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a b s t r a c t

Imino- and amino-pyridine ligands are versatile scaffolds to probe how ligand sterics influence poly-
merization outcomes for nickel(II) ethylene polymerization catalysts. Six imino- and one amino-pyridine
nickel(II) complexes with varied imino/amino-carbon substitution (R1¼methyl, ethyl, isopropyl or tert-
butyl) were synthesized (1-7). Five of these complexes were analyzed crystallographically: dimeric {[2-
[(2,6-Me2-C6H3)N¼C(R1)]C5H4N]NiBr2}2 (R1¼ Et 2; R1¼ t-Bu 4), monomeric [2-[(2,6-Me2-C6H3)N¼C(R1)]
C5H4N]NiBr2NCCH3 (R1¼Me 5; R1¼ t-Bu 6), and monomeric [2-[(2,6-Me2-C6H3)NHCH(t-Bu)]C5H4N]
NiBr2 (7). Complexes 1-7 are competent ethylene polymerization precatalysts at 0�C, and tert-butyl
substituted imino-pyridine precatalysts 4 and 6 and amino-pyridine precatalyst 7 display the best ac-
tivity, highest polyethylene molecular weight, and narrowest dispersity values of series. 13C-NMR ana-
lyses of polyethylene samples reveal a lightly branched morphology with a modest amount of methyl
branching; polymer Tm values are consistent with this assessment. Ongoing work includes further
exploration of precatalysts 4, 6, and 7 in attempt to maximize polyethylene molecular weight and
achieve living polymerization.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

For over fifteen years, imino-pyridine nickel(II) complexes have
been examined as precatalysts for ethylene polymerization [1e3].
This field of inquiry developed as a natural progression based on
successes of Brookhart's [4e7] a-diimine Ni(II) and Pd(II) com-
plexes for formation of hyperbranched polyethylene (PE) and
Brookhart [8e10] and Gibson's [11e13] bis(imino)-pyridine Fe(II)
and Co(II) complexes for formation of linear, high molecular weight
polyethylene. A growing family of imino-pyridine Ni(II) complexes
have been reported (Chart 1, left) where N-aryl, R2, and R1 sub-
stituents are varied to explore structure/activity relationships in
catalytic ethylene polymerization [14e21]. Amino-pyridine nick-
el(II) complexes (Chart 1, right) are a more recent development and
Zubris).
also show promise for catalysis (vide infra) [22]. Researchers have
also explored more elaborate scaffolds based on the imino-pyridine
ligand core; some of the most active precatalysts for ethylene
polymerization appear in Chart 2 [23e27].

Modification of the N-aryl substitution pattern is common; for
example, enhanced steric bulk of ortho-aryl substituents (i.e. from
methyl to isopropyl) can increase polyethylenemolecular weight at
the expense of diminished catalyst activity; these trends mirror
results for bis(imino)pyridine Fe(II) precatalysts [12]. Halide N-aryl
substituents may be incorporated to enhance catalyst activity [23].
Replacement of N-aryl with an 8-arylnaphthyl substituent provides
additional steric shielding for nickel, retarding chain transfer and
thus increasing polyethylene molecular weight substantially (up to
one million with optimized substitution) [26,27]. Notably, catalyst
activity is moderate to high for these catalysts (see Chart 2).

Ortho-aryl substituents are proposed to provide steric protec-
tion to the metal and hinder chain transfer during ethylene poly-
merization; the more limited steric protection of an imino-pyridine
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Fig. 1. Complexation of ligands A-D with NiBr2(DME) affords 1-4, respectively. Con-
ditions to prepare 1e3: 24 h, 22�C. Conditions to prepare 4: 72 h, reflux.
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(as compared to a-diimines or bis(imino)pyridines) is used to
explain the tendency of many imino-pyridine nickel(II) catalysts to
form polyethylene with Mn values of less than 50 000 g/mol [18]
(examples from Chart 2, upper right, notwithstanding [26,27]). In
attempt to address this deficiency, the R2 position (Chart 1) has
been varied; however, a methyl group at R2 leads to decreased
activity and ethylene oligomer molecular weight [15,18,19], and
substituted aryls as R2, such as 2,4,6-triisopropylphenyl or 2,6-
diisopropylphenyl, favor efficient ethylene dimerization (also,
small amounts of C-6, C-8, and higher polyethylene oligomers are
formed) [21]. The choice of phenyl or thiophen-2-yl as R2 renders
nickel(II) complexes that are inactive for ethylene polymerization
[20].

The relevance of steric bulk at the imino carbon position (Chart
1, R1) of imino-pyridine nickel(II) complexes has received limited
attention. The choice of methyl or phenyl as R1 increases ethylene
polymer branching relative to precatalysts with hydrogen as R1;
phenyl as R1 also modestly improves catalytic activity and increases
polyethylene molecular weights at a 0�C operating temperature
[15]. The use of electron donating and/or sterically bulky imino
carbon substituents has not been a focus for nickel(II) catalysts.

Related work for iron(II) catalysts highlights the importance of
the imino carbon position for improved catalyst activity and poly-
mer molecular weight. Bis(imino)pyridine iron(II) catalysts with
bulky aliphatic imino carbon substituents of CH2CH3, CH(CH3)2,
CH2CH2Ph, and CH(CH2Ph)2 are active for ethylene polymerization;
as the steric bulk of these substituents increases, polyethylene
molecular weight increases whilemaintaining catalyst productivity
[28]. Ether and thioether imino carbon substituents are also
attractive options for bis(imino)pyridine iron(II) catalysts; the thi-
oether derivatives (SMe and S(2,6-Me2-C6H3)) display higher
ethylene polymerization activities than the corresponding ether
analogs, and the bulkiest thioether derivatives have ethylene
polymerization activities that rival ketimine analogs [29,30].

Amino-pyridine nickel(II) complexes (Chart 1, right) have
demonstrated recent success for ethylene polymerization, where
optimization of the amino carbon position yields improvements in
catalyst activity and dispersity values consistent with living poly-
merization for ligands where R1¼ C(Me)(Ph) or R1¼ CH(2,4,6-Me3-
C6H2) [22,31]. Further ligand development is warranted to explore
the role of electron donating and/or sterically hindered imino car-
bon substituents in amino-pyridine nickel(II) complexes as well.

Herein we describe the role that steric bulk of the imino/amino
carbon substituent of nickel(II) catalysts plays in polyethylene
branching, catalyst activity, polymer molecular weight and dis-
persity values. We have prepared and characterized imino-pyridine
nickel(II) catalysts with R1¼Me, Et, i-Pr, or t-Bu, and one example
of an amino-pyridine nickel(II) catalyst with a R1¼ t-Bu substitu-
ent. All examples are competent ethylene polymerization catalysts,
and the influence of R1 on polymerization outcomes will be
discussed.

