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Introduction

Ph,Si-bridged constrained-geometry complexes of
hafnium and titanium for copolymerization of
ethylene and 1-octene: an experimental and
computational comparison

Ekaterina Kuchuk,? Kaitie A. Giffin,“ Alexandre Welle,“ Katty Den Dauw,“
Alvaro Fernandez,© Marie Cordier, Thierry Roisnel, (2 °
Jean-Francois Carpentier (2) *@ and Evgueni Kirillov (2 *@

A series of new constrained-geometry hafnium and titanium complexes, including {Me,Si(2,7-tBuFlu)
NtBuHfCL, (1-HfCly), {Ph,Si(2,7-tBu,Flu)NtBuHfCl, (2-HfCL,) and {Ph,Si(2,7-tBu,Flu)NtBu}TiCl, (2-TiCly),
was synthesized and fully characterized using solution NMR spectroscopy and X-ray crystallography.
These complexes were subsequently evaluated in the copolymerization of ethylene with 1-octene ([C8]q
= 0.48-1.88 M), revealing striking differences in catalytic performance and properties of the resulting
polyolefin elastomers/plastomers (POE/POP). The hafnium complexes 1-HfCl, and 2-HfCl, exhibited low
catalytic activity, yielding polymers with broad molecular weight distributions and only modest incorpor-
ation of 1-octene. In contrast, the titanium complex 2-TiCl, demonstrated significantly higher catalytic
activity and achieved substantial 1-octene incorporation at an ethylene/1-octene molar ratio of ca. 6:1,
with values reaching up to 36.6 mol%. 2-TiCl, exhibited approximately half the productivity of benchmark
CGC {Me4CpSiMe,NtBuUlTICl, (3-TiCly), yet yielding POE with a much higher molecular weight and a
density of 0.8547 g cm™. DFT calculations were also performed for the cationic catalytic species derived
from the pre-catalysts 2-HfCl, and 2-TiCl, to rationalize the relative performance of the titled systems in
incorporating ethylene and 1-octene and undergoing termination and transfer reactions. A +5.6 kcal
mol™ energy difference (in terms of AAH?) was computed between the transition states for the third
ethylene insertion into the M—C(polymeryl) bond for the Hf-based system compared to the Ti-based
system; other phenomena possibly plaguing efficiency of the Hf-system are discussed.

masses and comonomer incorporation levels of ethylene/
1-octene copolymers synthesized with CGC systems are highly

Group 4 metal constrained-geometry catalysts (CGC)"? remain
one of the most extensively studied families of catalysts,
known for their remarkable efficiency in producing ethylene/
a-olefin (e.g. 1-octene) copolymers. These copolymers are of
high industrial relevance for applications in coatings, car tires,
polymer blends, foams, and impact modifiers used in poly-
propylene for automotive components.” The versatility and
efficiency of CGC systems, essentially those based on Ti and
Hf, have made them indispensable in the production of such
advanced materials with tailored properties. The molecular
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dependent on the structure of the (pre)catalyst. By modulating
the ligand environment, CGC systems enable precise control
over polymer properties, such as elasticity, toughness, low-
temperature ductility, making them an essential tool in
polymer chemistry. A landmark achievement in CGC techno-
logy is its successful commercialization by Dow through the
INSITE™ technology, which revolutionized the production of
specialty polyolefins. In line with its industrial success, aca-
demic interest in CGC systems persists due to the extensive
structural diversity of potential catalyst designs and the oppor-
tunities for further optimization.*

The original CGC Ti system featuring a {Me,CpSiMe,N¢Bu}
ligand unit (Scheme 1, left)> demonstrates exceptionally high
productivity in the copolymerization of ethylene and 1-octene,
producing materials with high comonomer incorporation.>”
However, the resulting copolymers often exhibit relatively low
molecular weights, which can limit their applicability in some
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Scheme 1 Prototypical CGC titanium (left) and related {fluorenyl-
amido} group 4 metal (right) (pre)catalysts.

contexts. Ongoing research has sought to address such chal-
lenges, exploring novel ligand frameworks and metal centers
to enhance the performance of group 4 metal CGC systems.

