulting solid was washed with
pentane at 23 °C to yield 3 as a dark brown powder (2.0 g). A further
crop was isolated as a precipitate from the pentane washings stored at
−30 °C, to give a total recovery of 2.98 g (32% yield). 1HNMR (C6D6):
δ 7.58 (d, 1H, ArH), 7.56 (d, 1H, ArH), 2.56 (s, 3H, I*Me), 2.49 (s, 3H,
I*Me), 2.13 (s, 3H, I*Me), 2.12 (s, 3H, I*Me), 2.02 (s, 3H, I*Me),
1.90 (s, 3H, I*Me), 1.47 (s, 9H, CMe3), 1.39 (s, 9H, CMe3), 0.75 (s,
3H, SiMe), 0.70 (s, 3H, SiMe). 13C NMR (C6D6): δ 162.8 (1-ArO),
145.8 (2,4-ArO), 142.9 (I*), 136.8 (2,4-ArO), 135.7 (I*), 135.10 (I*),
135.08 (I*), 131.1 (SiArO), 130.4 (I*), 130.2 (I*), 129.7 (I*), 127.4
(3,5-ArO), 125.6 (3,5-ArO), 123.7 (I*), 99.1 (SiI*), 35.3 (CMe3),
34.8 (CMe3), 31.9 (CMe3), 30.2 (CMe3), 21.6 (I*Me), 17.4 (I*Me),
17.2 (I*Me), 16.5 (I*Me), 15.9 (I*Me), 15.1 (I*Me), 3.1 (SiMe2), 3.0
(SiMe2). Anal. Calcd for C31H45Cl2OSiZr: C, 59.68; H, 7.27. Found: C,
59.58; H, 7.20.

Preparation of Me2SB(d

tBu2ArO,I*)HfCl2 (4). To a mixture of L2 (1.0 g,
2.1 mmol) and HfCl4 (0.74 g, 2.3 mmol) was added toluene, and the
reaction mixture stirred at 60 °C for 96 h. The product was extracted in
toluene, dried, and recrystallized from pentane at −80 °C, to afford 4
(0.015 g, 1% yield). 1H NMR (C6D6): δ 7.59 (s, 2H, ArH), 2.56 (s, 3H,
I*Me), 2.52 (s, 3H, I*Me), 2.23 (s, 3H, I*Me), 2.13 (s, 3H, I*Me),
2.04 (s, 3H, I*Me), 1.92 (s, 3H, I*Me), 1.47 (s, 9H, CMe3), 1.39 (s,
9H, CMe3), 0.76 (s, 3H, SiMe2), 0.70 (s, 3H, SiMe2). 13C NMR
(C6D6): δ 162.24 (1-ArO), 145.49 (2,4-ArO), 141.82 (I*), 137.40
(2,4-ArO), 135.34 (I*), 134.68 (I*), 133.88 (I*), 131.29 (SiArO),
130.03 (I*), 129.52 (I*), 129.31 (I*), 127.35 (3,5-ArO), 125.63 (3,5-
ArO), 120.72 (I*), 96.18 (SiI*), 35.21 (CMe3), 34.78 (CMe3), 31.93
(CMe3), 30.14 (CMe3), 21.66 (I*Me), 17.38 (I*Me), 17.07 (I*Me),
16.45 (I*Me), 15.78 (I*Me), 14.78 (I*Me), 3.41 (SiMe), 3.19 (SiMe).
29Si NMR (C6D6): δ −13.8 ppm.