2. Results and discussion

2.1. Synthesis of nickel(II) complexes

Four imino-pyridine ligands of the form [2-[(2,6-Me2-C6H3)
N¼C(R1)]C5H4N] were selected to probe the influence of steric bulk
at the imino carbon position on catalysis for polyethylene forma-
tion. Our group and others have previously described the prepa-
ration of three of these ligands: A (R1¼Me) [16], C (R1¼ i-Pr) [32],
and D (R1¼ t-Bu) [33]; preparation of B (R1¼ Et) is described in the
Supplementary Material.

As we previously disclosed, R1 substituents with enhanced
steric bulk introduce the possibility for observation of the Z isomer
of the imine, as detected by solution phase 1H NMR spectroscopy
[32,33]. For example, ligand C is detected as a 41: 59 ratio of E: Z
isomers in methylene chloride-d2 at 10�C [32]. Ligand D is strictly
observed as the Z isomer in both methylene chloride-d2 and
toluene-d8 over a range of temperatures (�80�C to 30�C and �80�C
to 90�C, respectively). In contrast, ligand B is solely found as the E
isomer in methylene chloride-d2, and ligand A is also solely found
as the E isomer in bothmethylene chloride-d2 and toluene-d8 over a
range of temperatures (�80�C to 30�C and �80�C to 90�C,
respectively). Regardless of the balance of E and Z isomers detected
in solution for ligands A-D, we achieve successful metalation with
Ni(II) in each case. This suggests a sufficiently low barrier to
isomerize from a Z to an E isomer [32], since the E isomer is
required for the imino-pyridine ligand to chelate Ni(II).

Further, we targeted one amino-pyridine ligand to allow a study
of the differences between imino- and amino-pyridine ligands
when incorporated in catalysts for polyethylene formation. Prepa-
ration of ligand E, [2-[(2,6-Me2-C6H3)NHC(t-Bu)]C5H4N], is
described in the Supplementary Material.

Upon screening a host of nickel(II) sources for metalation of li-
gands A-D, NiBr2(DME) was deemed most effective. Using anhy-
drous dichloromethane as solvent, treatment of a suspension of
NiBr2(DME) with an equimolar solution of ligand (A-D) affords the
corresponding dimeric nickel(II) complexes in modest yields
(Fig. 1). Complexes 1-3 were prepared in 72%, 29%, and 20% yield,
respectively, after 24 h of stirring at 22�C. Complex 4 was prepared
under slightly more forcing conditions; 72 h of stirring at reflux
results in a 68% product yield. Although yields are modest, they are
consistently achieved in our labs. Single crystal X-ray structures of
complexes 2-4 reveal dimeric nickel(II) species (vide infra); com-
plex 1 is also presumably dimeric.

Complex 1-4 were all ultimately isolated as orange solids, yet
each presented different challenges in isolation. Complex 1
precipitated during its synthesis and was isolated by vacuum
filtration. In contrast, complexes 2 and 4 were soluble under these
preparation conditions. Filtration of the crude product mixtures
removed undesired solids and concentration of the filtrates in
vacuo provided 2 and 4, respectively. Complex 3 was sparingly
soluble under reaction conditions. Filtration of the crude product
mixture yielded a solid and similarly colored filtrate; there was
spectroscopic evidence (IR) for presence of 3 in both the solids and
filtrate, though the solids accounted for the bulk of the mass bal-
ance. The solids were subjected to Soxhlet extraction using
dichloromethane, and subsequent concentration to dryness of the
Soxhlet extract gave 3.

Complexes 1-4were characterized by infrared spectroscopy and
elemental analysis. By infrared spectroscopy, the imine C¼N stretch
is diagnostic and the following values were obtained: complex 1,



Fig. 3. Complexation of ligand E with NiBr2(DME) affords 7.
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1594 cm�1; complex 2, 1588 cm�1; complex 3, 1589 cm�1; and
complex 4, 1616 cm�1. As expected, these values are lower in energy
than the C¼N stretch for the corresponding free ligands: ligand B,
1644 cm�1; ligand C, 1651 cm�1; and ligand D, 1644 cm�1.

We anticipated that monomeric nickel(II) complexes may
exhibit improved polymerization catalysis through faster rates of
initiation and/or propagation due to less congestion around the
metal center. With this in mind, we dissolved complexes 1 and 4 in
anhydrous acetonitrile solvent and cooled these vibrant green so-
lutions to �35�C to induce dissociation of the dimers and crystal-
lization of monomeric species. Indeed, monomeric complexes 5
and 6 were isolated through this method (Fig. 2), with solid-state
structures confirmed by X-ray crystallography (vide infra).
Limited quantities of 5 and 6were isolated and we prioritized their
usage for catalytic studies; therefore, compounds 5 and 6 were
neither characterized by IR spectroscopy nor elemental analysis.

Lastly, amino-pyridine ligand E, [2-[(2,6-Me2-C6H3)NHCH(t-Bu)]
C5H4N], was successfully metalated under similar conditions as
used for ligands A-C, forming 7 as illustrated in Fig. 3. Complex 7
was soluble under the reaction conditions; filtration of the dark-red
colored crude product mixture removed undesired solids, and
concentration of the filtrate in vacuo provided 7 as a purple solid in
42% yield. Complex 7 was characterized by infrared spectroscopy
and elemental analysis. By infrared spectroscopy, amine N-H
stretches are diagnostic: ligand E, 3386 and 3412 cm�1; complex 7,
3308 and 3362 cm�1. Elemental analysis data for complex 7 is
consistent with the empirical formula: C36H48N4Br4Ni2 , 1C4H10O2.

The 2:1 ratio of amino-pyridine ligand to C4H10O2 (dimethoxy-
ethane) in this empirical formula suggests a dimeric nickel(II)
complex with a coordinating dimethoxyethane molecule derived
from the metalation source. Subsequent characterization of a single
crystal of 7 by X-ray crystallography (vide infra) reveals a mono-
meric structure with no solvent coordinated to nickel(II) or present
in the unit cell.

2.2. X-ray crystallographic data for complexes 2 - 7

Samples of complexes 2 - 7were all amenable to forming single
crystals suitable for X-ray diffraction. Since complex 1was prepared
according to methods described elsewhere [16], we did not pursue
its crystallographic analysis.

