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Abstract: A dibenzobarrelene-bridged, a-diimine Ni" catalyst
(rac-3) was synthesized and shown to have exceptional
behavior for the polymerization of ethylene. The catalyst
afforded high molecular weight polyethylenes with narrow
dispersities and degrees of branching much lower than those
made by related a-diimine nickel catalysts. Catalyst rac-3
demonstrated living behavior at room temperature, produced
linear polyethylene (T,,=135°C) at —20°C, and, most impor-
tantly, was able to copolymerize ethylene with the biorenew-
able polar monomer methyl 10-undecenoate to yield highly
linear ester-functionalized polyethylene.

Linear polyethylene (PE) is the most abundantly produced
plastic owing to its inexpensive monomer, thermoplastic
properties, and semi-crystalline nature. The hydrocarbon
composition of PE imparts hydrophobic character to the
material, a feature that dictates the surface properties (for
example, adhesion and wettability), permeability, and rheol-
ogy.l'! One strategy for tuning these properties is to introduce
functional groups along the PE backbone through either post-
polymerization modification® such as surface treatments,”!
oxidation,™ “click” reactions,” and C—H activation, or by
copolymerization of ethylene with functional vinyl mono-
mers.”) While the latter has been achieved with free radical
polymerization of ethylene, the high temperatures and
pressures required result in a highly branched amorphous
PE material lacking the desired semi-crystalline properties of
linear PE.®®l Ring-opening metathesis (ROMP)®! and acyclic
diene metathesis (ADMET)!"! polymerizations have both
functional group tolerance and afford linear polymers, but
require several steps for monomer synthesis. Alternatively,
traditional ethylene polymerization catalysts, such as Ziegler—
Natta and group IV metallocenes, produce linear semi-
crystalline PE backbones, but suffer from high oxophilicity
and are therefore often poisoned by the polar co-mono-
mers." 1

In contrast, late transition metal complexes pioneered by
Brookhart and co-workers in the late 1990's!"! display
enhanced stability toward polar functional monomers and
can produce high molecular weight polymers in a controlled/
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living manner.'*"*] However, the ethylene polymers formed
by these late transition metal catalysts are typically branched
owing to the propensity of the metal to undergo consecutive
B-hydride eliminations and re-insertions (‘“chain-walking”
mechanism: Scheme 1). This process yields branched PE
materials with lower crystallinity and melting temperatures,
ultimately limiting their utility as semi-crystalline thermo-
plastics.”
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Scheme 1. Chain walking of a-diimine Ni Catalysts.

Although chain-walking can be mitigated through the use
of high ethylene pressures or sterically unhindered metal
centers,'>! the co-monomer incorporation or molecular
weights suffer, respectively. These observations suggest that
the controlled polymerization of ethylene with polar co-
monomers to yield semi-crystalline copolymers remains
a long-standing challenge for the field.”” Recent advances
in catalysts capable of incorporating polar monomers into
linear PE have been made, most notably in the form of
neutral late transition metal catalysts, such as Drent-type Pd
phosphino-sulfonates®®!! and Grubbs-type Ni salicylaldimin-
ato complexes,***! however these neutral catalysts often
exhibit lower activities than cationic Brookhart-type o-
diimine Ni/Pd catalysts. Nozaki and co-workers recently
reported an exciting class of neutral nickel catalysts bearing
chelating aryloxy-carbene ligands that incorporate functional
monomers, and also exhibit excellent activities for alkene
polymerization.”"

Our work takes advantage of the functional group
tolerance and high activity of cationic a-diimine Ni catalysts,
but is distinct in suppressing chain-walking at low pressures
(<7 atm), thereby preserving the linear PE backbone while
simultaneously incorporating functionalized a-olefins. We
have synthesized and characterized a Ni"! a-diimine catalyst
based upon a bulky dibenzobarrelene (DBB) ligand!'’¢
backbone (rac-3) and studied its ability to produce linear
PE homopolymers and, more importantly, polar copolymers.