Preparation of rac-Me,d

nPrSB(d

tBu2ArO,I*)TiCl2 (6). To a mixture of L4
(4.0 g, 8.0 mmol) and TiCl4·2THFwas added toluene, and the resulting
slurry stirred at 23 °C for 18 h. The product was extracted in benzene,
dried, and recrystallized from pentane at −30 °C, to furnish 6 as a dark
red powder (0.288 g, 6% yield). 1H NMR (C6D6): δ 7.57 (d, 1H, ArH),
7.54 (d, 1H, ArH), 2.63 (s, 3H, I*Me), 2.58 (s, 3H, I*Me), 2.23 (s, 3H,
I*Me), 2.09 (s, 3H, I*Me), 2.01 (s, 3H, I*Me), 1.88 (s, 3H, I*Me),
1.47 (s, 9H, CMe3), 1.38 (s, 9H, CMe3), 0.74 (t, 3H, SiCH2CH2CH3),
0.73 (s, 3H, SiMe). Additional 1H NMR resonances were observed in
1H−13C HSQC at δ 1.43 and 1.37 ppm corresponding to
SiCH2CH2CH3 and SiCH2CH2CH3. 13C NMR (C6D6): δ 168.2 (1-
ArO), 147.1 (2,4-ArO), 145.7 (I*), 138.0 (I*), 136.8 (I*), 136.4 (2,4-
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ArO), 136.3 (I*), 133.2 (SiArO), 132.9 (I*), 132.1 (I*), 131.4 (I*),
130.6 (I*), 128.4 (3,5-ArO), 125.1 (3,5-ArO), 109.4 (SiI*), 35.4
(CMe3), 34.9 (CMe3), 31.8 (CMe3), 30.1 (CMe3), 21.8 (I*Me), 20.7
(I*Me), 18.7 (I*Me), 18.5 (I*Me), 17.7 (I*Me), 17.3 (I*Me), 16.9
(SiCH2CH2Me), 16.62 (SiCH2CH2Me), 16.56 (SiCH2CH2Me), and
1.7 (SiMe) ppm. 29Si NMR (C6D6): δ −11.2 ppm. Anal. Calcd for
C33H48Cl2OSiTi: C, 65.23; H, 7.96. Found: C, 65.26; H, 7.89.

Preparation of rac-Me,PhSB(d

tBu2ArO,I*)TiCl2 (7). To a mixture of L5
(3.0 g, 5.6mmol) and TiCl4·2THFwas added toluene, and the resulting
dark red slurry was stirred at 23 °C for 51 h. The product was extracted
in toluene, washed with pentane, and recrystallized from boiling
hexanes to yield 7 as a dark red solid (0.081 g, 3% yield). 1H NMR
(C6D6): δ 7.82−7.78 (m, 2H, SiC6H5), 7.59 (d, 1H, ArH), 7.48 (d, 1H,
ArH), 7.32−7.23 (m, 3H, SiC6H5), 2.68 (s, 3H, I*Me), 2.57 (s, 3H,
I*Me), 2.17 (s, 3H, I*Me), 2.03 (s, 3H, I*Me), 1.98 (s, 3H, I*Me),
1.94 (s, 3H, I*Me), 1.60 (s, 9H, CMe3), 1.24 (s, 9H, CMe3), 1.04 (s,
3H, SiMe). 13C NMR (C6D6): δ 168.1 (1-ArO), 147.3 (2,4-ArO),
144.4 (I*), 138.9 (I*), 138.0 (I*), 137.0 (I*), 136.6 (2,4-ArO), 136.0
(SiArO), 135.9 (SiAr), 132.6 (I*), 132.1 (I*), 131.9 (I*), 131.6 (I*),
131.4 (I*), 130.4 (SiAr), 128.8 (3,5-ArO), 128.7 (SiAr), 128.4 (SiAr),
125.6 (3,5-ArO), 110.1, 35.6 (CMe3), 35.0 (CMe3), 31.7 (CMe3), 30.3
(CMe3), 21.7 (I*Me), 17.2 (I*Me), 17.1 (I*Me), 16.69 (I*Me), 16.66
(I*Me), 15.0 (I*Me), and 4.1 (SiMe) ppm. Two additional aromatic
resonances were expected but not observed. 29Si NMR (C6D6): δ
−16.0. Anal. Calcd for C36H46Cl2OSiTi: C, 67.39; H, 7.23. Found: C,
67.50; H, 7.24.