Dimeric 2 and 4 adopt distorted trigonal bipyramidal geome-
tries, with t5 parameters of 0.61 and 0.71, respectively (Fig. 4) [34].
The angle defined by the axial ligands (pyridine nitrogen and one
bridging bromide) and the central nickel is slightly less than 180� in
each case (174.90(3)� and 176.20(4)�, respectively) due to con-
straints imposed by the chelating imino-pyridine ligand. Laine re-
ported a similar centrosymmetric dimeric structure for ([2-{(2,6-(i-
Pr)2C6H3)NC(Ph)}C5H4N]NiBr2)2 [15]. The N1-Ni1-N2 ligand bite
Fig. 2. Dissolution of 1 and 4 in anhydrous CH3CN and co
angle for 2 (79.33(4)�) and 4 (78.28(6)�) are in line with the
79.06(2)� angle reported by Laine. The C¼N imine bond length of
1.289(2) Å for 2 and 1.293(2) Å for 4 are akin to the 1.277(5) Å bond
length reported by Laine. These distances are consistent with C¼N
double bond character, suggesting a neutral ligand for this poten-
tially redox-active ligand.

Monomeric 5 and 6 also adopt distorted trigonal bipyramidal
geometries, with t5 parameters of 0.64 and 0.79, respectively
(Fig. 5) [34]. An acetonitrile ligand and pyridine nitrogen occupy
the axial positions in both of these crystal structures. The angle
defined by the axial ligands (acetonitrile and pyridine nitrogen) and
the central nickel is less than 180� in each case (171.08(6)� and
171.87(6)�, respectively) with the acetonitrile ligand slightly
leaning towards the N-aryl substituent for both structures. Gibson
and coworkers [18] reported a crystal structure for a similar
monomeric nickel(II) acetonitrile adduct, [2-{(2,6-(i-Pr)2C6H3)
NC(H)}C5H4N]NiBr2(NCCH3), also formed by using acetonitrile as
solvent to recrystallize a dimeric Ni(II) species. The N1-Ni1-N2
ligand bite angle for 5 (79.30(6)�) and 6 (77.47(5)�) are in line with
the 78.78(2)� angle reported by Gibson. The C¼N imine bond length
of 1.283(2) Å for 5 and 1.287(2) Å for 6 are both akin to the 1.261(5)
Å bond length reported by Gibson, and these distances are
consistent with C¼N double bond character. As for dimeric 2 and 4,
these distances suggest a neutral ligand for 5 and 6 despite possi-
bility for redox-active ligand behavior.

Amino complex 7 adopts a distorted tetrahedral geometry with
no solvent in the coordination sphere (Fig. 6). Based on its t4
parameter of 0.88, its geometry is distorted tetrahedral [35]. The
N1-Ni1-N2 ligand bite angle (83.22(2)�) is similar to the 81.56(9)�

angle reported by Gao and Wu for a related dimeric amino(-
pyridine) nickel(II) complex, ([2-{(2,6-(i-Pr)2-C6H3)NHCH(Ph)}
C5H4N]NiBr2)2 [22]; interestingly, this group does not report crystal
structures for any four-coordinate Ni(II) species as we observe here
for 7. The C-N amine bond length of 1.507(4) Å for complex 7 is
consistent with C-N single bond character, as anticipated.
oling at �35�C for days affords 5 and 6, respectively.



Fig. 4. ORTEP diagrams for {[2-[(2,6-Me2-C6H3)N¼C(R1)]C5H4N]NiBr2}2 (top, R1¼ Et 2;
bottom, R1¼ t-Bu 4). Thermal ellipsoids are shown at the 50% probability level.
*Symmetry transformations used to generate equivalent atoms: x, -yþ2, -z. Selected
bond lengths (Å) and angles (deg) for 2: C1-N2 1.2891(2), N1-Ni1-N2 79.33(4), N1-Ni1-
Br2A* 174.90(3), N2-Ni1-Br2 103.27(3), N2-Ni1-Br1 117.84(3), Br1-Ni1-Br2 138.053(9).
Selected bond lengths (Å) and angles (deg) for 4: C6-N2 1.293(2), N1-Ni1-N2 78.28(6),
N1-Ni1-Br1A* 176.20(4), N2-Ni1-Br1 109.76(4), N2-Ni1-Br2 115.83(4), Br1-Ni1-Br2
133.503(2).

Fig. 5. ORTEP diagrams for [2-[(2,6-Me2-C6H3)N¼C(R1)]C5H4N]NiBr2NCCH3 (top,
R1¼Me 5; bottom, R1¼ t-Bu 6). Thermal ellipsoids are shown at the 50% probability
level. Selected bond lengths (Å) and angles (deg) for 5: C1-N1 1.283(2), N1-Ni1-N2
79.30(6), N1-Ni1-Br1 114.16(4), N1-Ni1-Br2 112.65(4), N2-Ni1-N3 171.08(6), Br1-Ni1-
Br2 132.542(2). Selected bond lengths (Å) and angles (deg) for 6: C6-N2 1.287(2),
N1-Ni1-N2 77.47(5), N1-Ni1-N3 171.87(6), N2-Ni1-Br1114.01(4), N2-Ni1-Br2 121.58(4),
Br1-Ni1-Br2 124.026(2).
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2.3. Ethylene polymerization

Complexes 1e7 were tested for polymerization of ethylene (75
psi) using methylaluminoxane (MAO) as cocatalyst (Table 1). Three
parameters were varied: reaction temperature (0 �C or 20 �C), re-
action time (15min or 30min), and number of equivalents of MAO
(2000, 1000, or 500 equiv). Where possible, catalyst activity was
measured (reported with units of kg PE � mol cat�1 � h�1), differ-
ential scanning calorimetry (DSC) was used to determine Tm, if
observable, and gel permeation chromatography (GPC) was used to
determine Mn, Mw, and dispersity (Ð). For select polymer samples,
polymer branching was assayed by 13C NMR spectroscopy and the
data reported as number of methyl branches per 1000 C.

Reaction trials at 20 �C generally produced mere traces of
polymer product for imino-pyridine precatalysts 1-6. Table 1, entry
4, is one example where a slightly higher quantity of material was
isolated giving a measurable, yet low, activity value. This data
suggests chain termination successfully competes with chain
propagation at 20 �C. An alternate explanation could be catalyst
decomposition due to residual trimethylaluminum present in the
MAO cocatalyst solution. No color differences were observed be-
tween 0 �C and 20 �C reaction trials, perhaps suggesting a partial
catalyst decomposition. Given our focus on generating poly-
ethylene, we did not pursue oligomer identification for the 20 �C
reaction trials.