Thus, the modification of CGC systems through the intro-
duction of bulky substituted fluorenyl moieties (e.g., 2,7-tBu,-
Flu, 3,6-tBu,-Flu, Oct = octamethyloctahydrofluorene)®>° or
other structural modifications®” in place of the Me,Cp moiety,
as well as varying substituents on the nitrogen atom, remains
a widely explored strategy for fine-tuning the geometry and
electronic properties, and in turn the catalyst’s performance of
CGC systems. As part of studies aimed at varying the nature of
the metal center, fluorenyl-zirconium-based CGC systems have
also been extensively investigated over the past decades, high-
lighting the specific role of steric expansion of the fluorenyl
moiety in stabilizing the catalyst in its active form.>%~>?

In recent years, entirely new types of geometrically constrained
titanium complexes have been synthesized, broadening the scope
of CGC designs.*®> Numerous research groups have investigated
these systems in various polymerization processes, essentially
focusing on the homo- and co-polymerization of ethylene,
e.g. ethylene/propylene, ethylene/1-octene, ethylene/
norbornene,®'%1316719:2326:3435 1yt also polymerization of methyl
methacrylate (MMA), 1,3-butadiene and styrene.'>?%*72%%”

1) nBuLi (1 eq.)

0 °C, Et,0
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In the present study, we investigated the catalytic potential
of a series of new fluorenyl-based CGC complexes incorporat-
ing either Me,Si- or the bulkier Ph,Si-bridge (Scheme 1, right)
for the copolymerization of ethylene with 1-octene. Given the
distinct advantages of hafnium-based polymerization catalysts,
which may exhibit greater thermal stability than their titanium
(and zirconium) counterparts,®®*° - a feature essential for
high-temperature solution polymerization processes -, our
approach was to synthesize and evaluate complexes of both
metals. The dual focus on Ti and Hf CGC complexes aims at
leveraging the individual strengths of these metals, with Ti
systems potentially offering enhanced incorporation efficiency
and Hf systems possibly providing a better thermal stability
under demanding (co)polymerization conditions.

Results and discussion

The synthesis of the fluorenyl-amine proligands 1 and 2 was
achieved by a regular two-step approach (Scheme 2).*° The con-
sistency of the products was confirmed by "H NMR spec-
troscopy (see the SI, Fig. S1 and S2 for b and 2, respectively).
The proligands were then used for the synthesis of the corres-
ponding hafnium (1-HfCl,, 2-HfCl,) and titanium (2-TiCl,)
complexes, following a regular salt-metathesis approach.
Hafnium complexes were isolated in 48% and 44% yields,
respectively, as light-yellow powders. 2-TiCl, was recovered
after workup as a dark-violet solid in 77% yield, which after
recrystallization afforded crystals in 6% yield. The consistency
and purity of these complexes were confirmed by 'H and **C
NMR spectroscopy (Fig. S3-S8, respectively), X-ray crystallo-
graphic studies and combustion analysis.

fBu e'e Bu  2) (R"):SICl (1eq.)

~78 °C, Et,0

tBu I I I B

R1—,Si\
R' TCI
R =Me, a (92%)
R'=Ph, b (80%)

u

tBUNHLi (1eq.) | — LiCl
Et,O/heptane
tButBu 1) nBuLi (2.15 eq.) B 'O B8
o Et,0, -20 °C to r.t. u Ll u
RS 2) HfCl, or TiCI4(THF), (leq.) ~ R'=Si
cl Y cl Et,0, -78 °C to r.t. R hllH
I e Bu
tBu -2 LiCl

R' = Me, 1-HfCI, (48%)
R = Ph, 2-HfCI, (44%),
2-TiCl, (77% isolated,

R =Me, 1 (90%)
R'=Ph, 2 (75%)

6% after recrystallization)

