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ABSTRACT: Development of thermally stable nickel-based catalysts is
highly desirable for industrial gas-phase olefin polymerizations. On the
basis of the strategy of promoting the thermostability of nickel catalyst by
the ligand backbone, we herein reported novel dibenzobarrelene-derived
α-diimine nickel precatalysts for ethylene polymerization. Increasing the
steric bulk on the ligand backbone was expected to inhibit the N-aryl
rotation of the α-diimine ligands by the repulsive interactions, thus
enhancing thermal stability (100 °C) and living fashion a temperatures up
to 80 °C. Bulk ligand backbone also improved tolerance of nickel catalyst
toward polar groups, and the α-diimine nickel catalyst containing a
2,6-tBu-dibenzobarrelene backbone catalyzed living copolymerization of
ethylene and methyl 10-undecenoate.

■ INTRODUCTION

Late transition metal catalysis has played a substantial role in
the field of catalytic olefin polymerizations over the years. The
famous “nickel effect”, that a combination of trace impurities of
nickel salts with alkylaluminum compounds catalyzed ethylene
dimerization, led directly to the discovery of Ziegler catalysts
and is also regarded as a forerunner of today’s polyolefin
industry.1,2 In the early stage, late transition metal catalysts are
usually regarded as ethylene oligomerization catalysts and yield
dimers or oligomers because of the propensity of alkyl metal
complexes for the chain transfer by β-hydride elimination.3,4 A
prominent example is the industrial Shell higher olefin process
(SHOP) developed by Keim, producing linear α-olefins by
nickel-catalyzed ethylene oligomerization.5

A significant breakthrough in late transition metal catalysts
for olefin polymerization is the evolution of α-diimine nickel
and palladium catalysts by Brookhart, afforded high-molecular-
weight polymers.6−12 A key feature for producing high
molecular weight products lies in suppression of chain transfer
(associative displacement or chain transfer to bound monomer)
by the steric bulk of the o-aryl substituents.13−18 Despite high
catalytic activity, α-diimine-derived catalysts generally show
significant decay of activity and afford reducing molecular
weight polymers at elevated temperatures.19,20 Conventional α-
diimine nickel and palladium catalysts undergo rapid
decompositions above 60 and 25 °C, respectively.19,20 This
observation has been attributed to increasing N-aryl rotations
from perpendicular to square-planar coordination plane at
elevated temperatures. It not only decreases steric blocks at the
axial sites thus accelerating chain transfer reaction, but also

leads to the potential decomposition arising from the C−H
activation of the metal center to the ligand.20

An effective approach to access thermally stable α-diimine
derived catalysts is the increasing of the steric bulk on the o-aryl
substituents as described by Brookhart’s mechanistic model,
especially rigid aryl instead of alkyl group.21−32 For instance,
the α-diimine nickel catalyst with cyclophane-derived N-aryl
substituents developed by Guan has demonstrated remarkable
activity for ethylene polymerization at 90 °C (Figure 1A).28,29

α-Diimine nickel and palladium catalysts bearing dibenzhydryl
(CH(Ph)2) groups reported by Long, Sun, and Chen are
thermally stable at 90 and 80 °C, respectively (Figure
1B).25−27,30−32 Despite these contributions, living polymer-
ization of ethylene has not been achieved by α-diimine nickel
and palladium catalysts above room temperatures.28−32 This is
attributed to an occurrence of chain transfer at elevated
temperatures although the rotation of N-aryl bonds slows down
and the C−H activation cannot occur because of the
abstraction of alkyl groups.
Besides, low oxophilicity of nickel catalysts allows for

copolymerizing ethylene and polar monomers for the
preparation of functional polyolefins with improved properties.
Although copolymerizations of ethylene and polar monomers
have been successfully accomplished using nickel catalysts, their
copolymerization activities are significantly reduced or even
suppressed.33−35 It should be also noted that most examples
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often suffer from low molecular weight of the polymer formed
(Mn < 10 kg/mol).5 These can be ascribed to poison effect of
polar groups on nickel metal center. Living catalyzed-
copolymerization of ethylene and polar monomers is an
inaccessible goal up to date.36−42 Design and development of
novel thermostable late transition metal catalysts for living
(co)polymerization of ethylene and polar monomers thus
remains a great challenge, which is unsurpassed in precise
molecular weight attainable as well as microstructure control
and is highly desirable for industrial gas-phase olefin polymer-
izations.43−48