Reaction trials at 0 �C produced oligomeric polyethylene for
dimeric imino-pyridine precatalysts 1-4. Gratifyingly, as steric bulk
of R1 increases through this series, subtle increases in catalyst ac-
tivity and polymer molecular weight are observed. This supports
our hypothesis that bulky imino carbon substituents, such as the t-
Bu substituent of 4, may help enforce a perpendicular orientation of
the N-aryl relative to the pyridine ring and bridging bromides. This
orientation of N-aryl substituents may hinder undesired polymer
chain transfer and termination. Polyethylene Mn tracks with steric
bulk of R1 and increases as follows: polymer Mn formed by 1< 2 <
3< 4. Precatalyst 4 formed a grainy wax morphology polymer



Fig. 6. ORTEP diagram for [2-[(2,6-Me2-C6H3)NHCH
(t-Bu)]C5H4N]NiBr2 (7). Thermal ellipsoids are shown at the 50% probability level.
Selected bond lengths (Å) and angles (deg) for 7: N1-C1 1.507(4), N1-Ni1-N2 83.22(2),
N1-Ni1-Br1 107.14(9), N1-Ni1-Br2 111.75(8), N2-Ni1-Br1 111.05(9), N2-Ni1-Br2
111.12(9), Br1-Ni1-Br2 124.75(2).
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(Table 1, entry 7); the relevance of this morphology to polymer
molecular weight will be discussed later. Catalyst activity displays a
slightly different trend for substituents of intermediate steric bulk:
activity generated from 1< 3 < 2< 4. Polyethylene generated from
all four catalysts was examined by DSC analysis (Table 1, entries 1, 3,
5, and 7); however, no features were observed for polymers formed
by precatalysts 1e3, supporting lowmolecular weight polyethylene
lacking crystallinity. Polyethylene formed by precatalyst 4 (Table 1,
entry 7) has a Tm of 101.4 �C, suggesting a modest amount of methyl
branching in the polymer backbone (vide infra).

Based on favorable results for precatalyst 4, the influence of
MAO equivalents (2000, 1000, or 500 equiv) was probed (Table 1,
Table 1
Ethylene polymerization screening using precatalysts 1-7.a

Entry Precatalyst T (�C) MAO (equiv) Activityb Appearan

1 1 0 2000 80 waxy
2 1 20 1000 traces traces
3 2 0 2000 230 waxy
4 2 20 2000 40 waxy
5 3 0 2000 140 waxy
6 3 20 1000 traces traces
7 4 0 2000 290 grainy w
8 4 0 1000 250 powder
9 4 0 500 250 waxy
10j 4 0 2000 70 powder
11 4 20 1000 traces traces
12 5 0 2000 210 waxy
13 5 20 2000 traces traces
14 6 0 2000 320 grainy w
15 6 20 2000 traces traces
16 7 0 2000 230 waxy
17j 7 0 2000 400 powder
18 7 20 2000 150 waxy

a Polymerization conditions: 5 mmol Ni, 75 psi ethylene pressure, 10mL of toluene, 30
b Activity (kg PE � mol cat�1 � h�1).
c Determined using DSC.
d GPC sample preparation (5mg PE dissolved in 1mL 1,2,4-trichlorobenzenewith antio

at 135 �C.
e Methyl branches per 1000 C determined by 13C NMR spectroscopy (50mg PE dissolv
f nd: not detected.
g n/a: not analyzed due to high sample viscosity.
h n/a: not available.
i This sample contained a second component that could not be analyzed by GPC due
j 15min polymerization trial.
entries 7, 8, and 9). As the number of equivalents of MAO is
decreased, catalyst activity is slightly depressed. Also, the dispersity
broadens slightly when using 1000 equiv MAO and broadens more
substantially at 500 equiv MAO. Increased chain transfer to
aluminum and a broader dispersity are expected when equivalents
of MAO are decreased, since chain transfer to aluminum is first-
order in [Al]. The need for high levels of MAO for optimum cata-
lytic performance has been noted by others for similar catalysts
[15,22].

Monomeric precatalysts 5 and 6 (where R1¼Me or t-Bu,
respectively) were tested to evaluate the hypothesis that mono-
mers may exhibit improved polymerization catalysis through faster
rates of initiation and/or propagation. Reaction trials at 20 �C using
monomeric precatalysts 5 and 6 produced only traces of product
(Table 1, entries 13 and 15), as observed for dimeric precatalysts 1-
4. For reaction trials at 0 �C, precatalysts 5 and 6 produced oligo-
meric polyethylene and outperformed precatalysts 1 and 4 with
respect to catalyst activity, in line with our hypothesis (Table 1,
entries 12 versus 1 and entries 14 versus 7, respectively).

The influence of monomeric versus dimeric precatalyst on
polymer molecular weight differs for precatalysts where R1¼Me
versus R1¼ t-Bu. For the precatalysts where R1¼Me, monomeric
precatalyst 5 produced polyethylenewith a slightly higher polymer
molecular weight and comparable dispersity versus polyethylene
formed by dimeric precatalyst 1. For the precatalysts where R1¼ t-
Bu, the grainy wax morphology of polyethylene formed by pre-
catalysts 4 and 6 suggest two chemically different components in
the polymer sample (see polymer 13C-NMR discussion below). In
this case, it is more tenuous to make conclusions about relative
polymer molecular weights using a monomeric versus dimeric
precatalyst. Indeed, for three polyethylene samples formed by
precatalysts where R1¼ t-Bu (Table 1, entries 7, 8, and 14), each
sample contained an oligomeric fraction that was readily assayed
by GPC (data reported in Table 1) in combination with a second
fraction that could not be analyzed by GPC due to solubility
ce Tm (�C)c Mn
d Mw

d Ðd Methyl branchese

ndf 1620 2820 1.74 n/ag

ndf n/ah n/ah n/ah n/ag

ndf 1850 3320 1.80 n/ag

ndf 1580 2360 1.49 n/ag

ndf 2670 5180 1.94 n/ag

ndf n/ah n/ah n/ah n/ag

ax 101.4 8770i 13 080i 1.49 55
101.6 10 050i 15 900i 1.58 53
ndf 2950 8300 2.81 n/ag

102.3 9090 12 800 1.41 59
ndf n/ah n/ah n/ah n/ag

ndf 1810 3080 1.70 n/ag

ndf n/ah n/ah n/ah n/ag

ax 101.9 7940i 12 310i 1.55 57
ndf n/ah n/ah n/ah n/ag

ndf 3590 6990 1.95 n/ag

99.9 11 980 19 270 1.61 41
ndf 2620 4620 1.77 n/ag

min reaction time unless otherwise noted.

xidants 12 h prior to analysis); GPC instrument calibratedwith polystyrene standards

ed in 1,2,4-trichlorobenzene, heated for 18 h; sample run at 140 �C).

to solubility limitations.