Compared to the related and more typical acenaphthene
backbone (Figure 1), the steric bulk of the DBB substituent
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Figure 1. Three views of the molecular structure of rac-3 determined by single-crystal X-ray diffraction. Atoms are drawn at the 40% probability

level. Hydrogen atoms are omitted for clarity.

(rac-3) was predicted to force the aryl groups closer to the
reactive metal center, a feature linked to living character and
decreased chain-walking."***! The DBB-based a-diimine
ligand was synthesized through condensation of dione
1 with two equivalents of rac-4-methyl-2-(1-(2,4,6-trimethyl-
phenyl)ethyl)aniline (rac-2, Scheme 2). The ligand was
obtained as a non-statistical stereochemical mixture predom-

1) MeOH, HCO,H
-

Me
O\
2) [ NiBr,
0O
Me

rac-2

Scheme 2. Synthesis of a dibenzobarrelene-based Ni complex, rac-3.

Table 1: Polymerization of ethylene using rac-3."!

inately composed of the racemic ligand isomer. Similar results
have been observed with related diimines.'’”® Metalation with
(dimethoxyethane)NiBr, resulted in the corresponding Ni"
diastereomerically-pure metal complex, rac-3.

The structure of rac-3 was determined by single-crystal X-
ray diffraction (Figure 1). Complex rac-3 exhibits pseudo C,-
symmetry, and the sterically demanding mesityl moieties are
positioned away from the bulky DBB backbone, in stark
contrast to the previously reported m-stacked acenaphthene
system.l” Additionally, the front views of the crystal
structures show the plane of the mesityl groups and the Ni
center rotate significantly with the introduction of the DBB
backbone. Although it is unclear how these complexes might
exist in solution or as propagating Ni cations, these structures
suggest a dramatic alteration in the steric environment by
introduction of the DBB backbone relative to the related
acenaphthene ligand-based complex."’

Polymerization temperatures were screened from 60°C to
—20°C at 1 atm pressure of ethylene (Table 1, entries 1-5). As
expected, branching content was found to decrease as
temperature was decreased, yielding highly linear PE with
only 6 branches/1000 carbons at —20°C, as can be determined

Entry Catalyst Ethylene Ton Yield TOF® M, Dl Branches/ T
loading pressure °q] le] h™ [kg/mol] 1000 °q
[umoles] [atm] carbons!

1 10 1 60 1.010 7200 82 1.35 63 71

2 10 1 40 1.039 7400 87 1.18 55 78

3 10 1 20 1.842 13000 128 1.25 45 85,112

4 10 1 0 2.320 17000 157 1.59 36 106, 116

5 10 1 -20 2.004 14000 288 1.70 6 125

6 2.5 4 —20 0.472 13000 639 1.39 4 132

7 0.5 7 -20 0.487 70000 712 1.34 <1 135

[a] Polymerization conditions: 300 equiv. MAO, toluene (100 mL), 30 min. [b] Turnover frequency (TOF) =mol ethylene/(molcat h). [c] Determined
using gel permeation chromatography at 140°C in 1,2,4-trichlorobenzene vs. polyethylene standards. [d] Determined by '"H NMR spectroscopy.
[e] Determined by differential scanning calorimetry, second heat. [f] Both a broad lower temperature and sharp high temperature endotherm were

observed (See the Supporting Information).
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from the 'HNMR spectra (Supporting Information). The
degree of branching was further reduced by increasing
ethylene pressures to 4 or 7 atm, thereby favoring ethylene
coordination and insertion over chain-walking. At —20°C and
7 atm of ethylene (entry7), highly linear PE could be
obtained (7,,=135°C, <1 branch/1000 carbons). For rac-3,
narrow dispersity (P) values were observed at 20 and 40°C,
indicating that polymerizations using rac-3 may be controlled/
living at these temperatures. To investigate this, ethylene
polymerizations were conducted at 20°C using rac-3 and
monitored over a period of 2 h (Figure 2). During this time,
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Figure 2. Molecular weight and dispersity as a function of polymer
yield (T,,=20°C, 10 pmol rac-3, monitored over 2 h).