Previously, we provided an alternative approach by increasing
the steric bulk of the α-diimine ligand backbone for enhancing
the thermal stability of nickel-based catalysts.49−51 Coates
groups recently reported a α-diimine nickel catalyst with a
bulky dibenzobarrelene backbone and the steric hindrance of
the dibenzobarrelene substituent was predicted to force the aryl
groups closer to the nickel metal center, a feature linked to
living character (Figure 1C).52 Herein, we have synthesized
highly thermostable α-diimine nickel catalysts featuring the
more bulky dibenzobarrelene backbone for living polymer-
ization of ethylene at elevated temperatures although nickel and
palladium analogues have been synthesized and used to
catalytic norbornene polymerization.53,54 We envisioned that
the bulk of the rigid dibenzobarrelene backbone expectedly
inhibited the N-aryl rotation of the α-diimine ligand because of
the repulsive interaction,52 thus enhancing thermal stability and
achieving living fashion at elevated temperatures (Figure 1D).
The nickel catalyst 3 containing a bulky 2,6-tBu-dibenzobarre-
lene backbone was thermally stable at temperatures as high as
100 °C and catalyzed the living ethylene polymerization at
temperatures up 80 °C and living copolymerization of ethylene
and methyl 10-undecenoate. To the best of our knowledge, this
is the most thermally stable living system for ethylene
polymerizations.

■ RESULTS AND DISCUSSION

Substituted 9,10-dihydro-9,10-ethanoanthracene-11,12-dione
compounds were prepared by Diels−Alder addition of
commercially available anthracene with vinylene carbonate,
hydrolysis, and Swern oxidation reactions.55,56 Condensation
reactions of α-dione compounds with various anilines facilely
produced α-diimine ligands L1−L4 in high yields.52−54 Nickel
complexes 1−4 with different substituents (Scheme 1) were
obtained by addition of the corresponding ligands to a stirring
suspension of (dimethoxyethane)NiBr2 in CH2Cl2.
Single crystals of nickel complexes 3 and 4 suitable for X-ray

diffraction analysis were obtained by slow diffusion of hexane
into the nickel complex solution in CH2Cl2. The two nickel
complexes display a distorted tetrahedral geometry (Figure 2
and 3). The observed bond lengths and angles are typical for α-

diimine nickel complexes. It is noteworthy that twist angles of
the bulky nickel complexes 3 between the aryl ring plane and
the Ni-diimine ring plane are far less than 90° (dihedral angle
of 76.6 and 81.5°), suggesting that the aryl rings are twisted
away from a perpendicular orientation with respect to the Ni-
diimine ring plane. These twist angles are also smaller than
those of α-diimine nickel complexes with acenaphthene (92.5
and 91.5°), dimethyl (89.2°), and dibenzobarrelene backbone
(87.0° for 1).53,57 This can be attributed to the repulsive
interaction of bulky 2,6-tBu-dibenzobarrelene backbone with
isopropyl substituents on aryl rings, which is anticipated to

Figure 1. Thermally stable α-diimine derived metal complexes.

Scheme 1. . Synthesis of α-Diimine Nickel Complexes

Figure 2. Crystal structure of α-diimine nickel complex 3 with thermal
ellipsoids of 30% probability (front and side views). The hydrogen
atoms are omitted for clarity.

Figure 3. Crystal structure of α-diimine nickel complex 4 with thermal
ellipsoids of 30% probability (front and side views). The hydrogen
atoms and two CH2Cl2 molecules are omitted for clarity.
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suppress the N-aryl rotation at elevated temperatures. Addi-
tionally, the rigid dibenzobarrelene backbone effectively shields
the back space of nickel center and tert-butyl groups show axial
steric effect, which significantly slow down chain transfer
reactions by associative displacement or chain transfer to bound
monomer for ethylene polymerization.18

Ethylene polymerizations were carried out using nickel
complexes 1−4 after activation with Et2AlCl under various
temperatures (Table 1). Comparisons of polymerization results
using catalyst 1 vs 2 and 3 vs 4 at the same reaction
temperatures clearly demonstrated steric effects of o-aryl
substituents on ethylene polymerization. As previously
reported, increasing the steric bulk of o-aryl substituents by
substituting the o-methyl groups with the o-isopropyl groups
led to a remarkable increase in polymer molecular weight,
thermal stability of catalyst, and branching density.19,36 More
notably, the molecular weight distribution significantly became
narrow. Encouraged by these results, we further investigated
backbone substituent effect on ethylene polymerizations using
nickel catalysts containing the bulky o-isopropyl groups.

