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While the identity and reactivity of the L,M'VR*
active species in Zr and Hf single site olefin polymeri-
zation catalysts are reasonably well understood, the
chemistry of analogous Ti catalysts is more complex due
to the accessibility of both Ti'" and Ti'V oxidation
states.! The active species in catalysts derived from Cp,-
Ti'VX, complexes are Cp,Ti'VR* cations, which are
rapidly deactivated by reduction to Ti'''.? Activation of
CpTi'VX3 compounds is believed to generate a mixture
of Ti'V species, which are active for ethylene and a-olefin
polymerization, and Ti'"! species, which are active for
styrene polymerization.? In contrast, the bis-allyl com-
plexes {(‘BuMe,SiCH),CH},Ti'l(u-Cl),Li-TMEDA and
{('BuMe,SiCH),CH},Ti'VCI, exhibit identical propylene
polymerization behavior upon MAO activation, which
suggests that the same active species is formed in both
cases.® Here we report that MAO activation of two
closely related tris(pyrazolyl)borate Ti''' and Ti'V com-
plexes generates different active species and that the
distinctive properties of the Ti'''! system enable the
synthesis of polymers that are not accessible with the
Ti'V system.

We previously reported that MAO activation of the
Ti'V complex TpMs*TiCl; (1; TpMs* = HB(3-mesityl-
pyrazolyl),(5-mesityl-pyrazolyl)) generates active eth-
ylene polymerization catalysts.* A Ti'l' analogue of 1,
K[TpMs*TiCl3] (2), was prepared in 95% yield by reduc-
tion of 1 by potassium in toluene (eq 1) and in 22% yield
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by reaction of 1 with KO'Bu.® The solid-state structures
of 1 and 2 are shown in Figure 1.5 2 adopts a dimeric
structure in which two TpMs*Ti''!Cl;~ anions are linked
by two K* cations, which bind the mesityl and Ti—Cl
groups. The Ti—N distances in 2 (average 2.22 A) are
similar to those in 1 (average 2.20 A). In contrast, the
Ti—Cl distances in 2 (average 2.38 A) are ca. 0.15 A
longer than those in 1 (average 2.23 A). A similar
difference in Ti—CI distances was observed for [Me,-
HNNMeH][Tp*Ti'"'Cls] (Tp* = HB(3,5-Me;,-pyrazolyl)s,
2.40 A)7 vs Tp*Ti'VCl; (average 2.27 A).8 This compari-
son suggests that the negative charge at Ti rather than
the K*---CI~ ion-pairing lengthens the Ti—Cl bonds in
2.

Ethylene polymerization results for 1/MAO and 2/MAO
are compared in Table 1 and in the supporting data.®
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Table 1. Ethylene Polymerization Results?

entry catalyst MAO/M PP MW(103) Mw/Mp

1 Cp2ZrCl, 200 5.7 157¢ 3.3
2 Cp2ZrCly® 1000 6.5 179¢ 2.8
3 1¢ 100 2.8 48104
4 1 200 6.1 930d
5 1 1000 3.1 36°¢ 14.8
6 1 5000 0.8 29¢ 15.5
7 2 50 55 52154
8 2 100 8.2 23314
9 2 200 7.8 880d

10 2 1000 7.2 21¢ 10.2

11 2 5000 7.1 11¢ 12.2

a Conditions: 80 mL of toluene, 4.2 atm of ethylene, 1 umol of
M (M = Zr or Ti), T, = 60 °C, time = 6 min.  Productivity, average
of at least two runs, units: kg/(mmol M atm h). ¢M,, peak
molecular weight determined by GPC using polyethylene calibra-
tion. 9 M,, viscosity-average molecular weight determined by
intrinsic viscosity measurement. ® Reaction stopped at 4 min (entry
2) and 5 min (entry 3).

Both catalysts exhibit high productivities at low Al
loadings (Al/Ti = 200), which are similar to that of Cp,-
ZrCl,/MAO under the same conditions.® Both 1 and 2
exhibit increased activity with increasing ethylene
pressurel® and good activity up to 130 °C. Both catalysts
produce ultrahigh MW PE (PE = polyethylene) at low
Al/Ti ratios, and in both cases MWs drop significantly
as the AIl/Ti ratio increases. DSC and NMR results
establish that the PEs produced by 1/MAO and 2/MAO
are linear and contain only saturated end groups.?
These results show that chain transfer to Al is the
primary chain transfer mechanism. The PEs from both
catalysts have broad MWDs, which may result from
changes in Rgrowth/Rtranster during the polymerization
time due to chain transfer to MAO*12 or the heterogene-
ity of the reaction media resulting from PE precipita-
tion, or from the presence of multiple active species.?