Chart 1. Reported imino- and amino-pyridine Ni(II) catalysts. Most commonly, where
R1¼H, Me, or aryl; R2¼H, Me, or aryl; R3¼H or Me; and R-aryl¼ 2,6-i-Pr2-C6H3, 2,6-
Me2-C6H3, or 2,4,6-Me3-C6H2. More elaborate substitution patterns appear in Chart 2,
top right and bottom left.
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Chart 2. Recent modifications of the imino-pyridine ligand. 2-(2-pyridyl)quinoxalines
(produces a-olefins, top left) [24], 8-arylnaphthyl imines (produces high molecular
weight PE, top right) [26,27], imino-pyridines constructed with bulky unsymmetrical
anilines (produces PE, bottom left) [23], and 2-benzimidozylpyridines (produces a-
olefins, bottom right) [25]; all have high catalytic activities.
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limitations. Hence, precatalysts 4 and 6with a R1¼ t-Bu substituent
appear capable of generating extremely high molecular weight
polyethylene, exceeding the expectation of our initial hypothesis.
There are other reported examples where Ni(II) or Fe(II) pre-
catalysts generate bimodal polymer samples; this outcome is
generally attributed to multiple catalytic species due to atropiso-
merism of a C1-symmetric precatalyst [36,37] or due to varied steric
environments of a dendritic catalyst [19].

Polyethylene generated from monomeric precatalysts 5 and 6
was examined by DSC analysis. No features were observed for
polymer formed by precatalyst 5 (Table 1, entry 12) supporting low
molecular weight polyethylene lacking crystallinity. Polyethylene
formed by precatalyst 6 (Table 1, entry 14) has a Tm of 101.9 �C,
suggesting a modest amount of methyl branching in the polymer
backbone (vide infra). The DSC data demonstrates that choice of R1
substituent (Me versus t-Bu) is more impactful on polymer crys-
tallinity than use of a monomeric versus dimeric precatalyst.

Based on favorable data for t-Bu substituted imino-pyridine
precatalysts 4 and 6, we were optimistic that amino-pyridine pre-
catalyst 7 would be effective for ethylene polymerization. Poly-
merization trials summarized in Table 1 reveal that imino-pyridine
precatalyst 4 and amino-pyridine precatalyst 7 have different
behavior. For example, at 20 �C, amino-pyridine precatalyst 7 was
the only precatalyst of the series to produce a reasonable quantity
of polyethylene (Table 1, entry 18). Based on favorable catalyst ac-
tivity for precatalyst 7 at a 30-min reaction time, we examined
precatalysts 4 and 7 side-by-side with a shorter reaction time of
15min (Table 1, entries 10 and 17). Precatalyst 7 exhibited the
highest catalyst activity and highest measureable polyethylene
molecular weight of the series. Further, polymers formed through
these 15-min polymerization trials of precatalysts 4 and 7 were
tested by DSC and displayed Tm values of 102.3 �C and 99.9 �C,
respectively. Overall, the polymer data for amino-pyridine pre-
catalyst 7 suggests the benefit of a R1¼ t-Bu substituent extends to
the amino-pyridine ligand framework with its sp3 amino carbon.
Precatalysts 4, 6, and 7 (each with R1¼ t-Bu) are all promising leads
for future optimization of catalyst activity and polymer molecular
weight for oligomeric polyethylene.

It is prudent to benchmark the catalyst activities of 1e7 relative
to other known nickel(II) catalysts. Two decades ago, Gibson and
coworkers provided an activity rating system in their review of
“new-generation” olefin polymerization catalysts [38]. Using rec-
ommended units for activity, activities for precatalysts 1-7 range
from 8 to 80 kg PE � mol cat�1 � h�1 � bar ethylene�1. Catalyst ac-
tivities for Gao andWu's amino-pyridine nickel(II) catalysts fall in a
slightly lower range of 4e60 kg PE � mol cat�1 � h�1 � bar ethyl-
ene�1 [22]; Laine's reported imino-pyridine nickel(II) catalysts
trend higher with a range of 10e330 kg PE � mol cat�1 � h�1 � bar
ethylene�1 [15]. Similar activities were reported by Daugulis/
Brookhart [26] and Chen [27] for 8-arylnaphthyl substituted imino-
pyridine nickel(II) catalysts (Chart 2, top right), with ranges of
3e360 kg PE �mol cat�1 � h�1 � bar ethylene�1 and 30e270 kg PE �
mol cat�1 � h�1 � bar ethylene�1, respectively. Sun has widely
explored imino-pyridine nickel(II) catalysts in recent years [39],
and has uncovered examples whose activities are an order of
magnitude larger than the examples summarized above. For
example, imino-pyridines constructed with bulky unsymmetrical
anilines (Chart 2, bottom left) have activities ranging from 430 to
1390 kg PE � mol cat�1 � h�1 � bar ethylene�1 [23]. Structurally
related N-(2,2-dimethyl-1-(quinolin-2-yl)propylidene)aryl amine
nickel(II) bromides can be activated with MAO to provide oligo-
merization activities in the range of 80 kg PE �mol cat�1 � h�1 � bar
ethylene�1; use of MMAO in place of MAO gives 10-fold activity
enhancements [40].

Though precatalysts 1-7 exhibit moderate activity, polymer
dispersity values are promising. In particular, precatalyst 4 gener-
ates polymer with a narrow dispersity value of 1.41 at 0 �C (Table 1,
entry 10), similar to values of 1.39 and 1.34 touted by Gao andWu's
for their two best-in-class amino-pyridine nickel(II) catalysts tested
at 0 �C [22]. These values are much lower than the dispersity values
ranging from 1.9 to 2.9 reported by Laine for imino-pyridine nick-
el(II) catalysts [15].

The amount and type of polymer branching is another impor-
tant characteristic of polyethylenes formed by nickel(II) and other
late transition metal catalysts. Since Brookhart's 1995 disclosure of
hyperbranched polyethylene formed by diimine Ni(II) and Pd(II)
complexes, various polyethylene branching patterns have been
observed as researchers have modified ancillary ligands for nick-
el(II) [15,16,18,22,41e44]. Polymer branching may be quantified
using NMR spectroscopy; both 1H-NMR [45] and 13C-NMR [46e50]
methods may be employed.
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Herein, 13C-NMR spectroscopy was used to quantify branching
for polyethylenes formed by t-Bu substituted imino-pyridine pre-
catalysts 4 and 6 and amino-pyridine precatalyst 7 (Table 1, entries
7, 8, 10, 14, and 17). Associated 13C-NMR spectra for these polymers
appear in the Supporting Information. These five polymer samples
all have a similar degree of branching, with 41e59 methyl branches
per 1000 carbons. Visual inspection of the 13C-NMR spectra reveals
a minimal amount of long chain branches.

