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Summary: Multinuclear NMR spectroscopic studies of
polymerization-active species generated by activation of
o-F-substituted and nonsubstituted bis(enolatoimine) titanium
complexes with M AO evidence a noncovalent interaction of the
o-F moieties with the metal center, which is likely to facilitate
living ethylene polymerization via suppression of chain transfer
and of B-hydrogen transfer processes.

Catalytic insertion polymerization of olefins is unsur-
passed by other polymerization methods in terms of micro-
structure control. However, living catalytic polymerizations
are challenging because of the process of chain termination
by -H elimination or polymeryl transfer to cocatalyst. A
remarkably versatile and robust catalyst system for the living
polymerization of ethylene and propene was found with
certain phenoxyimine Ti complexes, as reported by the
groups of Fujita' and of Coates.'"® Considerable efforts
were directed toward understanding the origin of its living
nature. From investigations on a series of bis(phenoxyimine)
titanium catalysts, Fujita and co-workers ascribed the key
role for the living behavior to o-F substitution in the
N-bound aryl rings.” On the basis of DFT calculations, they
suggested that formation of a hydrogen bond between an
o-F atom and the S-hydrogen atom of the growing polymer
chain suppresses f-hydrogen elimination and polymeryl
transfer to the cocatalysts.”® Since then, possible effects of
weak ligand polymer interactions on the polymerization
processes have been debated controversially.? For example,
Talarico and co-workers suggested that weak repulsive inter-
actions between o-F atoms and the growing polymer chain
might be responsible for living propene polymerization
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behavior of o-fluorinated bis(phenoxyimine) titanium
catalysts.>?

Recently, the new o-F-substituted bis(enolatoimine) tita-
nium complex 1a was found to induce living olefin polym-
erization in the presence of methylalumoxane (MAQO) at
hitherto unattainably high temperatures and afford poly-
ethylenes with unprecedented narrow molecular weight dis-
tributions and high molecular weights at the same time (M,/
M, 1.01, M, 3 x 10° g mol "),* while its unsubstituted
counterpart 1b*° displayed nonliving behavior. This high
stability toward B-hydrogen elimination and chain transfer’
encouraged us to undertake a mechanistic study, with special
focus on the role of o-F substituents, based on the approach
previously used to probe the activation of titanium phenox-
yimine complexes in the presence of MAO and boron-based
activators.®

Both 1a and 1b were found to interact with MAO in a
similar manner (Scheme 1) to yield mainly the monomethy-
lated species L,TiCIMe at low cocatalyst loadings (Al:Ti
< 5)and ion pairs [L,TiMe] '[MeMAO] at higher loadings
(AL:Ti > 25; for spectroscopic characterization of these
intermediates see the Supporting Information, SI). For the
identification of cationic species in metallocene and post-
metallocene olefin polymerization catalysts, the detection of
methyl groups bound to the metal is crucial. This is some-
times complicated by exchange line broadening and by
bonding to nonuniform MAO oligomers.®*’ Fortunately,
the use of *C-MAO®*7%™ (60% '*C enrichment) allowed the
unambiguous assignment of terminal Ti-'*CH; groups in 2
and 3, thus ruling out any heterobinuclear or zwitterion-like
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Scheme 1. Activation of Complexes 1a and 1b with MAO
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Figure 1. NMR spectra of 3a generated by the reaction of 1a
with '*C MAO ([1a] 2 x 10 > M, Al/Ti 30, toluene ds/
o difluorobenzene, 25 °C): 'H spectrum (a), '°F (b), *C{'H}
(), BC{F} (d), °C selectively decoupled from F, at 117.6 ppm
(e), 1°C selectively decoupled from Fy at & 120.0 ppm (f). In (a),
asterisks mark an admixture of dodecane in '*C MAO; in (d) (f),
some degradation products of 3a.

intermediates, which are often detected in metallocene olefin-
polymerization catalytsts.’