Preparation of Me2SB(d

tBu2ArO,I*)TiMe2 (10). To a benzene solution
of 2 (0.200 g, 0.345 mmol) was added dropwise MeLi (1.6 M in Et2O;
1.04 mmol). Solid byproducts were removed by filtration, and volatiles
were removed under vacuum to afford 13 as yellow solids (0.171 g, 92%
yield). 1H NMR (C6D6): δ 7.61 (d, 1H, mArH), 7.55 (d, 1H, mArH),
2.61 (s, 3H, I*Me), 2.48 (s, 3H, I*Me), 2.12 (s, 3H, I*Me), 2.08 (s, 3H,
I*Me), 1.95 (s, 3H, I*Me), 1.78 (s, 3H, I*Me), 1.71 (s, 9H, CMe3),
1.40 (s, 9H, CMe3), 0.87 (s, 3H, TiMe), 0.67 (s, 3H, SiMe), 0.61 (s, 3H,
SiMe), 0.16 (s, 3H, TiMe). 13C NMR (C6D6): δ 165.01 (1-ArO),
144.58 (2,4-ArO), 138.24 (I*), 135.46 (2,4-ArO), 133.88 (I*), 133.79
(I*), 133.15 (I*), 133.02 (SiArO), 130.26 (I*), 130.05 (I*), 129.51
(I*), 127.44 (3,5-ArO), 125.05 (3,5-ArO), 120.75 (I*), 98.96 (SiI*),
56.92 (TiMe), 55.21 (TiMe), 35.51 (CMe3), 34.79 (CMe3), 31.98
(CMe3), 30.20 (CMe3), 21.70 (I*Me), 17.43 (I*Me), 16.97 (I*Me),
16.44 (I*Me), 15.43 (I*Me), 14.64 (I*Me), 4.04 (SiMe), 2.16 (SiMe).
29Si NMR (C6D6): δ −13.8. IR (KBr): 746, 766, 778, 812, 829, 879,
923, 983, 1120, 1183, 1198, 1234, 1306, 1414, and 2954 cm−1. Anal.
Calcd for C33H50OSiTi: C, 73.58; H, 9.36. Found: C, 66.71; H, 8.42.

Preparation of Me2SB(d

tBu2ArO,I*)Ti(CH2SiMe3)2 (11). To a J. Young’s
tap NMR tube were added 2 (0.050 g, 0.086 mmol) and LiCH2SiMe3
(0.017 g, 0.18 mmol) dissolved in benzene-d6. The reaction was judged
quantitative by 1HNMR spectroscopy. Solid byproducts were removed
by filtration, and volatiles were removed under vacuum. 1H NMR
(C6D6): δ 7.60 (d, 1H, mArH), 7.54 (d, 1H, mArH), 2.67 (s, 3H,
I*Me), 2.65 (s, 3H, I*Me), 2.15 (s, 3H, I*Me), 2.08 (s, 3H, I*Me),
2.04 (s, 3H, I*Me), 1.90 (s, 1H, CH2SiMe3), 1.87 (s, 3H, I*Me), 1.75
(s, 9H, CMe3), 1.36 (s, 9H, CMe3), 0.96 (dd, 2H, CH2SiMe3), 0.76 (s,
3H, SiMe), 0.69 (s, 3H, SiMe), 0.15 (s, 9H, CH2SiMe3), 0.12 (s, 9H,
CH2SiMe3), −0.88 (d, 1H, CH2SiMe3). 13C NMR (C6D6): δ 166.04
(1-ArO), 144.22 (2,4-ArO), 136.84 (I*), 135.32 (2,4-ArO), 134.26
(I*), 133.36 (SiArO), 132.99 (I*), 132.12 (I*), 131.95 (I*), 130.47
(I*), 128.83 (I*), 128.16 (3,5-ArO), 125.38 (3,5-ArO), 122.39 (I*),
98.12 (SiI*), 84.11 (TiCH2SiMe3), 70.66 (TiCH2SiMe3), 35.83
(CMe3), 34.68 (CMe3), 31.86 (CMe3), 31.30 (CMe3), 21.39
(I*Me), 17.76 (I*Me), 16.92 (I*Me), 16.58 (I*Me), 16.50 (I*Me),
16.34 (I*Me), 4.87 (SiMe), 4.71 (SiMe), 3.72 (CH2SiMe3), 2.71
(CH2SiMe3). 29Si NMR (C6D6): δ 0.3 (CH2SiMe3), 0.0 (CH2SiMe3),
−0.5 (CH2SiMe3), −14.8 (SiMe2). Anal. Calcd for C39H66OSi3Ti: C,
68.58; H, 9.76. Found: C, 67.27; H, 9.53.