As initially envisioned, the introduction of the bulky
backbone remarkably enhanced the thermal stability of the α-
diimine nickel catalysts. Under ethylene pressure of 3 psig,
catalyst 1 displayed the highest activity at 50 °C and afforded
the high-molecular-weight polyethylene with a narrow poly-
dispersity index (PDI) (entry 3). When the reaction temper-
ature was increased from 50 to 65 °C, the polymerization
activity and the molecular weight decreased only by 7% and by
16%, respectively, and PDI still remained narrow (PDI < 1.10).
This observation strongly suggested that catalyst 1 was highly
thermostable, and no decomposition of nickel species and chain
transfer events occurred during ethylene polymerization below
65 °C. The slight reduction of the polymerization activity could
be attributed to a decrease in ethylene solubility in toluene with
increased temperatures from 50 to 65 °C.
Introducing tert-butyl on dibenzobarrelene backbone further

improved the thermal stability of nickel catalyst. Catalyst 3
showed the highest activity at 65 °C, and the narrowly
dispersed polyethylene (PDI = 1.10) was produced at
temperatures up to 80 °C (Figure S5). When the temperature

Table 1. Ethylene Polymerization Results Using Nickel Catalysts 1−4/AlEt2Cl
a

entry Ni T (°C) yield (g) act.b Mn (kg/mol) PDIc BDd Tm
e (°C)

1 1 20 0.182 182 110 1.20 84 4.9
2 1 35 0.248 248 136 1.16 87 −4.2
3 1 50 0.281 281 156 1.09 93 −13.7
4 1 65 0.261 261 131 1.07 97 −18.8
5 1 80 trace − − − − −
6 2 −20 0.352 704 310 1.89 13 129.4
7 2 0 1.348 2696 96.9 2.14 33 115.9
8 2 20 1.194 2388 41.7 1.96 67 98.1
9 2 35 1.097 2194 33.3 1.42 62 67.7
10 2 50 trace − − − − −
11 3 20 0.255 255 132 1.10 78 15.8
12 3 35 0.295 295 161 1.06 79 8.6
13 3 50 0.326 326 157 1.06 82 1.3
14 3 65 0.360 360 139 1.06 83 −9.7
15 3 80 0.185 185 115 1.10 92 −17.9
16 4 0 1.314 2628 237 1.80 25 118.8
17 4 20 1.386 2772 47.9 1.81 51 102.3
18 4 35 0.943 1886 35.5 1.73 53 77.9
19 4 50 0.650 1300 21.3 1.63 69 47.7
20 4 65 0.312 624 12.5 1.49 85 −13.6
21 4 80 trace − − − − −

aPolymerization conditions: 2 μmol of nickel, Al(AlEt2Cl)/Ni = 600, 3 psig of ethylene pressure, 30 min for catalysts 1 and 3, 15 min for catalysts 2
and 4, 20 mL of toluene, and 1 mL of CH2Cl2.

bActivity in kg PE/(mol Ni·h). cMn and PDI were determined by gel permeation chromatography
(GPC) in 1,2,4-trichlorobenzene at 150 °C using a light scattering detector. dBranching density, branches per 1000 carbon atoms determined by 1 H
NMR spectroscopy. eDetermined by differential scanning calorimetry (DSC), second heating, peak value in broad melting endotherms.

Figure 4. Plots of TOF and molecular weight (Mn) versus reaction time in ethylene polymerization using 3 under 100 °C and 75 psig of ethylene
pressure (conditions: 2 μmol of Ni, Al(AlEt2Cl)/Ni = 600).
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was increased to 100 °C, catalyst 3 still showed an apparent
activity at atmospheric pressure and small amount of polymers
was obtained because of extremely low ethylene solubility in
toluene at 100 °C. To reliably calculate polymerization yield
and probe the thermal stability of catalyst 3, ethylene
polymerizations using catalyst 3 were performed under high
pressure of 75 psig and 100 °C. The turnover frequencies
(TOFs) of catalyst 3 at different time periods ranging from 15
to 60 min were used to test the catalyst lifetime. Figure 4 clearly
showed that TOF values remained relatively constant within 30
min whereas molecular weight increased with prolonged
polymerization time. A slight reduction in the TOF at 45
min could result from encapsulation of nickel species into the
precipitated high-molecular-weight polymer from reaction
media. Strikingly, all of the obtained polymers still had PDIs
of around 1.40 even at 100 °C. Therefore, the molecular
weight, PDI, and TOF data strongly supported that catalyst 3
was remarkably stable at 100 °C.
The living feature of ethylene polymerization was further