However, closer analysis reveals interesting differ-
ences between these catalysts. First, productivities
based on polymer yields (Table 1) and plots of ethylene
consumption rate vs time>!* show that 1/MAO is
strongly inhibited at increasing MAO/Ti ratios, but
2/MAO is not. Second, 1/MAO exhibits a significant
induction period while 2/MAO does not. Additionally,
premixing 1 and MAO prior to exposure to ethylene
results in lower activity, indicating that the initially
formed species are unstable in the absence of monomer,
while the activity of 2/MAO is unaffected by premix-
ing.'®> Finally, the PE MWs are lower for 2/MAO than
1/MAO. Addition of KCI to 1/MAO does not affect the
polymerization behavior. These differences could arise
from the presence of different active species, or differ-
ences in the activation chemistry, in the two systems.
To distinguish these possibilities, ethylene/1-hexene
copolymerization studies were performed.

As summarized in Table 2 and Figure 2, 1/MAO
incorporates only minimal hexene to produce toluene-
insoluble ethylene/hexene copolymers,'® while 2/MAO
exhibits excellent hexene incorporation and produces
toluene-soluble copolymers. KCI addition does not affect
these results. While the copolymers from both catalysts
have narrow MWDs characteristic of single site cataly-
sis,1” TREF and CFC analyses show differences in
composition distribution (CD) which reflect differences
in the reaction media during copolymerization (1/MAO
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Figure 1. Molecular structures of 1 and 2.

Table 2. Ethylene/l-Hexene Copolymerization Results?

entry catalyst MAO/Ti ethylene (atm) hexene (M) pPb % hexene® rery Tm (°C) MW (103)d Mw/Mn
1 1 1000 4.2 2 15.7 1.6 8.01 121 51 3.7
2 1 1000 4.2 5 18.2 2.7 0.63 116 34 3.5
3 1¢ 200 4.2 5 34.9 2.2 2.10 112 440 3.0
4 2 1000 4.2 2 50.1 10.1 0.22 115 22 2.3
5 2 1000 4.2 5 54.7 16.9 0.41 104 21 2.1
6 2 1000 1.4 5 21.6 26.0 0.52 87 12 2.9
7 2f 200 4.2 5 27.3 13.0 0.81 99 91 2.6

a Conditions: toluene/1-hexene total 80 mL, 1 umol Ti, T, = 60 °C, time = 6 min. ? Productivity, unit: kg/(mmol Ti h). ¢ By 3C NMR.
d M, determined by GPC using polyethylene calibration. ¢ Stirring stopped at 2.8 min. f Highly viscous mixture.
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Figure 2. 1-Hexene incorporation by 1 and 2 (Al/Ti = 1000).

slurry; 2/MAO viscous solution).’® The copolymers from
2/MAO have lower MWs than those from 1/MAO, which
suggests that Rgrowth/Riranster 1S decreased following a
hexene insertion.1® These differences in ethylene/hexene
copolymerization behavior clearly show that the active
species derived from 1/MAO and 2/MAO are different.

The copolymers produced by 2/MAO contain ca. 1—2
methyl branches/chain but no ethyl or propyl branches
(*3C NMR).>11 These observations and the absence of
NMR-detectable branches in PE homopolymers producd
by 2/MAO suggest that the methyl branches arise by
1,2-hexene insertion into Ti—CHj3; species at chain
initiation and/or by chain transfer to Al following 1,2-
hexene insertion rather than by chain-walking. Both
1/MAO and 2/MAO produce saturated copolymers con-
sistent with predominant chain transfer to Al as ob-
served in ethylene homopolymerization.

2/MAO can be used to synthesize polymers that are
not accessible with 1/MAO. For example, end-function-
alized PEs can be prepared efficiently by ethylene
polymerization with 2/MAO at high [MAO] followed by
subsequent reaction of the AI-PE bonds.?° This is not
possible with 1/MAO because the high [MAQO] necessary
for efficient chain transfer strongly inhibits activity.

This work shows that MAO activation of Ti'V complex
1 and Ti'""" complex 2 produces different active species
with different olefin polymerization behavior. The data
available to date do not allow identification of the
structures or oxidation states of the active species in
these systems, and given the broad MWDs observed for
the PEs, it is possible that multiple active species are

formed under some conditions. Further studies may lead
to a better understanding of these issues.?!
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