Scheme 2 Synthesis of proligands 1 and 2 and corresponding CGC complexes 1-HfCl,, 2-HfCl, and 2-TiCl,.
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Table 1 Selected bond distances (A) and angles (°) for CGC complexes 1-HfCl,, 2-HfCl,-(CgHg) and 2-TiCl,-(C¢Heg) and reference complexes I-Hf

and II-Ti

I-Hf * 1-HfCl, 2-HfCl,-(C¢Hg) I-Ti 3 2-TiCl,-(C¢Hg)
M-CI(1) — 2.3645(8) 2.3656(6) — 2.2688(5)
M-CI(2) — 2.3696(8) 2.3691(6) — 2.2649(4)
M-N 2.087(8) 2.015(2) 2.0300(17) 1.922(12) 1.9093(12)
M-C(1) 2.373(11) 2.351(3) 2.343(2) 2.250(14) 2.210(14)
M-C(2) 2.550(10) 2.474(3) 2.516(2) 2.384(14) 2.433(14)
M-C(3) 2.685(11) 2.610(3) 2.619(2) 2.599(14) 2.595(15)
M-C(4) 2.697(13) 2.613(3) 2.587(2) 2.615(15) 2.558(14)
M-C(5) 2.500(13) 2.479(3) 2.426(2) 2.430(15) 2.334(14)
M-FlUcene 2.251(10) 2.185(3) 2.177(2) 2.132(14) 2.098(14)
Flucen—M-N 105.87(5) 106.38(3) 105.16(2) 111.58(6) 110.52(6)
Cl(1)-M-CI(2) — 103.27(3) 103.89(2) — 102.604(18)
N1-Si-C(1) 97.8(5) 93.97(11) 93.92(9) 94.20(6) 92.01(6)

The solid-state molecular structures of hafnium complexes
1-HfCl, and 2-HfCl, and titanium complex 2-TiCl, are shown
in Fig. $9, S10 and 1, respectively. Selected bond distances (A)
and angles (deg) are reported in Table 1. All the geometrical
parameters, including bond lengths and angles, and overall
coordination environment are comparable with those observed
in analogous complexes, e.g. {Me,Si(Oct)N¢Bu}Hf(CH,Ph),
(-Hf)*® and {Me,Si(2,7-tBu,Flu)N(CMe,Ph)}TiMe, (II-Ti),>*
respectively.

Polymerization studies

Copolymerization of ethylene and 1-octene was explored using
the hafnium (1-HfCl,, 2-HfCL,) and titanium (2-TiCl,) com-
plexes in combination with AliBu; (TIBAL)/[PhNMe,H]'[B
(CeFs)4]™ as activator (cocatalyst). Although metallocene/borate
cocatalyst systems are typically used with a 1:1 stoichiometric
ratio, catalyst productivity in such dichlorometallocene/TIBAL/
borate systems is known to increase with increasing borate
concentration, up to a [BJ[M] molar ratio of 3:1.*"*
Therefore, this ratio was systematically employed in this study.
Representative results obtained from experiments carried out
at 35 bar ethylene pressure in a 100 mL reactor magnetically

Fig. 1 ORTEP representation of the solid-state molecular structure of
2-TiCl,-(CgHe) (H atoms omitted for clarity; ellipsoids drawn at the 50%
probability level).

This journal is © The Royal Society of Chemistry 2026

stirred are reported in Table 2. The productivity observed for 1-
HfCl, in homopolymerization of ethylene was low (entry 1;
135 kgpg molys " h™'), in contrast to 2-TiCl,, which afforded
polyethylene (PE) with a productivity of 3090 kgpz moly " h™
under similar conditions (entry 6).

In the copolymerization experiments ([C8], = 0.48-1.88 M),
the productivities observed for the hafnium complexes 1-HfCl,
and 2-HfCl, were also quite low (131-141 kgpo molye ' h™),
regardless of the temperature employed (up to 130 °C) or the
nature of the silylene bridge substituents (Me,Si vs. Ph,Si)
(entries 2-5).7 In striking contrast, the Ti analogue 2-TiCl, exhibi-
ted remarkably high productivities at 130 °C (8030-23 780 kgpo,
moly; ' h™") over a range of catalyst concentrations ([Ti], =
2.6-11.2 pM; entries 7-10). In general, the productivity of this
system in ethylene/1-octene copolymerization was higher than in
ethylene homopolymerization, confirming that the so-called
“comonomer effect” is operative for 2-TiCl,.**

