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There has been intense recent interest in the use of soluble
early transition metal d% and lanthanide d%-based catalysts
for polymerization of ethylene and a-olefins.! These well-
defined initiators serve as mechanistic models for traditional
Ziegler—Natta catalysts, and, in addition, structural variations
in these homogeneous catalysts allow control of polymer
microstructures and molecular weights.! In contrast to early
metal systems, late metal catalysts most often dimerize or
oligomerize olefins due to competing S-hydride elimination.?
There are late metal systems which polymerize ethylene to high
molecular weights?*3 but no systems which convert -olefins
to polymer with high molar mass.”d We report here new Pd(Il)-
and Ni(I)-based catalysts which convert ethylene and ct-olefins
to high molar mass polymers with unique microstructures.

The Pd(IT) and Ni(II) initiators are cationic methyl complexes
[(ArN=C(R)C(R)=NAr)M(CH;)(OEt,)]"BAr’s" (M = Pd, 1
Ni, 2; Ar" = 3,5-C¢H3(CF3)2) which incorporate bulky diimine
ligands.* Protonation of the palladium 3 and nickel 4 dimethyl
precursors with H(OEt;),"BAr’s~ results in loss of methane and
formation of the diethyl ether adducts 1 and 2 (Scheme 1),
Results of polymerization reactions are summarized in Table
1. Exposure of the palladium ether adducts 1 to ethylene,
propylene, or 1-hexene results in formation of high molecular
weight polymers which were isolated as amorphous materials.
The complex *C NMR spectrum of the polyethylene produced
indicates extensive branching along the main chain, with
branches randomly distributed and of variable length.® The
degree of branching can be estimated from 'H NMR integration
of the methyl, methylene, and methine groups (see Table 1).
For example, initiator 1b yields polyethylene with 103 branches/
1000 carbon atoms. The amorphous polyethylene produced by
these catalysts constitutes a new class of polyethylene, as it is
far more highly branched than low-density polyethylene.’

The isolable nickel diethyl ether adducts 2 also catalyze the
polymerization of ethylene and o-olefins and are more conve-
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niently generated in situ by methylaluminoxane (MAO)® activa-
tion (1000 equiv, toluene) of the diimine nickel dibromide
complexes, 5, in the presence of olefins (Scheme 1, Table 1,
entries 6—16). The polyethylenes produced by these Ni(Il)
catalysts range from highly linear to moderately branched, with
methyl branches predominating. The extent of branching is a
function of temperature, ethylene pressure, and catalyst structure.
Increased branching occurs with increasing temperature, which
results in lower melting temperatures of the semicrystalline
polymers (compare entry 6 with 7, 9 with 10, and 13 with 14).
At higher ethylene pressures, decreased branching is observed,
but polymer yields and molecular weight values are similar
(compare entry 9 with 11).° Reducing the steric bulk of the
diimine ligand by substituting of o-methyl groups for o-isopropyl
groups results in a less branched, more linear polymer with
decreased molecular weight (compare entry 13 with 8).

The nickel catalysts exhibit extremely high activities which
are comparable to those of metallocene catalysts.! For example,
5a + MAO (entry 7) exhibits an apparent turnover frequency
of 3.9 x 10%h (11 000 kg of PE mol~! of Ni h™!). Such high
activities require highly dilute catalyst solutions to prevent mass
transfer-limited rates. In addition to ethylene, at-olefins are also
polymerized by these diimine nickel catalysts to produce high
molecular weight polymers. For example, propylene is polym-
erized by 5e + MAO at 0 °C in toluene to produce amorphous
polypropylene (126 kg of PP mol~! Ni h~!, 3000 TO/h), while
1-hexene (5a + MAO at 0 °C, toluene) produces amorphous
poly-1-hexene (176 kg mol~! of Ni h~!, 2000 TO/h).