Preparation of Me2SB(d

tBu2ArO,I*)Ti(CH2Ph)2 (12). To a solution of 2
(0.20 g, 0.34 mmol) in benzene was added PhCH2MgCl (2 M in THF,
1.0 mmol), resulting in a dark red solution. The mixture was stirred at

23 °C for 20 h during which the solution changed in color to a dark
orange. The volatiles were removed under vacuum, and the product was
extracted in toluene (with ∼5 mL dioxane to aid precipitation of
MgCl2)

92 to afford 15 as a bright orange solid (0.180 g, 76% yield). 1H
NMR (C6D6): δ 7.62 (d, 1H, mArH), 7.55 (d, 1H, mArH), 7.07−7.01
(m, 4H, CH2C6H5), 6.93 (ddd, 4H, CH2C6H5), 6.86 (qt, 2H,
CH2C6H5), 2.74 (d, 1H, CH2C6H5), 2.66 (d, 1H, CH2C6H5), 2.39
(s, 3H, I*Me), 2.14 (s, 3H, I*Me), 2.12 (d, 1H, CH2Ph), 2.10 (s, 3H,
I*Me), 2.04 (s, 3H, I*Me), 1.96 (s, 3H, I*Me), 1.74 (s, 3H, I*Me),
1.55 (s, 9H, CMe3), 1.37 (s, 9H, CMe3), 1.31 (d, 1H, CH2Ph), 0.65 (s,
3H, SiMe), 0.64 (s, 3H, SiMe). 13C NMR (C6D6): δ 165.50 (1-ArO),
149.58, 149.01, 144.93 (2,4-ArO), 138.56, 135.85, 134.47, 133.57,
133.44, 133.21, 131.56, 130.15, 129.67, 128.81, 128.61, 128.38, 128.35,
127.82 (3,5-ArO), 127.56 (2,4-ArO), 126.22, 125.30 (3,5-ArO),
123.01, 122.82 (CH2Ph), 122.38 (CH2Ph), 101.12 (SiI*), 86.23
(TiCH2Ph), 86.03 (TiCH2Ph), 35.51 (CMe3), 34.76 (CMe3), 31.89
(CMe3), 30.76 (CMe3), 21.70 (I*Me), 17.35 (I*Me), 17.10 (I*Me),
16.62 (I*Me), 15.02 (I*Me), 14.76 (I*Me), 4.68 (SiMe), 3.17 (SiMe).
Two additional aromatic resonances were expected but not observed.
29Si NMR (C6D6): δ −13.8. Anal. Calcd for C45H58OSiTi: C, 78.23; H,
8.46. Found: C, 69.46; H, 8.04.