Unexpectedly, the molecular weights (M,,) of the copoly-
mers obtained with the Ti-based CGC system were significantly
higher than those of the polymers obtained with the Hf ones
(compare entries 3 and 7-10, respectively). In these cases, the
broad polydispersities observed (M,/M, = Dy in the range
3.8-22.2) could indicate apparent multi-site behavior of the
catalytic systems wunder the polymerization conditions
employed, with possible contributions from mass-transfer
limitations arising from magnetic stirring in the 100 mL
reactor (vide infra). In the case of systems based on the larger
ionic radius Hf, the apparent multi-site behavior may addition-
ally originate from catalyst decomposition on the timescale of
a single chain-growth event, as well as from the formation of

FThe low productivity of the Hf systems may stem from instability or formation
of Hf-Al bimetallic adducts (vide infra). Deleterious, excessive coordination of
PhNMe, (released from the activator) to the active cationic hafnium species is
likely to be discarded. Indeed, PhNMe, is usually considered as a poor base, very
weakly or essentially non-coordinating to early transition metals. In fact, reports
about the use of pyridylamido hafnium complexes for 1-hexene polymerization
and ethylene/1-octene copolymerization (in the presence of Al(n-oct);; hence
quite related to the present investigations) mention essentially identical pro-
ductivity and polymer characteristics (in 1-hexene homopolymerization) upon
activation with either [PhNMe,H][B(CcFs5),]~ or [Ph;C][B(CeFs)s]~ (see ref. 35).

Dalton Trans.
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Table 2 (Co)polymerization of ethylene and 1-octene (C8) with CGC systems 1-HfCl,, 2-HfCl, and 2-TiCl,?
[M], Co-cat. Temp. [C8], Productivity >  T.” To? M,,°[x10°] M,/ Csincorp.”?
Entry Precat. [uM] [B/M] [°C] [M]  mpor[g] [Kgpol MOlee " h™] [°C]  [°C] [°C] [gmol™] M,° [mol%]
1 1-HfCl, 12.1 3.0 130 0 0.042 135 n.a. 119.8 137.3 n.a. na. 0
2 12.0 3.0 100 1.83 0.044 141 n.o. 111.5 124.4 n.a. n.a. n.a.
3 12.0 3.0 130 1.83 0.041 131 n.a. n.a. n.a. 78.2 22.2 7.8
4 2-HfCl, 11.6 3.1 60 1.83 0.031 103 -59.4 121.8 128.4/123.2/112.9 n.a. n.a. n.a.
5 114 3.2 100 1.83 0.033 112 —68.4 117.6/112.8 120.4/112.7 n.a. n.a. n.a.
6° 2-TiCl, 5.8 34 130 0 0.45 3090 n.a. 128.1 134.2 n.a. n.a. 0
77 2.6 3.1 130 1.88 1.56 23780 —66.7 95.8 115.8 496.1 3.8 36.6
8¢ 5.6 34 130 1.84 2.21 15160 —-65.1 67.4/97.6 113.2 366.0 5.7 2941
9 11.2 3.1 130 1.83 2.97 10190 -67.3 100.0 114.5 305.4 4.3 29.6
10 11.2 3.2 130 1.83 2.34 8030 —63.8 73.4/100.9 114.7 629.7 10.7 23.1

% General polymerization conditions unless otherwise stated: 100 mL-high pressure metallic reactor; solvent: isopar-G; ca. 50 mL of the liquid
phase; 35 bar of ethylene; 15 mL (95.6 mmol) of 1-octene (1.83 M, 30% v/v); TIBAL = 0.30 mL neat (i.e., 1.20 mmol, [Al] = 24.0 mM); cocatalyst:
[PhNMe,H]'[B(C4Fs)4]7; reaction time = 30 min; n.a. = not analyzed, n.o. = not observed. ? Determined by DSC from second run. ¢ Determined by
SEC in 1,2,4-trichlorobenzene at 135 °C vs. polystyrene standards (uncorrected values). ¢ Determined by SEC equipped with a FTIR detector;
°TIBAL = 0.71 mL of a 1 M solution in toluene (i.e., 0.71 mmol, [Al] = 14.2 mM)./ TIBAL = 0.32 mL of a 1 M solution in toluene (0.32 mmol, [Al] =

6.4 mM). £ TIBAL = 0.18 mL neat (0.71 mmol, [Al] = 14.2 mM).