Insight into the polymerization mechanism was gained
through NMR studies, which established alkyl olefin complexes
as the catalyst resting states. Reaction of the palladium ether
adducts 1a,b with ethylene at —80 °C resulted in the formation
of ethylene adducts 6a,b (eq 1).° The rate of exchange of bound
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ethylene with free ethylene in 6a,b was dependent on ethylene
concentration (implying associative exchange) and was faster
in 6a than in 6b.' Upon warming, chain growth, which was
zero order in ethylene, was monitored by 'H and *C NMR
spectroscopy as a series of new alkyl olefin complexes appeared.
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CDzClz at —85 °C were measured by 'H NMR line shape analysis: 6a, k
= 8100 L mol™' s™1; 6b, k = 45 L mol™' s
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Table 1. Summary of Olefin Polymerization Data
moles of branches
catalyst M M, per 1000 thermal
entry catalyst  (x10%) conditions monomer® yield (g) (x10™) (x107™%) M./M, carbons analysis (°C)°
1 1la 100 50 mL of CH,Cl,, 25 °C, 24 h ethylene 9.7 0.06 0.18 3.0 116 —85(Ty)
1b 100 100 mL of CH,Cl», 25 °C, 17h  ethylene 45.3 29 11.2 39 103 —68 (Ty)
3 1b 50 50 mL of CH,Cly, 25°C, 16 h propylene  19.5 1.5 6.6 43 213 —43 (Ty)
4 1b 100 50 mL of CH,Ch, 25°C, 2 h I-hexene 10.9 3.1 7.7 2.5 88 —42 (Ty)
5 2a 0.83 75 mL of toluene, 0 °C, 30 min ethylene 1.5 9.2 28 3.0 6.0 129 (Tw)
6 S5a/MAO 1.7 100 mL of toluene, 0 °C, 15 min  ethylene 2.6 11 28 2.7 7.0 129(Tw)
7 S5a/MAO 1.7 100 mL of toluene, 25 °C, 15 min ethylene 4.6 31 7.6 25 38 95 (Trm)
8 5e/MAO 17 100 mL of toluene, 0 °C, 30 min  ethylene 7.0 17 39 23 74 97 (Tw)
9 5e¢/MAO 0.83 100 mL of toluene, 30 min ethylene 22 65 160 2.4 24 112 (Tw)
10  5e/MAO 0.83 100 mL of toluene, 25 °C, 30 min ethylene 1.8 19 41 22 71 39 (Tw), —46 (Ty)
11  5e/MAO 0.83 200 mL of toluene, 0 °C, 30 min  ethylene? 2.1 61 140 23 5.0 122(Tw)
12 Sb/MAO 1.6 100 mL of toluene, 0 °C, 15 min  ethylene 1.2 52 81 1.6 48 109 (Ty)
13 S5¢/MAO 17 100 mL of toluene, 0 °C, 30 min  ethylene 34 43 11 25 1.2 132 (Tw)
14  S5¢/MAO 17 100 mL of toluene, 25 °C, 30 min ethylene 7.2 1.4 4.0 2.9 29 112 (Tw)
15 S5d/MAO 17 100 mL of toluene, 0 °C, 10 min  ethylene 5.1 17 44 2.6 20 115 (Tw)
16 5e/MAO 17 50 mL of toluene, 0 °C, 2 h propylene 43 15 24 1.6 300 =20, —78 (Typ)
17 SeEnAICE 17 50 mL of toluene, 0°C, 2 h 1-hexene 21 14 31 22 100 =57 (T), =20 (Tw)

@ Ethylene polymerizations run at 1 atm pressure unless otherwise indicated. ® Molecular weight data reported against polystyrene standards.

“Tm and T, were determined by differential scanning calorimetry. ¢ Polymerization run at 4 atm ethylene pressure. ¢ ALNi ratio of 10:1.
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The first-order rate constants for the first insertions were
obtained from the rates of disappearance of 6a,b at —30 °C:
kea = 1.9 x 1073 57!, AG* = 17.2 kcal/mol; kep = 1.7 x 1073
57!, AG* = 17.3 kecal/mol.> The rates of subsequent insertions
were modeled by the zero-order rate of ethylene disappear-
ance: Kea = 8.8 x 107451, AG* = 17.6 kcal/mol; kK'¢p = 3.4
x 1073 57!, AG¥ = 16.9 kcal/mol. Treatment of 1a,b with
propylene at —30 °C resulted in formation of the propylene
methyl complexes 8a,b.> Chain growth could again be moni-
tored at —30 °C; the first-order rate constant for migratory
insertion of 8b is 54 x 107* s~!, AG¥ = 17.8 kcal/mol.’
Significantly, the first insertion of propylene enables observation
of propylene alkyl complex 9a, which suggests a 2,1 regio-
chemistry for insertion.

A mechanistic rationale for the observations described here
is outlined in Scheme 2 (R = polymer chain). The catalyst
resting states are alkyl olefin complexes indicated by structure
10. Migratory insertion results in 11, which can be rapidly
trapped by ethylene to reform to an alkyl ethylene species 10.
Alternatively, 11 can also S-hydride eliminate to yield an olefin
hydride 12. Complex 12 can undergo reinsertion with opposite
regiochemistry, which introduces a branched alkyl group in 14.
Trapping and insertion of 14 produces a methyl branch, while
further chain migration via 8-hydride elimination and readdition
processes produces longer branches.!! In a chain transfer

(11) 2,1-insertions of a-olefins followed by chain migration (see Scheme
2) to the terminal carbon can result in fewer branches than observed in
polymers where chain growth occurs by 1,2-insertions (see Table 1, entries
3 and 4). -

process, complex 12 can release olefin to yield 13, which can
initiate a new chain. However, in these M(II) square planar
complexes, conversion of 12 to 13 must be an associative
process, as observed for ethylene exchange in the analogous
methyl complexes 6a,b. The rates of associative displacement
and chain transfer (12 to 13) are greatly retarded by the extreme
steric bulk of the diimine ligands. The aryl rings lie roughly
perpendicular to the square plane, and the ortho substituents
block axial approach of olefins. This feature results in rates
of chain propagation which are much greater than chain
transfer rates and thus permits formation of high polymers.'>!3

In summary, these Ni and Pd diimine olefin polymerization
catalysts are unique late metal systems capable of converting
o-olefins to high polymers and are the first systems in which
olefin alkyl complexes have been demonstrated to be the catalyst
resting states. In addition, this is the first reported catalyst
system where simple variation of pressure, temperature, and
ligand substituents allows access to an ethylene homopolymer
whose structure varies from a highly branched, completely
amorphous material to a linear, semicrystalline, high-density
material. Successful copolymerization of ethylene with func-
tionalized comonomers will be reported shortly.
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(12) Consistent with this postulate, 6a yields polyethylene of lower
molecular weight than 6b. (Phenanthroline) Pd (Et)(HoC=CH)* BAr's~
only dimerizes ethylene,® and associative exchange with ethylene is too
fast to measure at —100 °C.

(13) This mechanistic scheme is consistent with lower branching at higher
ethylene pressures (shorter lifetimes of 11 == 12) and higher branching under
mass transfer-limited conditions (longer lifetimes of 11 = 12).