Preparation of Me2SB(d

tBu2ArO,I*)Ti(NMe2)2 (13). To a J. Young’s tap
NMR tube were added 2 (0.050 g, 0.086mmol) and LiNMe2 (0.0088 g,
0.17 mmol) and dissolved in benzene-d6. The reaction was heated at 80
°C for 42 h, and conversion was judged quantitative by 1H NMR
spectroscopy. Solid byproducts were removed by filtration and volatiles
were removed under vacuum. 1H NMR (C6D6): δ 7.67 (d, 1H,mArH),
7.61 (d, 1H, mArH), 3.00 (s, 6H, NMe2), 2.60 (s, 6H, NMe2), 2.58 (s,
3H, I*Me), 2.47 (s, 3H, I*Me), 2.15 (s, 3H, I*Me), 2.08 (s, 3H, I*Me),
2.06 (s, 3H, I*Me), 1.91 (s, 3H, I*Me), 1.51 (s, 9H, CMe3), 1.44 (s, 9H,
CMe3), 0.88 (s, 3H, SiMe), 0.72 (s, 3H, SiMe). 13C NMR (C6D6): δ
166.75 (1-ArO), 142.86 (2,4-ArO), 139.30 (I*), 136.43 (2,4-ArO),
133.11 (SiArO), 132.22 (I*), 131.39 (I*), 130.27 (I*), 129.92 (I*),
129.56 (I*), 128.35 (I*), 127.61 (3,5-ArO), 124.68 (3,5-ArO), 116.42
(I*), 94.88 (SiI*), 47.98 (NMe2), 47.67 (NMe2), 35.41 (CMe3), 34.71
(CMe3), 32.12 (CMe3), 30.48 (CMe3), 21.35 (I*Me), 17.69 (I*Me),
16.96 (I*Me), 16.56 (I*Me), 15.85 (I*Me), 15.23 (I*Me), 5.64
(SiMe), 2.99 (SiMe). 29Si NMR (C6D6): δ −14.6. Anal. Calcd for
C35H56N2OSiTi: C, 70.32; H, 9.61; N, 4.69. Found: C, 63.49; H, 9.49;
N, 3.42.

Preparation of Me2SB(d

tBu2ArO,I*)Ti(OEt)2 (14). To a J. Young’s tap
NMR tube were added 2 (0.050 g, 0.086 mmol) and NaOEt (0.012 g,
0.17 mmol) and dissolved in benzene-d6. The reaction was heated at 80
°C for 137 h, and conversion was judged quantitative by 1H NMR
spectroscopy. Solid byproducts were removed by filtration, and volatiles
were removed under vacuum. 1HNMR (C6D6): δ 7.62 (d, 1H,mArH),
7.54 (d, 1H, mArH), 4.42 (qd, 2H, OCH2CH3), 3.98−3.80 (m, 2H,
OCH2CH3), 2.58 (s, 3H, I*Me), 2.51 (s, 3H, I*Me), 2.31 (s, 3H,
I*Me), 2.05 (s, 3H, I*Me), 1.98 (s, 3H, I*Me), 1.89 (s, 3H, I*Me),
1.45 (s, 9H, CMe3), 1.42 (s, 9H, CMe3), 1.18 (t, 3H, OCH2CH3), 1.01
(t, 3H, OCH2CH3), 0.88 (s, 3H, SiMe), 0.83 (s, 3H, SiMe). 13C NMR
(C6D6): δ 167.16 (1-ArO), 143.05 (2,4-ArO), 142.14 (I*), 135.75
(2,4-ArO), 133.55 (SiArO), 132.57 (I*), 132.37 (I*), 129.75 (I*),
129.15 (I*), 128.66 (I*), 127.56 (I*), 127.14 (3,5-ArO), 124.49 (3,5-
ArO), 119.98 (I*), 100.20 (SiI*), 71.50 (OCH2Me), 68.70
(OCH2Me), 35.25 (CMe3), 34.72 (CMe3), 32.13 (CMe3), 29.83
(CMe3), 21.89 (OCH2Me), 19.75 (OCH2Me), 19.73 (I*Me), 17.66
(I*Me), 17.01 (I*Me), 16.31 (I*Me), 16.20 (I*Me), 15.05 (I*Me),
4.06 (SiMe), 1.75 (SiMe). Anal. Calcd for C35H55O3SiTi: C, 70.09; H,
9.24. Found: C, 73.82; H, 10.25.