bimetallic species with R3Al (where R = H, Me, iBu or poly-
meryl), which may undergo disproportionation or evolve into
other complex structures.***>

The thermal transitions (melting, T,,, crystallization, T.,
and glass transition, T,) determined for the copolymers
obtained with 2-TiCl, were found within a narrow range of
2-3 °C, regardless the significant differences in the corres-
ponding molecular weight (M,, = 366.0 and 629.7 kg mol™")
and incorporated 1-octene content (29.1 and 23.1 mol% at
[C8]o = 1.83 M, respectively; compare entries 8 and 10). The
observation of two crystallization transitions (7.) for both
samples may also be attributed to the multi-site nature of
these polymerization reactions, which results in different crys-
tallizable polymer fractions.

Two polymerization experiments conducted in a 1 L reactor
equipped with mechanical stirring at 100 °C and 32 bar ethyl-
ene pressure, and at an ethylene/1-octene molar ratio of ca.
6:1 in the presence of H,, showed similar trends in terms of
overall productivity (Table 3). Under these conditions, 1-HfCl,
proved completely inactive, whereas 2-TiCl, exhibited very high
productivity (129 730 kgp,; moly; ' h™"). Improved control over
the polymerization was achieved, as evidenced by a much nar-
rower polydispersity (Py = 2.3),1 still affording a high mole-
cular weight (M, = 340.5 kg mol™"). The incorporated 1-octene
content (20.1 mol% at [C8], = 0.48 M) highlights the high pro-
pensity of this Ti CGC system to incorporate o-olefins
(Fig. S15). The corresponding polymer density (0.8547 g cm™>)
is significantly lower than that of conventional PE (0.91-0.93 g
ecm™?) and falls in the lower limit of the range for typical POP/
POE materials (0.86-0.90 g cm™>).*°

1The much narrower dispersity observed in this reactor equipped with efficient
mechanical stirring may suggest that the aforementioned large polydispersities
observed in the magnetically stirred reactor may actually be arising, at least in
part, from mass transfer limitations; yet, a positive effect of H, addition as a
regenerating and transfer agent is also clearly anticipated under these
conditions.

Dalton Trans.

For a direct comparison, the performance of the bench-
mark CGC {(Me,Cp)SiMe,N¢Bu}TiCl, (3-TiCl,) was evaluated
under identical conditions (Table 3, entry 3). The reference
catalyst appeared to be nearly twice as productive as 2-TiCl,,
although it afforded a significantly (about one order of magni-
tude) lower molecular weight copolymer (M,, = 40.1 kg mol™)
and a higher density (0.8601 g cm™).

3C NMR analysis of both polymer samples produced by 2-
TiCl, and 3-TiCl, (Table 3, entries 2 and 3) featured similar
end-chains, with 29 and 27 saturated end-chains per 10 000 C,
respectively, and no vinyl end-groups detected; this hints at
very low B-H elimination (vide infra).

Theoretical calculations

In order to better rationalize the observed catalytic performance
of the Hf- and Ti-based CGC systems, we conducted theoretical
(DFT) computations using our previously developed theoretical
model.*”*®

The Hf and Ti CGC systems showed markedly different
computed reactivity trends toward ethylene, within the intrin-
sic precision limits of the DFT method (Schemes S1, S3 and
S4). For example, the first ethylene coordination/insertion into
the cationic species [{Ph,Si(2,7-tBu,Flu)N¢tBu}M-Me]" (A, M =
Hf or Ti), corresponding to the activation step (Scheme S1),
displayed nearly identical reaction enthalpies (AH =
19.7-20.0 keal mol™") for both metals affording [{Ph,Si(2,7-
tBu,Flu)N¢Bu}M-n-propyl]" (C). However, the process was kine-
tically more favorable for Ti by AAH* of 6.5 kcal mol ™.

Because the second and third ethylene insertion steps are
representative of the overall catalytic performance, they were
computed for the cationic complex [{Ph,Si(2,7-tBu,Flu)NtBu}
M-n-propyl]" (C, where M = Hf or Ti). The insertion of 1-octene
at the third step, following ethylene insertion, was also evalu-
ated. The main results are summarized in Table 4 and illus-
trated in Schemes 3 and 4.