molecular weights increased linearly with conversion, D
values remained consistently low (P =1.25), and number
average molecular weights (M,) approached 500 kDa, which
was in good agreement with theoretical values. It should be
noted that the increased P values observed as polymerization
temperature was decreased (entries 4 and 5) were most likely
due to the deleterious effect of polymer precipitation from
solution at those temperatures. Comparing the ethylene
polymerization activity of rac-3 to other a-diimine nickel
catalysts under identical conditions revealed that the activity
was comparable to the complex derived from rac-2 and an
acenaphthene linker,['™ but half as active as the prototypical
Brookhart catalyst derived from 2,6-diisopropylaniline and an
acenaphthene linker (Supporting Information).!”
Copolymerizations of ethylene and methyl 10-undece-
noate!>'*%! (both biorenewable monomers)®' were con-
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Scheme 3. Copolymerization of ethylene and methyl 10-undecenoate
using rac-3.

ducted using rac-3 (Scheme 3; Table 2). It was found that as
methyl 10-undecenoate concentration was increased from
0.022 to 0.088M, a corresponding increase in co-monomer
incorporation was observed, with 1 mol % methyl 10-unde-
cenoate incorporated into the polymer at higher concentra-
tions (entry 3). Further decreasing temperature and ethylene
pressure led to highly linear polymers with 77, values of 128 °C
and up to 1 mol % co-monomer incorporation (entries 4 and
5). In the presence of ester functional groups, the activity of
the polymerization dropped by an order of magnitude,
presumably owing to the reversible coordination of the
polar co-monomer with the cationic metal center (Supporting
Information). For comparison, a cationic Ni complex bearing
a PO-chelating ligand showed 0.6-4.8 mol % incorporation
for the copolymerization of ethylene and methyl 10-undece-
noate;*! however, the polymers produced by rac-3 showed
much higher molecular weights (27-105 kgmol ™' vs. 3.4-
4.5 kgmol ).

In conclusion, a dibenzobarrelene-derived, a-diimine Ni
complex (rac-3) was synthesized and tested for ethylene
polymerization. It was found to be highly active, exhibiting
living polymerization behavior for ethylene at room temper-
ature while producing linear polyethylene (7, =135°C) at
a polymerization temperature of —20°C. We propose that the
DBB-bridged o-diimine backbone creates a steric environ-
ment around the cationic Ni center that decreases catalyst
deactivation and chain walking, thereby producing highly
linear PE under mild conditions. In addition, rac-3 demon-
strated the ability to incorporate polar functionality into
highly linear PE backbones. This result lends promise toward
the ability to fine-tune the material properties of polyethylene
prepared using Ni-based, single-site catalysts. Future work is
focused on maintaining linear backbones at higher temper-
atures and with higher activity through further catalyst
optimization.

Table 2: Copolymerization of ethylene and methyl 10-undecenoate using rac-3.1

Entry Toluene [Methyl 10-undecenoate] [M] Ethylene Ton Yield M, P! D! Comonomer T

[mL] pressure [°q] lel [kg mol™] incorp. [y
[atm] [mol %]

1 100 0.022 1.7 20 0.376 105 1.62 0.6 101

2 50 0.044 1.7 20 0.250 74 1.45 0.7 100

3 25 0.088 1.7 20 0.130 62 1.58 1.0 97

41 25 0.088 1.7 —-20 0.363 41 2.26 0.3 128

51l 25 0.088 0.7 —-20 0.528 27 2.83 1.0 128

[a] Polymerization conditions: 10 umol rac-3, 300 equiv. MAO, 1 h. [b] Determined using gel permeation chromatography at 140°C in 1,2,4-
trichlorobenzene vs. polyethylene standards. [c] Determined by 'H NMR spectroscopy. [d] Determined by differential scanning calorimetry, second
heat. [e] Polymerization time =3 h. [f] Polymerization time=14 h.
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