investigated using 1 at 65 °C and using 3 at 80 °C. Figure 5

shows symmetric GPC traces of the polymers obtained at
different polymerization times without tail peaks, which shift to
the higher molecular weight region with the prolonged
polymerization time. Plots of number-average molecular
weights (Mn) as a function of polymerization time also
illustrate that Mn grows linearly with the polymerization time,
and PDI (Mw/Mn) values are below 1.16. To the best of our
knowledge, the living polymerization of ethylene at temperature

of 80 °C presented here achieves the highest value in the field
of catalytic polymerization.
In contrast to the previous work on α-diimine nickel catalysts

by substituting dibenzhydryl (CH(Ph)2) moieties,30,31 catalyst
3 showed improved thermal stability and polymerization
activity. More importantly, living polymerization of ethylene
was also achieved at the highest temperature of 80 °C reported
to data, which represented an improvement over other reported
nickel-catalyzed olefin polymerization.43−48 This behavior can
be attributed to the unique nature of the bulky backbone. The
steric demand of the dibenzobarrelene backbone not only is
expected to inhibit the rotation of N-aryl bonds by the repulsive
interaction of the bulky backbone with aniline moieties but also
shield the back space of nickel center, thereby preventing the
catalyst decomposition by the C−H activation and suppressing
chain transfer.
The polyethylenes produced by dibenzobarrelene derived α-

diimine nickel catalysts were branched (Figure S6−S9 in
Supporting Information). In particular, nickel catalysts 1 and 3
bearing isopropyl groups afforded highly branched poly-
ethylenes (78−97/1000C) with very broad and ill-defined
melting endotherms (Figure S10 and S12 in Supporting
Information) in a range of temperatures from 20 to 80 °C.
13C NMR spectroscopy also revealed that the resultant PEs
mostly contained methyl branches and long branches and the
branch-on-branch structure generated through tertiary carbons,
specifically a sec-butyl branch (19.40 and 11.37 ppm), was also
formed (Figure S6 and S8 in Supporting Information). This
observation was stark contrast to the previously reported
dibenzobarrelene derived α-diimine nickel system with 2-
(2,4,6-trimethylphenyl)ethyl groups (Figure 1C), which
produced linear PEs with sharp melting transitions.52 There-
fore, the dibenzobarrelene derived α-diimine nickel catalyst is a
promising candidate for tuning the branching structure of PE
by design of the o-substituent on the aryl ring.
Methyl 10-undecenoate (MU) was chosen as a comonomer

and copolymerizations of ethylene and MU were conducted
using catalysts 1 and 3. Copolymerization results in Table 2
demonstrated that the copolymers produced by catalyst 3 with
tert-butyl groups on dibenzobarrelene backbone showed higher
molecular weight and narrower PDI although 3 was less active
than 1 for copolymerization of ethylene and MU (entries 1, 2, 3
vs 4, 5, 6). With increased methyl 10-undecenoate concen-
tration, copolymerization activity and molecular weight

Figure 5. Plots of Mn (▲) and Mw/Mn (PDI) (■) as a function of
polymerization time and GPC traces using 1/Et2AlCl at 65 °C and 3/
Et2AlCl at 80 °C (conditions: 3 psig, 2 μmol Ni, and Al/Ni = 600).

Table 2. Copolymerization of Ethylene and Methyl 10-Undecenoate Using α-Diimine Nickel Catalysts 1 and 3/AlEt2Cl
a

entry Ni T (°C) [MU] (M) .yield (mg) ir.b (mol %) Mn
c (kg/mol) PDIc BDd

1 1 20 0.05 427 0.41 122 1.10 88
2 1 20 0.1 396 0.76 102 1.15 86
3 1 20 0.2 264 1.29 88 1.23 84
4 3 20 0.05 337 0.42 132 1.04 86
5 3 20 0.1 300 0.77 107 1.07 83
6 3 20 0.2 251 1.32 95 1.09 82
7 3 35 0.1 285 1.00 91 1.14 88
8 3 50 0.1 162 1.40 53 1.40 89
9e 3 20 0.1 278 0.75 88 1.23 81
10 5f 20 0.1 370 2.30 16 2.06 65

aPolymerization conditions: 5 μmol of nickel, Al(AlEt2Cl)/Ni = 1600, 30 min, 3 psig of ethylene pressure, 20 mL of toluene, and 1 mL of CH2Cl2.
bComonomer incorporation, determined by 1 H NMR spectroscopy. cMn and PDI were determined by gel permeation chromatography (GPC) in
1,2,4-trichlorobenzene at 150 °C using a light scattering detector. dBranching density, branches per 1000 carbon atoms determined by 1 H NMR
spectroscopy. eAl(AlEt2Cl)/Ni = 600. f5 is a conventional α-diimine nickel complex with acenaphthene backbone.