The 5.6 kecal mol™" energy difference (in terms of AAHY)
between the transition states (TS) for the third ethylene inser-

This journal is © The Royal Society of Chemistry 2026
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Table 3 Copolymerization of ethylene and 1-octene (C8) with CGC systems 1-Hf-Cl, and 2-Ti-Cl, in the presence of H,?

[M], [B) [C8Jo mpoi Productivity T, T." Twm” M,[x10°® M,/ Density C8incorp.? C8incorp.”?
Entry Precat. [umol] [M] [M] [g] [kgpoi mOley *h™'] [0oC] [ec] [C] [gmol™] M,? [gem™] [wt%)] [mol%]
1 1-HfCl, 0.74 3.0 048 O 0 n.a n.a. n.a. — — — — —
2 2-TiCl, 0.74 3.0 048 16.0 129730 —=55.1 n.o. n.o. 340.5 2.3 0.8547 50.3 20.1
3 3-TiCl, 0.76 3.0 0.48 36.2 285650 —52.6 n.o. n.o. 40.1 2.4 0.8601 48.5 19.1

@ General polymerization conditions otherwise stated: 1 L reactor; cocatalyst: [PhNMe,H][B(C4F5)4]; solvent: n-hexane (425 mL); reaction time =
10 min; 2.0 mL TIBAL (10% v/v in hexane); Pc y, = 32 bar; Tpo = 100 °C; H, = 800 ppm; n.a. = not analyzed, n.o. = not observed. b Determined by
SEC in 1,2,4-trichlorobenzene at 135 °C vs. polystyrene standards (uncorrected values). “ Measured according to the ISO 1183-1:2012 standard
method, method A at 23 °C. ¢ Determined by "*C NMR spectroscopy at 130 °C in CgDg/1,2,4-trichlorobenzene.

Table 4 Energetic data (kcal mol™) calculated for ethylene coordi-
nation/insertion, p-H elimination (BHE) and p-H transfer (BHT) steps and
TIBAL/TMA coordination with Hf and Ti CGC systems [{Ph,Si(2,7-tBu,-
Flu)NtBu}M-RI*

CGC system
Hf Ti
2nd insertion AHeoord =29 3.4
AH* 7.8 5.3
AH -20.1 -25.5
3d insertion (ethylene) AH.oora —6.6 —2.9
AH* 8.1 2.5
AH -19.4 -20.7
3d insertion (1-octene after ethylene) AH.oora —7.0 —=5.0
AH* 112 10.9
AH -12.3 -14.1
BHE AHF 13.7  12.4
AH 73 122
BHT (ethylene) AH? 171 114
AH -44 -3.8
BHT (1-octene) AH? 16.7  20.9
AH -1.2  -33
Transfer to H, (after ethylene insertion) AH* 11.8 4.3
AH -13.5 -11.7
Transfer to H, (after 1-octene insertion) AH? 12.3 7.8
AH -13.5 -86
Coordination of TIBAL (after ethylene AH 0.9 5.8
insertion)
Coordination of TMA (after ethylene AH -6.0 2.5

insertion)

tion into the M-C(polymeryl) bond suggests approximately a
10*fold higher polymerization rate for the Ti-based system
compared to the Hf-based system (assuming equal comonomer
concentrations) at 298 K. This computed difference is in line
with the significant differences observed in the productivities of
the Hf- and Ti-based systems, emphasizing the very low (co)
polymerization efficiency observed with the Hf-based catalysts
based on 1,2-HfCl,. The insertion of 1-octene following

This journal is © The Royal Society of Chemistry 2026

ethylene was found to be only slightly more favorable on
thermodynamic grounds (AA.H = 1.8 kcal mol™") in the case
of 2-TiCl,, while virtually no difference was observed from a
kinetic standpoint (AAH* = 0.3 kcal mol™).

The ability to induce chain-termination reactions was also
evaluated (Table 4 and Schemes 3 and 4). Yet, both Hf and Ti
CGC systems revealed comparable reluctance toward (-H
elimination (BHE) and p-H transfer (BHT) to the monomer
(both ethylene and 1-octene) from a kinetic perspective, as
indicated by the relatively high barriers compared to those for
regular ethylene or 1-octene insertion (AH* = 12.4-13.7 and
11.4-20.9 vs. 2.5-7.8 or 10.9-11.2 kecal mol™", respectively).