In the absence of a monomer, the ion pair intermediates 3 are
unstable even at low temperatures (  10to 25 °C) and slowly
decompose via ligand transfer to AlMes, to yield LAIMe,, as
previously observed for related titanium catalysts.®*® The

(8) The presence of at least two types of titanium(III) species in
partially decomposed samples has also been detected by EPR (see SI).
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catalytic activity of complexes 3a and 3b was confirmed by
the observation of Ti-(CH,-CH,),-CHj signals arising upon
injection of ethylene.’

Both complexes 3a and 3b display C> symmetry, with singlets
for equivalent vinyl H, CH3, and CF; groups and two singlets
for two sorts of nonequivalent aryl-F (Figure la,b and SI). The
Ti-CHj group appears as a doublet superimposed on a singlet,
due to the overlap of Ti-">*CHj; (40%) and Ti-">CH; (60%)
patterns (Figure la). Unlike the bis(phenoxyimine) titanium
systems,® no evidence of weak solvent (o-difluorobenzene)
coordination has been detected for complexes of the type 3. In
effect, they retain their apparent C, symmetry even at very low
temperatures (10 to 85 °C, cf. SI), with no signs of any
additional line broadening due to methyl group exchange
between both accessible coordination sites of titanium. This
enabled us to resolve the Ti-'*CHj signal of 3a in a *C{'H}
spectrum as a triplet at 0 126.6 with a 7 Hz coupling constant
(Figure 1). This coupling, which results from two '°F nuclei, is
only seen for complex 3a, whereas for 3b the Ti-'*CH; carbon
signal appears as a clear singlet at 6 117.0 (SI). Any conceivable
interaction with coordinated o-difluorobenzene is thus ruled
out, and the observed multiplicity is obviously due to intra-
molecular C,F coupling in 3a. Indeed, the 7 Hz splitting
disappeared in a C{!°F} spectrum; moreover, sclective
F decoupling experiments identified the fluorine nuclei
(Fyatd 120.01in the ""F spectrum) as being responsible for
the C,F coupling (Figure 1d f).

The origin of this coupling is not a priori clear. A possible
explanation could be a weak Ti C H-:--F C hydrogen
bonding similar to that reported by Chan and co-workers for
catalytically inactive model Zr and Ti complexes.*®° Hydro-
gen bonding of this type might be possible also for complex
3a, especially if one takes into account the proximity of Fy, to
the Ti-Me group, which is apparent from a heteronuclear
F '"H NOE contact between these nuclei (SI). However, this
coupling mechanism cannot explain why the value of the
2HJor = 7 Hz splitting in 3a is so much higher than that of
My (which cannot be observed at all).

Most consistent with such a geometry as well as with the
observed effects on catalytic properties is the proposition
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Figure 2. Ti F interaction in complex 3a.

that the ligand framework in 3a is distorted (relative to that
of its precursor 1a) so that two fluorine substituents of
different aryl rings interact with the electron-deficient metal
center, which thus becomes formally seven-coordinate
(Figure 2).'° Such an interaction in complex 3a and in the
propagating “Ti-polymeryl” species derived from it would
most likely cause substantial encumbrance of chain transfer
to aluminum (as well as of S-hydrogen elimination or
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transfer to the monomer), due to increased steric hindrance
and coordinative saturation at the metal center.

In conclusion, these studies bear evidence in favor of the
interaction of o-F substituents with the metal center in an
active living polymerization catalyst. Noncovalent interac-
tions of this type have been reported to affect the catalytic
activity of polymerization and metathesis catalysts'> and
cannot be ruled out when discussing the origin of living
polymerization behavior of o-fluorinated post-titanocene cata-
lysts. In particular, the aryl-F---Ti interactions discussed
are likely to favor the capability of o-F-substituted bis-
(enolatoimine) and structurally related bis(phenoxyimine) Ti
catalysts to induce living olefin polymerization, via suppression
of chain transfer and of -hydrogen transfer processes.
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