Macromolecules Article

DOI: 10.1021/acs.macromol.7b00121
Macromolecules XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acs.macromol.7b00121


decreased while the incorporation of comonomer increased
(entries 4, 5, and 6). Increasing reaction temperature from 20
to 50 °C for catalyst 3 results in an increasing incorporation of
comonomer up to 1.40 mol %, however, copolymerization yield
and copolymer molecular weight decreased and PDI became
broad (entries 6, 7, and 8 in Table 2). When Al/Ni ratio
decreased from 1600 to 600 (entry 5 vs 9), the copolymeriza-
tion yield decreased slightly and PDI became broad. For
comparison, a conventional α-diimine nickel catalyst 5 bearing
the acenaphthene backbone showed 2.30 mol % incorporation
for the copolymerization of ethylene and MU, but the polymer
produced by 3 showed much higher molecular weight (107 vs
16 kg/mol) and narrower distribution (1.07 vs 2.06) under
same conditions. When MU was added into ethylene
polymerization system, polymerization activity and polymer
molecular weight decreased more slightly for catalyst 3 relative
to 1 with acenaphthene backbone.49

Narrowly dispersed copolymers (PDI < 1.10) were produced
by catalyst 3 below 20 °C and 0.2 M MU concentration,
suggesting living fashion. The living features of copolymeriza-
tion were further investigated using catalyst 3 at different
reaction times. With prolonged polymerization time, Mn of
copolymers grows linearly and Mw/Mn (PDI) values are below
1.10 (Table S7). Moreover, the incorporation of methyl 10-
undecenoate remained constant (0.77 mol %) (Figure 6). This

result strongly suggests that comonomer methyl 10-undece-
noate is uniformly incorporated into polyethylene chain.
Catalyst 3 represents the first nickel based catalyst that can
catalyze living copolymerization of ethylene and polar
monomers up to date, which is contrast to general knowledge
that polar monomers are a typical poison to the transition metal
catalysts. In comparison with the previously reported
dibenzobarrelene derived α-diimine nickel system with 2-
(2,4,6-trimethylphenyl)ethyl groups (Figure 1C), nickel cata-
lysts presented here showed living characteristics and afforded
the higher molecular-weight polymer with higher branching
degree.52

■ CONCLUSIONS
In summary, we have reported thermally stable α-diimine nickel
catalysts with the bulky dibenzobarrelene backbone that
catalyze ethylene polymerization at elevated temperatures.
Catalyst 3 containing the 2,6-tBu-dibenzobarrelene backbone
was highly thermostable at 100 °C, and TOFs of ethylene
polymerization remained nearly unchanged while the molecular
weight increased with prolonged polymerization time. Living
polymerizations of ethylene were successfully achieved by
catalyst 1 below 65 °C or catalyst 3 below 80 °C. In addition to
previously reported access by increasing the steric bulk of the o-

aryl substituents, an alternative approach is provided for
enhancing the thermal stability of α-diimine nickel catalysts
by increasing the steric bulk of the ligand backbone. The
enhanced thermal stability of catalyst 3, as well as its ability to
achieve living polymerization of ethylene at 80 °C, represents
an improvement over other reported catalytic systems. Bulky
dibenzobarrelene backbone also improved tolerance of nickel
catalyst toward polar groups, and living copolymerizations of
ethylene with methyl 10-undecenoate were also achieved by
bulky catalyst 3. Future work is focused on catalyst
optimization of variations in dibenzobarrelene frameworks
and copolymerizations of ethylene with various polar
monomers.

■ EXPERIMENTAL SECTION
All manipulations involving air- and moisture sensitive compounds
were carried out under an atmosphere of dried and purified nitrogen
using standard vacuum-line, Schlenk, or glovebox techniques.