Since small amounts of dihydrogen were introduced in
several polymerization experiments (Table 3) to control the
molecular weight of the copolymers, transfer-to-hydrogen was
also evaluated computationally (Scheme S2). Transfer-to-
hydrogen appeared to be kinetically more favorable (AAH* =
2.9-7.5 keal mol™) for 2-TiCl,, regardless of the nature of the
monomer inserted in the previous step. For the 3-TiCl,
reference system, which produces lower molecular weight
copolymers in the presence of hydrogen, the experimental data
are consistent with the very low computed barriers (AH* =
0.1-0.2 kcal mol™") and the favorable thermodynamics of this
process (AH = —13.6-16.2 kcal mol™).

Heterobimetallic ion pairs of the type [{LX};M(p-R)
AIR,]TA]” (where {LX},M represents a group 4 metallocene-
type core, R is an alkyl group, and [A]” denotes a counteranion
such as [“MeMAO”]™, [B(CsFs)4] ™, etc.) are widely recognized as
“dormant” species and precursors for chain transfer during
olefin polymerization.*>*® These species play a pivotal role in
polymerization mechanisms, serving as intermediates that
maintain the delicate balance between active and dormant
states of the catalytic cycle.>'* Hence, we also computation-
ally evaluated the thermochemistry associated with the for-
mation of such heterobimetallic adducts derived from the
insertion products, specifically the naked cations [{Ph,Si(2,7-
{Bu,Flu)N¢BuM-n-pentyl]" (Scheme 5), with AliBu; (TIBAL, in
its dimeric form Al,iBug),>> employed in our study as co-activa-
tor and scavenger and, for comparison purposes, with AlMe;
(TMA, in its dimeric form Al,Meg)*® although it is not directly
relevant to our catalysis. Consistent with previous reports on
the strong binding affinity of cationic hafnocenes toward
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TMA,>’

our calculations (Table 4) also indicate a higher pro-

pensity of the Hf CGC system to reversibly coordinate TIBAL
compared to its Ti analogue (and, expectedly, much more TMA

than TIBAL). The coordination of TIBAL to the putative cat-
ionic alkyl active catalyst species does not appear to be
favored; however, the low computed value (AH oorg = +0.9 keal
mol™") for the Hf system suggests that it could represent a
competitive deactivation pathway. This phenomenon, which
results in blocking of the active site and prevents the coordi-
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nation and insertion of olefin molecules, may also contribute
to the significantly lower activity observed in the present Hf
CGC systems. However, NMR investigations of mixtures of 1-
Hf-Cl,/[PhNMe,H]'[B(CcF5),] /TIBAL yielded highly complex
spectra that proved uninformative.

Conclusions

Constrained-geometry dichloro complexes of hafnium and tita-
nium from the {Flu/N}-family were synthesized and evaluated
in the copolymerization of ethylene and 1-octene. These pre-
liminary studies revealed that the Hf CGC complexes exhibit
very low productivity; this may be attributed essentially to a
more difficult insertion of the monomer (ethylene) into the
Hf-C(polymeryl) bond as well as to the existence of concomi-
tant deactivation pathways of the active cationic species invol-
ving alkylaluminum compounds. On the contrary, the Ti ana-
logue 2-TiCl, exhibited significantly higher productivity in
ethylene/1-octene copolymerization, featuring a clear “como-
nomer effect”. The copolymers obtained with the Ti CGC
system also displayed higher molecular weights; narrow poly-
dispersity consistent with single site behavior of this Ti CGC
system could be achieved in the presence of H, as reactivating/
transfer agent in a mechanically stirred reactor. Thermal ana-
lysis revealed narrow ranges of melting, crystallization, and
glass transition temperatures, with several crystallizable
polymer fractions. Furthermore, the present Ti CGC system
showed a high propensity to incorporate a-olefins, producing
POE/POP-type materials with lower density. The cost-effective-
ness of titanium compared to hafnium further enhances the
appeal of 2-TiCl, as a promising candidate for large-scale pro-
duction of POE/POP-type copolymers.
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