Our polymer samples (Table 1, entries 7, 8, 10, 14, and 17) have a
similar number of methyl branches per 1000 carbons and similar
Tm values as compared to polyethylene formed at 20�C by Laine's
two imino-pyridine catalysts, ([2-{(2,6-(i-Pr)2C6H3)NC(R1)}C5H4N]
NiBr2)2 (where R1¼Me or Ph) [15]; however, these authors do not
report NMR spectra so relative amounts of long chain branches
cannot be compared.

The 13C-NMR spectra for our polymer samples (Table 1, entries 7,
8, 10, 14, and 17) suggest the operating mode(s) for chain termi-
nation. Chain transfer to aluminum produces alkane chain ends,
consistent with the 13C-NMR spectra for all polymer samples
examined. Interestingly, the two grainy wax samples (Table 1, en-
tries 7 and 14) both contain a 13C-signal in the alkene region of the
spectrum, suggesting potential b-H elimination as a competing
chain termination pathway. Since polymer samples from Table 1
entries 8, 10, and 17 do not possess alkene chain ends, replace-
ment of MAO cocatalyst with MMAO or Et2AlCl in future work may
allow us to minimize chain transfer to aluminum and therefore
drive down polymer dispersity values in pursuit of living
polymerization.

3. Conclusions

Four dimeric imino-pyridine nickel (II) complexes, two mono-
meric imino-pyridine nickel (II) complexes, and one amino-
pyridine nickel (II) complex were prepared to probe the influence
of steric bulk of the imino-/amino-carbon substituent (R1) on
polymer branching, catalyst activity, polymermolecular weight and
dispersity values for polyethylene formation. In line with our hy-
pothesis that a R1¼ t-butyl substituent might improve catalyst
activity and increase polymer molecular weight, precatalysts 4, 6,
and 7 indeed displayed the best performance for these two pa-
rameters. A modest amount of methyl branches were detected for
representative polymers, with associated polyethylene Tm values
ranging from 99.9 to 102.3�C. In future work, we will continue to
explore the origin of the grainy wax polymer morphology formed
by precatalyst 4 and 6 and attempt to capitalize on the promising
dispersity values detected for these polyethylene samples.

4. Experimental

4.1. General considerations

All chemical reactions were carried out under an atmosphere of
argon using standard Schlenk techniques unless otherwise noted.
Argon gas was purified by passage over Drierite™. All chemicals
were purchased from Sigma Aldrich and used as received unless
otherwise noted. Chloroform-d, benzene-d6 and dichloromethane-
d2 were purchased from Cambridge Isotope Laboratories and dried
over molecular sieves (8e12 mesh, 4Å, activated) before use. An
MBraun Manual Solvent Purification System (MB-SPS) was used to
obtain the following anhydrous solvents: toluene, pentane,
dichloromethane, acetonitrile, tetrahydrofuran, diethyl ether (for
uses other than ligand synthesis); when used in a glove box, sol-
vents were submitted to three freeze-pump-thaw cycles before
use. Anhydrous diethyl ether used in ligand synthesis (LiAlH4
reduction reactions) was purchased from J.T. Baker in 250mL
bottles, and a fresh bottle was used for each synthetic trial. Mo-
lecular sieves (8e12 mesh, 4Å) were purchased from J.T. Baker and
activated before use. Silica gel used for flash chromatography
was purchased from Sigma Aldrich (200e425 mesh). Nickel(II)
bromide, dimethoxyethane (DME) adduct was purchased from
Strem; 2-pyridylethylketone was purchased from MP Biomedicals.
Methyl-substituted ligand A [2-{(2,6-Me2-C6H3)NC(Me)}C5H4N]
was made according to published methods [16]. Tert-butyl-
substituted ligand D [2-{(2,6-Me2-C6H3)NC(t-Bu)}C5H4N] and its
synthetic precursor [2-Br,6-{(2,6-Me2-C6H3)NC(t-Bu)}C5H4N] were
prepared as described previously [33]. Iso-propyl-substituted
ligand C [2-{(2,6-Me2-C6H3)NC(i-Pr)}C5H4N] and corresponding
dimeric nickel(II) complex 3, ([2-{(2,6-Me2-C6H3)NC(i-Pr)}C5H4N]
NiBr2)2 were prepared as described previously [32].

4.2. Characterization

NMR spectra were recorded on a Varian Mercury 300 Plus
spectrometer at 300MHz (1H) and 75MHz (13C) at 298 K; all
chemical shifts were referenced relative to the NMR solvent (either
residual protio or 13C signals for the solvent peak(s)). Infrared
spectra were recorded using a Perkin-Elmer Spectrum One FTIR
System; samples were prepared by placing the compounds on a
diamond attenuated total reflectance (ATR) plate in either solid or
liquid form. Elemental analyses were performed at Atlantic
Microlab, Inc. in Norcross, Georgia.

4.3. Crystallography

A single crystal was mounted using Paratone oil onto a glass
fiber and cooled to the data collection temperature reported in
Table 2. Data were collected on a Brüker-AXS Kappa APEX II CCD
diffractometer with 0.71073 ÅMoKa radiation. Unit cell parameters
were obtained from 90 data frames, 0.5� F, from three different
sections of the Ewald sphere. The data set was treated with
SADABS-2014/15 absorption corrections (Bruker AXS Inc., Madison,
Wisconsin, USA) based on redundant multi-scan data. Structures
were solved by direct methods using XL [51] or XT [52] and refined
by full-matrix least-squares on F2 using XL interfaced through
APEX2 (Bruker AXS Inc., Madison, Wisconsin, USA) or OLEX2 [53].
All non-hydrogen atoms were refined with anisotropic displace-
ment parameters. All hydrogen atoms were treated as idealized
contribution. Crystal data and structure refinement details for
complexes 2, 4, 5, 6, and 7 appear in Table 2.

4.4. Polymerization

Ethylene polymerization screening, GPC, and DSC analyses were
carried out at the University of Massachusetts Amherst [54].
Anhydrous toluene was distilled from sodium prior to use, and a
MAO solution (10wt% in toluene) was purchased from Aldrich and
used as received. Polymer molecular weight was measured using a
Polymer Labs - GPC 220 calibrated with polystyrene standards at
135 �C. GPC samples were prepared by dissolving 5mg of PE in 1mL
1,2,4-trichlorobenzene with 0.025% (w/v) antioxidants (Irganox
1010 and Irgafos 168); GPC solutions were equilibrated for 12 h
prior to analysis and then analyzed at 140 �C. DSC analysis was
performed from 20 to 160 �C on a TA Instruments DSC Q200;
samples were analyzed across two thermal cycles, and the results
were collected on the second heating cycle.