Materials. Dichloromethane was distilled from CaH2 under
nitrogen, and toluene and hexane from Na/K alloy. Anthracene,
vinylene carbonate, tert-butanol, and trifluoroacetic acid were
purchased from Energy Chemical and used as received. 2,6-
Dimethylaniline and 2,6-diisopropylaniline were purchased from
Aldrich Chemical and were distilled under reduced pressure before
use. AlEt2Cl (1.0 M in hexane) was purchased from Acros. Ethylene
(99.99%) was purified by passing through Agilent moisture and
oxygen traps. Other commercially available reagents were purchased
and used without purification. A conventional α-diimine nickel
complex 5 bearing the acenaphthene backbone was synthesized
according to the literature.19

Ethylene Polymerization at Atmosphere Pressure. A round-
bottom Schlenk flask with stirring bar was heated for 3 h at 150 °C
under vacuum and then cooled to room temperature. The flask was
pressurized to 15 psig of ethylene and vented three times. The
appropriate alkyl aluminum compound as cocatalyst and toluene were
added into the glass reactor under 3 psig of ethylene. The system was
continuously stirred for 5 min, and then toluene and 1 mL of a
solution of nickel complex in CH2Cl2 were added sequentially by
syringe to the well-stirred solution, and the total reaction volume was
kept at 21 mL. The ethylene pressure was kept constant at 3 psig by
continuous feeding of gaseous ethylene throughout the reaction. The
other reaction temperatures were controlled with an external oil bath
or a cooler in polymerization experiments. The polymerizations were
terminated by the addition of 200 mL of acidic methanol (95:5
methanol/HCl) after continuously stirring for an appropriate period.
The resulting precipitated polymers were collected and treated by
filtration, washed with methanol several times, and dried in vacuum at
40 °C to a constant weight.

Ethylene Polymerization at High Pressure. A mechanically
stirred 100 mL Parr reactor was heated to 150 °C for 2 h under
vacuum and then cooled to room temperature. The autoclave was
pressurized to 75 psig of ethylene and vented three times. The
autoclave was then charged with solution of Et2AlCl in toluene under 3
psig of ethylene at initialization temperature. The system was
maintained by continuously stirring for 5 min, and then a 1 mL
solution of nickel complex in CH2Cl2 was charged into the autoclave
under 3 psig of ethylene. The ethylene pressure was raised to the
specified value. The reaction temperature was controlled by means of a
heater or cooler and found to be ±2 °C as monitored by an internal
thermocouple. The reaction was carried out for a certain time.
Polymerization was terminated by addition of acidic methanol after
releasing ethylene pressure. The resulting precipitated polymers were
collected and treated by filtering, washed with methanol several times,
and dried under vacuum at 40 °C to a constant weight.

Copolymerization of Ethylene and Methyl 10-Undecenoate
(MU). A round-bottom Schlenk flask with stirring bar was heated for 3
h at 150 °C under vacuum and then cooled to room temperature. The
flask was pressurized to 3 psig of ethylene and vented three times.

Figure 6. Plots of Mn (▲), Mw/Mn (PDI), (■) and incorporation of
MU as a function of polymerization time and using 3/Et2AlCl at 20 °C
and 0.1 M MU (conditions: 3 psig, 5 μmol of Ni, Al/Ni = 1600).
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Then the glass reactor was charged with the required amount of
freshly distilled toluene, Et2AlCl and methyl 10-undecenoate in
sequence under 3 psig of ethylene. The system was continuously
stirred for 5 min at the desired temperature, and then 1 mL of a
solution of nickel complex in CH2Cl2 were added sequentially by
syringe to the well-stirred solution, and the total reaction volume was
kept at 21 mL. The ethylene pressure was kept constant at 3 psig by
continuous feeding of gaseous ethylene throughout the reaction. The
other reaction temperatures were controlled with an external oil bath
or a cooler in polymerization experiments. After polymerization
process, the reaction was carefully quenched with 10 mL mixture of
10% HCl solution of methanol. The resulting precipitated polymers
were collected and treated by filtration, washed with methanol several
times, and dried in vacuum at 40 °C to a constant weight.
Measurements. Elemental analyses were performed on a Vario EL