Preparation of Me2SB(d

tBu2ArO,I*)Ti(ODipp)2 (15). To a J. Young’s tap
NMR tube were added 2 (0.050 g, 0.086 mmol) and KODipp (0.037 g,
0.17 mmol) and dissolved in benzene-d6. The reaction was heated at 60
°C for 24 h, and conversion was judged quantitative by 1H NMR
spectroscopy. Solid byproducts were removed by filtration, and volatiles
were removed under vacuum. 1HNMR (C6D6): δ 7.56 (d, 1H,mArH),
7.53 (d, 1H,mArH), 7.09−6.87 (m, 6H, O(iPr2)C6H3), 3.52 (hept, 2H,
CH (CH3)2), 3.14 (hept, 2H, CH (CH3)2), 2.37 (s, 3H, I*Me), 2.31 (s,
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3H, I*Me), 2.24 (s, 3H, I*Me), 2.06 (s, 3H, I*Me), 2.04 (s, 3H, I*Me),
1.92 (s, 3H, I*Me), 1.56 (s, 9H, CMe3), 1.38 (s, 9H, CMe3), 1.20 (d,
6H, CH(CH3)2), 1.16 (d, 6H, CH(CH3)2), 0.98 (d, 6H, CH(CH3)2),
0.89 (d, 6H, CH(CH3)2), 0.70 (s, 3H, SiMe), 0.70 (s, 3H, SiMe). 13C
NMR (C6D6): δ 168.70 (1-ArO), 162.23, 161.76, 144.82, 143.82 (2,4-
ArO), 138.99, 138.94, 138.45, 135.28 (2,4-ArO), 134.49, 133.62,
133.23, 132.37, 129.73, 128.99, 128.62 (3,5-ArO), 128.56, 128.35,
127.97, 127.53, 125.17, 125.01 (3,5-ArO), 123.63 (ArDipp), 123.09
(ArDipp), 122.52 (ArDipp), 122.28 (ArDipp), 106.10 (SiI*), 35.76
(CMe3), 34.61 (CMe3), 31.85 (CMe3), 30.90 (CMe3), 26.78
(ArCHMe2), 26.73(ArCHMe2), 25.39 (ArCHMe2), 24.90
(ArCHMe2), 24.40 (ArCHMe2), 21.59 (I*Me), 17.70 (I*Me), 17.20
(I*Me), 17.10 (I*Me), 16.59 (I*Me), 15.20 (I*Me), 4.15 (SiMe), 3.54
(SiMe). 29Si NMR (C6D6): δ −13.1 ppm. Anal. Calcd for
C55H78O3SiTi: C, 76.53; H, 9.11. Found: C, 72.99; H, 8.76.

Preparation of Me2SB(d

tBu,MeArO,I*)TiMe2 (16). To a J. Young’s tap
NMR tube were added 1 (0.083 g, 0.15 mmol) and MeLi (1.6 M in
Et2O; 0.46 mmol) and dissolved in benzene-d6. Volatiles were removed
under vacuum, and the product was extracted in pentane to give 16 as a
yellow solid (0.013 g, 17% yield). 1H NMR (C6D6): δ 7.26 (d, 1H,
mArH), 7.23 (d, 1H, mArH), 2.61 (s, 3H I*Me), 2.48 (s, 3H I*Me),
2.31 (s, 3H I*Me), 2.13 (s, 3H I*Me), 2.09 (s, 3H I*Me), 1.97 (s, 3H
I*Me), 1.76 (s, 3H 4-Me-ArO), 1.67 (s, 9H CMe3), 0.87 (s, 3H TiMe),
0.61 (s, 3H SiMe), 0.57 (s, 3H SiMe), 0.15 (s, 3H TiMe). 13C NMR
(C6D6): δ 165.07 (ArO), 138.26 (I*), 136.00 (ArO), 134.41 (ArO),
133.82 (ArO), 133.16 (I*), 133.03 (I*), 131.41 (ArO), 131.29 (I*),
130.30 (I*), 130.05 (I*), 129.52 (I*), 128.94 (ArO), 120.56 (I*),
98.96 (SiI*), 56.85 (TiMe), 55.14 (TiMe), 35.15 (CMe3), 30.14
(CMe3), 21.77 (I*Me), 21.40 (I*Me), 17.41 (I*Me), 16.97 (I*Me),
16.44 (I*Me), 15.40 (I*Me), 14.52 (4-Me-ArO), 3.90 (SiMe), 1.81
(SiMe).