4.5. Preparation of ([2-[(2,6-Me2-C6H3)NC(Me)]C5H4N]NiBr2)2 (1)

Under an atmosphere of nitrogen in an MBraun Unilab glovebox,
compound A (0.86 g, 3.82mmol, 1.0 equiv) was dissolved in



Table 2
Crystal data and structure refinement for complexes 2, 4, 5, 6, and 7.

2�(1 CH2Cl2) 4 5 6�(1 CH3CN) 7

Empirical formula C34H40Br4N4Ni2 C18H22Br2N2Ni C17H19Br2N3Ni C22H28Br2N4Ni C18H24Br2N2Ni
Formula weight 1083.56 484.91 483.88 567.01 486.92
Crystal color Orange Orange Brown Brown Pink
Habit Block Block Block Block Shard
Temperature 100(2) K 100(2) K 80(4) K 110(2) K 100(2) K
Crystal system Triclinic Monoclinic Orthorhombic Monoclinic Monoclinic
Space group P-1 P21/c Pna21 P21/c P21/c
Unit cell dimensions a¼ 8.9098(6)Å; a¼ 10.5902(4)Å; a¼ 20.7971(3)Å; a¼ 10.0819(5)Å; a¼ 15.5153(3)Å;

a¼ 72.9155(12)� a¼ 90� a¼ 90� a¼ 90� a¼ 90�

b¼ 10.3163(7)Å; b¼ 72.9381(12)� b¼ 9.9901(4)Å; b¼ 103.7940(10)� b¼ 8.66400(10)Å; b¼ 90� b¼ 12.3980(7)Å; b¼ 92.756(2)� b¼ 9.3726(2)Å; b¼ 113.3017(10)�

c¼ 13.0813(8)Å; c¼ 18.0549(6)Å; c¼ 10.3380(2)Å; c¼ 19.3100(10)Å; c¼ 14.3369(3)Å;
g¼ 65.0264(12)� g¼ 90� g¼ 90� g¼ 90� g¼ 90�

Volume 1021.77(12) Å3 1855.07(12) Å3 1862.76(5) Å3 2410.9(2) Å3 1914.80(7) Å3

Z 1 4 4 4 4
Density (calculated) 1.761Mg/m3 1.736Mg/m3 1.725Mg/m3 1.562Mg/m3 1.689Mg/m3

Absorption coefficient 5.123mm�1 5.354mm�1 5.333mm�1 4.134mm�1 5.187mm�1

F(000) 536 968 960 1144 976
Crystal size 0.35� 0.22� 0.10mm3 0.20� 0.12� 0.10mm3 0.40� 0.35� 0.35mm3 0.18� 0.06� 0.06mm3 0.25� 0.20� 0.05mm3

Theta range for data collection 1.661 to 34.334� 2.32 to 33.27� 1.958 to 34.338� 1.95 to 33.18� 2.601 to 32.137�

Index ranges �14� h� 14, �13� h <¼16, �33� h� 33, �15� h� 15, 0� h� 23,
�16� k� 16, �13� k <¼15, �13� k� 13, �18� k� 19, �14� k� 0,
�20� l� 20 �27� l <¼22 �16� l� 16 �29� l� 29 �21� l� 19

Reflections collected 33786 15273 47159 45181 6917
Independent reflections 8550 [R(int)¼ 0.0316] 6997 [R(int)¼ 0.0248] 7803 [R(int)¼ 0.0305] 9195 [R(int)¼ 0.0429] 6917 [R(int)¼ 0.0431]
Completeness to Q¼ 25.242� 100% 99.9% 100.0% 99.7% 100.0%
Maximum and minimum transmission 0.7469 and 0.5852 0.6166 and 0.4140 0.7469 and 0.5745 0.7895 and 0.5232 0.7463 and 0.5675
Data/restraints/parameters 8550/0/220 6997/0/213 7803/1/212 9195/0/269 6917/0/217
Goodness-of-fit on F2 1.031 1.009 1.039 1.012 1.422
Final R indices [I> 2sigma(I)] R1¼ 0.0248, R1¼ 0.0292, R1¼ 0.0179, R1¼ 0.0339, R1¼ 0.0338,

wR2¼ 0.0502 wR2¼ 0.0605 wR2¼ 0.0367 wR2¼ 0.0589 wR2¼ 0.1022
R indices (all data) R1¼ 0.0351, R1¼ 0.0449, R1¼ 0.0213, R1¼ 0.0646, R1¼ 0.0429,

wR2¼ 0.0528 wR2¼ 0.0651 wR2¼ 0.0374 wR2¼ 0.0654 wR2¼ 0.1046
Largest diff. peak and hole 0.740 and �0.645 e , Å�3 0.626 and �0.465 e , Å�3 0.371 and �0.298 e , Å�3 0.623 and �0.694 e , Å�3 0.946 and �0.566 e , Å�3
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anhydrous dichloromethane (12mL) in a 100mL round bottom flask.
A suspension of NiBr2(DME) (1.18 g, 3.82mmol, 1.0 equiv) in anhy-
drous dichloromethane (25mL) was prepared and this suspension
was added dropwise via pipet to the aforementioned solution to
yield a green solution. The solution was stirred at room temperature
for 24 h to yield an orange solution. The product 1 was isolated via
vacuum filtration as an orange solid (1.37 g). (Found: C 37.53, H 3.50,
N 5.87%. Calculated for C30H32N4Br4Ni2: C 40.69, H 3.64, N 6.33%.
Consistent with the formula: C30H32Br4N4Ni2 , 1.3 CH2Cl2. Recalcu-
lated: C 37.74, H 3.50, N 5.62%). Based on: C30H32Br4N4Ni2 , 1.3
CH2Cl2, 71.8% yield of 1was obtained. vmax (ATR)/cm�1: 1594 (C¼N).

4.6. Preparation of ([2-[(2,6-Me2-C6H3)NC(Et)]C5H4N]NiBr2)2 (2)

Under an atmosphere of nitrogen in anMBraun Unilab glovebox,
a suspension of NiBr2(DME) (0.50 g, 1.62mmol, 1.0 equiv) in
anhydrous dichloromethane (15mL) was prepared in a 50mL
round bottom flask. Compound B (0.39 g, 1.62mmol, 1.0 equiv) was
dissolved in anhydrous dichloromethane (25mL) and this solution
was added dropwise via pipet to the aforementioned suspension to
yield a dark green solution. The solution was stirred at room tem-
perature for 24 h, and then subjected to vacuum filtration. The
filtrate was concentrated to dryness in vacuo to yield 2 as an orange
solid (0.22 g, 29.2% yield). (Found: C 42.13, H 4.14, N 6.01%. Calcu-
lated for C32H36N4Br4Ni2: C 42.06, H 3.97, N 6.13%.) vmax (ATR)/
cm�1: 1588 (C¼N). Single crystals of complex 2 suitable for X-ray
diffraction were obtained from an anhydrous dichloromethane
solution cooled to �35 �C for 4 weeks.