microanalyzer. Mass spectra were obtained using electro spray
ionization (ESI) LCMS-2010A for ligands. Matrix-assisted laser
desorption ionization time-of-flight mass (MALDI-TOF) were
performed on Bruker ultrafleXtreme for nickel complexes. NMR
spectra of organic compounds were carried out on a Bruker 400 MHz
instrument in CDCl3 using TMS as a reference. 13C NMR spectra of
polymers were carried out on a Bruker 500 MHz at 120 °C. Sample
solutions of the polymer were prepared in o-C6H4Cl2/o-C6D4Cl2 (50%
v/v) in a 10 mm sample tube. The spectra of the quantitative 13C
NMR were taken with a 74° flip angle, an acquisition time of 1.5 s, and
a delay of 4.0 s. The chemical shifts were referenced to main chain of
PE (−(CH2)n−) (30 ppm). DSC analyses were conducted with a
PerkinElmer DSC-7 system. The DSC curves were recorded as second
heating curves from −100 to +150 °C at a heating rate of 10 °C/min
and a cooling rate of 10 °C/min. GPC analysis of the molecular
weights and molecular weight distributions (PDI = Mw/Mn) of the
polymers at 150 °C were performed on a PL-GPC 220 high-
temperature chromatograph equipped with a triple-detection array,
including a differential refractive-index detector, a two-angle light-
scattering detector, and a four-bridge capillary viscometer. 1,2,4-
Trichlorobenzene (TCB) was used as the eluent at a flow rate of 1.0
mL/min.
Crystal Structure Determination. The crystals were mounted on

a glass fiber and transferred to a Bruker CCD platform diffractometer.
Data obtained with the ω−2θ scan mode was collected on a Bruker
SMART 1000 CCD diffractometer with graphite-monochromated Cu
Kα radiation (λ= 1.54178 Å) at 150 K. The structures were solved
using direct methods, while further refinement with full-matrix least-
squares on F2 was obtained with the SHELXTL program package. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were introduced in calculated positions with the displacement factors
of the host carbon atoms.
Synthesis of α-Diimine Compounds. α-Diimine ligands L1 and

L2 were synthesized according to the literature.56,57 L1 and L2 were
fully confirmed by 1H and 13C NMR.
L1, Ar−NC(An)−(An)CN−Ar (An = dibenzobarrelene, Ar =

2,6-diisopropylphenyl). 1H NMR (CDCl3, 400 MHz), δ (ppm): 7.25−
7.05 (m, 14H, Ph), 4.978 (s, 2H, CH), 2.49 (m, 4H, CH), 1.15 (d,
12H, CH3), 1.02 (d, 12H, CH3).

13C NMR (CDCl3, 100 MHz), δ
(ppm): 158.45, 145.56, 138.57, 136.38, 127.27, 125.40, 124.12, 122.79,
51.10, 23.29, 22.49. Anal. Calcd for C40H44N2: C, 86.91; H, 8.02; N,
5.07. Found: C, 86.95; H, 7.93; N, 5.12.

L2, Ar−NC(An)−(An)CN−Ar (An = dibenzobarrelene, Ar =
2,6-dimethylphenyl). 1H NMR (CDCl3, 400 MHz), δ (ppm): 7.25−
7.04 (m, 14H, Ph), 4.86 (s, 2H, CH), 1.88 (s, 12H, CH3).

13C NMR
(CDCl3, 100 MHz), δ (ppm): 159.64, 147.90, 138.05, 128.39, 127.71,

126.08, 125.61, 123.51, 51.13, 17.81. Anal. Calcd for C32H28N2: C,
87.24; H, 6.41; N, 6.36. Found: C, 87.31; H, 6.40; N, 6.29.

The α-dione compound (2,6-di-tert-butyl-9,10-dihydro-9,10-etha-
noanthracene-11,12-dione) was prepared according to a previous
method and characterized.58 1H NMR (CDCl3, 400 MHz), δ (ppm):
7.46−7.41 (s, 2H, Ph), 7.40−7.35 (s, 4H, Ph), 4.93 (s, 2H, CH), 1.30
(s, 18H, CH3).

α-Diimine ligands L3 and L4 were synthesized by the reaction of
2,6-di-tertbutyl-9,10-dihydro-9,10-ethanoanthracene-11,12-dione with
the corresponding aniline in toluene. A typical synthetic procedure for
L3 is as follows: 2,6-di-tert-butyl- 9,10-dihydro-9,10-ethanoanthracene-
11,12-dione (1.0 g, 2.88 mmol) and 2,6-diisopropylaniline (1.07 g,
6.06 mmol) were charged in a round-bottom flak with toluene (50
mL). A catalytic amount of p-toluenesulfonic acid was added and the
reaction heated to reflux under a nitrogen atmosphere. The resulting
water was removed as an azeotropic mixture using a Dean−Stark
apparatus. After 24 h, the reaction mixture was cooled to room
temperature and the solvent was removed in vacuum. The residual
solids were further purified by recrystallization from ethanol to give L3
as yellow crystals in 90% yield.