Preparation of Me2SB(d

tBu,MeArO,I*)Ti(CH2SiMe3)2 (17). To a J.
Young’s tap NMR tube were added 1 (0.100 g, 0.186 mmol) and
LiCH2SiMe3 (0.0350 g, 0.372 mmol) and dissolved in benzene-d6. The
reaction was heated at 80 °C for 137 h, and conversion was judged
quantitative by 1HNMR spectroscopy. Solid byproducts were removed
by filtration, and volatiles were removed under vacuum. 1H NMR
(C6D6): δ 7.25 (d, 1H, mArH), 7.22 (d, 1H, mArH), 2.67 (s, 3H,
I*Me), 2.66 (s, 3H, I*Me), 2.24 (s, 3H, I*Me), 2.15 (s, 3H, I*Me),
2.08 (s, 3H, I*Me), 2.06 (s, 3H, I*Me), 1.92 (d, 1H, CH2SiMe3), 1.88
(s, 3H, 4-Me-ArO), 1.70 (s, 9H, CMe3), 0.97 (d, 1H, CH2SiMe3), 0.94
(d, 1H, CH2SiMe3), 0.69 (s, 3H, SiMe), 0.64 (s, 3H, SiMe), 0.17 (s, 9H,
CH2SiMe3), 0.13 (s, 9H, CH2SiMe3), −0.90 (d, 1H, CH2SiMe3).

Crystallographic Data Collection and Structure Determi-
nation. Crystals were mounted on MiTeGen MicroMounts using
perfluoropolyether oil and rapidly transferred to a goniometer head on a
diffractometer fitted with an Oxford Cryostreams Cryostream open-
flow nitrogen cooling device.93 Data collections were carried out at 100
or 150 K on an Oxford Diffraction Supernova or a Rigaku XtaLAB
Synergy DW diffractometer using mirror-monochromated Cu Kα
radiation (λ = 1.54178 Å) and data were processed using CrysAlisPro.94

Structures were solved using direct methods (SIR92) or a charge
flipping algorithm (SUPERFLIP) and refined on F2 by full-matrix lest-
squares regression.95−98 Geometric calculations were performed using
PLATON, and illustrations were created using ORTEP.99,100

Preparation of Cationic Intermediates. A J. Young’s tap NMR
tube was charged with approximately 0.010 g of either 2 or 10 and
dissolved in approximately 0.6 mL of perduterated solvent. Equivalents
of one of TB, AB, or MAO were added, and the reactions were
monitored by 1H NMR spectroscopy.

Preparation of Supported Catalysts. sMAO (third generation,
250 mg) and the precatalyst ([AlsMAO]0/[Ti]0 = 200) were weighed
into a Schlenk flask. Toluene (40 mL) was added, and the slurry was
heated at 60 °Cwith regular swirling for 1 h or until the supernatant had
discolored. The colored solid was allowed to settle, then the
supernatant was decanted and the product dried under vacuum at
room temperature (1 × 10−2 mbar).

Polymerization of Ethylene. In a typical polymerization reaction,
a 150 mL Rotaflo ampule with a magnetic stir bar is charged with TIBA

(150 mg), solid catalyst (10 mg), and hexanes (50 mL). The ampule
was sealed, cycled onto a Schlenk line, and degassed under reduced
pressure. It was cycled a further two times using ethylene as a purge gas,
while the vessel was brought to temperature in a thermostatic oil bath
with the stirring set at 1000 rpm. The stopcock was opened to ethylene
at a pressure of 2 bar, and the timer was started. After 30 min, the vessel
was degassed under partial vacuum and then filtered on a sintered glass
frit (porosity 3) and washed with 2 × 25 mL pentane. The polyethylene
was dried under vacuum until constant weight. All runs were carried out
at least in duplicate to ensure reproducibility.

High-Throughput Polymerization Screening. Experiments
were performed at Xplore s.r.l. (University of Naples Federico II) by
V. Busico, R. Cipullo, L. Rongo, and A. Mingione. Polymerization
experiments were conducted in a FreeSlate Parallel Pressure Reactor
(PPR) platform consisting of 48 reaction cells. The procedure has been
described extensively elsewhere.101
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