4.7. Preparation of ([2-[(2,6-Me2-C6H3)NC(t-Bu)]C5H4N]NiBr2)2 (4)

Under an atmosphere of nitrogen in anMBraun Unilab glovebox,
a suspension of NiBr2(DME) (1.16 g, 3.75mmol, 1.0 equiv) in anhy-
drous dichloromethane (11mL) was prepared in a 50mL round
bottom flask. Compound D (1.00 g, 3.75mmol, 1.0 equiv) was dis-
solved in anhydrous dichloromethane (11mL) and this solutionwas
added dropwise via pipet to the aforementioned suspension to
yield a dark orange-brown solution. The solution was fitted with a
reflux condenser, taken out of the glovebox, and stirred at reflux for
72 h. Once the solution was taken back into the glovebox, the so-
lution was filtered using vacuum filtration. Product 4 was isolated
from the filtrate of this filtration. The filtrate was concentrated to
dryness in vacuo to yield the product as an orange solid (1.38 g).
(Found: C 41.36, H 4.52, N 5.39%. Calculated for C36H44Br4N4Ni2: C
44.58, H 4.57, N 5.78%. Consistent with the formula: C36H44Br4N4Ni2
, 1.3 CH2Cl2. Recalculated: C 41.47, H 4.35, N 5.19%). Based on:
C36H44Br4N4Ni2 , 1.3 CH2Cl2, 68.1% yield of 4 was obtained. vmax

(ATR)/cm�1: 1616 (C¼N). Single crystals of complex 4 suitable for X-
ray diffraction were obtained from an anhydrous dichloromethane
solution cooled to �35 �C for 4 weeks.

4.8. Preparation of [2-[(2,6-Me2-C6H3)NC(Me)]C5H4N]
NiBr2(NCCH3), (5)

Under an atmosphere of nitrogen in anMBraun Unilab glovebox,
complex 1 (250mg) was dissolved in a minimal amount of anhy-
drous acetonitrile (~5mL) to yield a green solution. The solution
was filtered and cooled to �35 �C for 6 weeks to produce green
crystals. Single crystals of complex 5 suitable for X-ray diffraction
were obtained from this recrystallization.

4.9. Preparation of [2-[(2,6-Me2-C6H3)NC(t-Bu)]C5H4N]
NiBr2(NCCH3), (6)

Under an atmosphere of nitrogen in anMBraun Unilab glovebox,
complex 4 (250mg) was dissolved in a minimal amount of anhy-
drous acetonitrile (~5mL) to yield a green solution. The solution
was filtered and cooled to �35 �C for 5 weeks to produce green
crystals. Single crystals of complex 6 suitable for X-ray diffraction
were obtained from this recrystallization.

4.10. Preparation of ([2-[(2,6-Me2-C6H3)NHCH(t-Bu)]C5H4N]
NiBr2)2, (7)

The synthesis of 7 was adapted from a literature precedent
[22]. Under an atmosphere of nitrogen in an MBraun Unilab glo-
vebox, a suspension of NiBr2(DME) (0.18 g, 0.60mmol,1.0 equiv) in
anhydrous dichloromethane (6mL) was prepared in a 50mL
round bottom flask. Compound E (0.16 g, 0.60mmol, 1.0 equiv)
was dissolved in anhydrous dichloromethane (10mL) and this
solution was added dropwise via pipet to the aforementioned
suspension to yield a dark red solution. The solution was stirred at
room temperature for 18 h, and then subjected to vacuum filtra-
tion. The filtrate was concentrated to dryness in vacuo to yield
product 7 as a purple solid (0.13 g). (Found: C 44.92, H 5.61 N
5.02%. Calculated for C36H48N4Br4Ni2: C 44.40, H 4.97, N 5.75%.
Consistent with the formula: C36H48N4Br4Ni2 , 1C4H10O2. Recal-
culated: C 45.16, H 5.49, 5.27%). Based on C36H48N4Br4Ni2 ,
1C4H10O2, 42.2% yield of 7 was obtained. vmax (ATR)/cm�1: 3308,
3362 (N-H). Single crystals of complex 7 suitable for X-ray
diffraction were obtained from slow diffusion of pentane into a
saturated solution of 7 in anhydrous dichloromethane at �35 �C
over the course of 1 week.

4.11. Preparation of polyethylene

Under an atmosphere of nitrogen in an MBraun Labmaster
glovebox, a 70mL glass Parr reactor [54] was charged with a given
Ni precatalyst (1-7) as a solid (5 mmol Ni), followed by 10mL of
anhydrous toluene, and a stir bar. A solution of MAO (Aldrich, 10wt
% in toluene; 500, 1000, or 2000 equiv) was added to the reactor via
syringe to activate the Ni precatalyst. The reactor was fitted with a
Swagelok connection and placed into a protective metal mesh
sleeve. The reactor was removed from the glovebox and transferred
to the fume hood. The vessel was placed in an ice-water bath for
trials at 0 �C or an equilibrated room temperature water bath for
trials at 20 �C. The contents of the reaction vessel were then stirred.
On the polymerization manifold, the nitrogen/ethylene hose was
subjected to three nitrogen purge cycles and connected to the
reactor. Next, the reactor was subjected to ten nitrogen purge cy-
cles. For each purge cycle, the reactor was pressurized up to 60 psi,
and then vented to 20 psi, and pressure was allowed to build after
each venting. Exactly 15min after the activation of the Ni pre-
catalyst with MAO, the reaction vessel was subjected to ten
ethylene purge cycles, and then brought up to a pressure of 75 psi.
The reaction was allowed to stir for either 15 or 30min. The reac-
tion was then closed off to the ethylene feed and excess ethylene
was vented. The Swagelok connection from the top of the reactor
was removed. Methanol was then added to the solution dropwise
to quench the catalyst and cocatalyst, resulting in vigorous
bubbling. After approximately 20e30mL of methanol was added, a
10% methanol-HCl solution (v/v) was added to complete the
quenching. A vacuum filtration was performed with a double layer
of filter paper. The resulting polyethylene (waxy solid, grainy wax,
or powder) was washed with methanol, removed from the filter
paper, and dried in vacuo for 3 h.
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