L3, Ar−NC(An)−(An)CN−Ar (An = 2,6-tBu-dibenzobarre-
lene, Ar = 2,6- diisopropylphenyl). 1H NMR (CDCl3, 400 MHz), δ
(ppm): 7.25−7.07 (m, 12H, Ph), 4.91 (s, 2H, CH), 2.53 (m, 4H, CH),
1.23 (s, 18H, CH3), 1.19 (d, 6H, CH3), 1.12 (d, 6H, CH3), 1.04 (d,
6H, CH3), 1.01 (d, 6H, CH3).

13C NMR (CDCl3, 100 MHz), δ
(ppm): 158.76, 150.29, 145.61, 138.46, 136.67, 136.33, 135.53, 124.93,
124.11, 123.98, 122.77, 122.68, 122.45, 50.87, 34.79, 31.37, 28.36,
28.20, 23.22, 22.30. ESI-MS (m/z): 665.5 [M + H]+; 687.5 [M + Na]+.
Anal. Calcd for C48H60N2: C, 86.69; H, 9.09; N, 4.21; Found: C,
86.75; H, 9.11; N, 4.11.

L4 was obtained as yellow crystals in 93% yield. L4, Ar−N
C(An)−(An)CN−Ar (An = 2,6-tBu-dibenzobarrelene, Ar = 2,6-
dimethylphenyl). 1H NMR (CDCl3, 400 MHz), δ (ppm): 7.23−6.98
(m, 12H, Ph), 4.79 (s, 2H, CH), 1.91 (s, 6H, CH3), 1.83 (s, 6H, CH3),
1.26 (s, 18H, CH3).

13C NMR (CDCl3, 100 MHz), δ (ppm): 160.21,
150.91, 148.05, 137.90, 134.89, 127.70, 125.73, 124.73, 124.25, 123.30,
122.56, 50.93, 31.35, 17.96, 17.60. ESI-MS (m/z): 553.5 [M + H]+;
575.5 [M + Na]+. Anal. Calcd for C40H44N2: C, 86.91; H, 8.02; N,
5.07; Found: C, 86.95; H, 7.98; N, 5.03.
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Synthesis of α-Diimine Nickel Complexes. α-Diimine nickel
complexes 1 and 2 were synthesized according to the previously
reported procedures and confirmed by elemental analysis.53,54

1, (Ar−NC(An)−(An)CN−Ar)NiBr2 (An = dibenzobarre-
lene, Ar = 2,6-diisopropylphenyl). Anal. Calcd for C40H44Br2N2Ni: C,
62.29; H, 5.75; N, 3.63; Found: C, 62.26; H, 5.76; N, 3.62.
2, (Ar−NC(An)−(An)CN−Ar)NiBr2 (An = dibenzobarre-

lene, Ar = 2,6-dimethylphenyl). Anal. Calcd for C32H28Br2N2Ni: C,
58.32; H, 4.28; N, 4.25; Found: C, 58.34; H, 4.26; N, 4.24.
Synthesis of 3. Ligand L3 (665 mg, 1 mmol) and (DME)NiBr2

(308 mg, 1 mmol) were combined in a Schlenk tube with 20 mL dried
dichloromethane, and the reaction mixture was then stirred for 6 h at
ambient temperature. The solution was filtered through Celite, and the
solvent of the filtrate was removed in vacuum. The residue was
recrystallized from CH2Cl2 /hexane to give nickel complex 3 as dark
brown powder in 50% yield. 3, (Ar−NC(An)−(An)CN−
Ar)NiBr2 (An = 2,6-tBu-dibenzobarrelene, Ar = 2,6-diisopropylphen-
yl): MALDI−TOF (m/z): 884.991 [M + H]+; 842.865 [M − Br +
K]+; 665.796 [ligand + H] +. Anal. Calcd for C48H60Br2N2Ni: C, 66.25;
H, 6.85; N, 3.17; Found: C, 66.28; H, 7.03; N, 2.95.
Synthesis of 4. Following the above-described procedure, the

reaction of (DME)NiBr2 and L4 give complex 4 in 80% yield. 4 (Ar−
NC(An)−(An)CN−Ar)NiBr2 (An = 2,6-tBu-dibenzobarrelene,
Ar = 2,6-dimethylphenyl): MALDI−TOF (m/z): 773.067 [M + H]+;
730.936 [M − Br + K]+; 553.82 [ligand + H] +. Anal. Calcd for
C40H44Br2N2Ni: C, 62.29; H, 5.75; N, 3.63; Found: C, 62.05; H, 5.99;
N, 3.40.
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