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ABSTRACT: A series of pyridine-amine nickel complexes with
various substituents were synthesized and used to evaluate sub-
stituent effects of catalyst precursors on the reactivity of ethylene
polymerization. Substituent effects, including the steric effect of the
pyridine moiety, steric effect of the bridge carbon, and steric and
electronic effects of the amine moiety, were investigated system-
atically. Introduction of bulky aryls onto the pyridine moiety on
amine pyridine nickel leads to a significant decrease in the activity
and molecular weight of polyethylene, whereas an increase in bulk
of substituents on the bridge carbon causes an increase in the
polymerization activity and molecular weight of polyethylene. For the amine moiety, increasing the steric hindrance results in
decreasing activity and affords a higher molecular weight polyethylene with a narrower polydispersity, and introduction of an
electron-donating group on the amine moiety leads to formation of a high molecular weight polyethylene with enhanced activity.
By optimizing ligand frameworks and reaction conditions, two bulky pyridine-amine nickel complexes are also developed
successfully as catalyst precursors for living polymerization of ethylene.
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■ INTRODUCTION
Transition metal catalysts offer a means to control structural
variations in the molecular architecture of polyolefin materi-
als.1−4 Development of ligand synthesis and new metal−ligand
combinations not only allows the fine-tuning of the chemical
environment around the metal center but also advances the
design of new polymeric materials. The combination of several
main donor atoms such as N, O, P, S can offer various ligands
coordinated to a late transition metal.1 Among them, the
ligands containing two nitrogen atoms, such as α-diimine,5−7

β-diimine,8,9 α-keto-β-diimine,10,11 β-diketiminato,12,13 anilido-
imine,14−18 amidinate,19−21 bis(imino)pyridine,22−25 pyridine-
imine,26 pyridine-amide,27 pyrrolide-imine,28,29 and amide-
imine,30,31 have attracted considerable interest. Three types of
combination fashions between transition metal and nitrogen
atom are imine−metal (CN → Mt) (including nitrogen het-
erocycles, such as pyridine), amide−metal (C−(R)N−−Mt),
and amine−metal (C−(R1)(R2)N → Mt). Compared with the
two former, the coordination of an amine and a late transition
metal, which features sp3 nitrogen, has been rarely studied and
applied to catalysis. A few examples have proved that this unique
late transition metal−ligand combination is very useful for cat-
alytic polymerization.32−36 This prompted us to study the effect
of the combination of an amine and a late transition metal on
catalytic polymerization of olefin and to develop new olefin
polymerization catalysts.
A type of nickel complex, supported by the pyridine-amine

ligand, has recently been reported as an active catalyst precursor

for ethylene polymerization by our groups in a communica-
tion.37 Living characteristics for ethylene polymerization can
also be achieved using a bulky pyridine-amine nickel catalyst
precursor by introducing a 2,4,6-trimethylphenyl group onto
the bridge carbon between the amine and pyridine moieties.
This provides a clear dependence between substituents on the
pyridine-amine ligand framework and polymerization reactivity
of ethylene. It is generally believed that the [N,N] bidentate
pyridine-amine ligands with different hybrids potentially enable
afford a distinct influence on the metal with regard to both
polymer structure and reactivity control. Therefore, we herein
synthesized a series of pyridine-amine nickel complexes with
various substituents and study the substituent effects on ethyl-
ene polymerization in detail. The steric effect of the pyridine
moiety, steric effect of the bridge carbon, and steric and elec-
tronic effects of the amine moiety were investigated system-
atically. On the basis of substituent effects of pyridine-amine
nickel complexes on ethylene polymerization, we disclose a
relationship between the pyridine-amine precursor structure
and reactivity for ethylene polymerization. In addition, two
pyridine-amine nickel complexes are also developed success-
fully as catalyst precursors for living polymerization of ethylene.
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■ RESULTS AND DISCUSSION
Synthesis of Pyridine-Amine Ligands and Nickel(II)

Complexes. To enhance the steric effect of the pyridine moiety,
phenyl and naphthyl were introduced onto the 6-position of
pyridine via a Suzuki coupling reaction;38 and ligands L2
and L3 can be obtained from 2,6-dibromopyridine in good
yields. Substituents on the bridge carbon between the pyridine
moiety and the amine moiety can be tuned by using different
reduction agents, such as trimethylaluminium (TMA), LiAlH4,
and Grignard reagent (2,4,6-Me3PhMgBr) for the imine group.
Steric and electronic effects of the amine moiety can be readily
varied by Schiff base condensation reactions from different
substituented anilines. The general synthetic routes for
the pyridineamine ligands L1−L11 are shown in Scheme 1.

The corresponding nickel complexes 1−11 were obtained by
the addition of ligands to a stirring suspension of (DME)NiBr2
in CH2Cl2. Scheme 2 lists structures of pyridine-amine nickel

complexes 1−11. The obtained ligands were fully characterized
by NMR and elemental analyses, and the corresponding nickel

complexes were characterized by elemental analyses and MS
(see the Supporting Information).

Crystal Structure. We have previously reported single-
crystal X-ray diffraction data of complexes 1 and 6. Single
crystals 4 and 5 were herein also obtained from dichloro-
methane solutions layered with hexane. Like complex 1, com-
plex 4 exists as a bimolecular structure bridging by Br atoms
(Figure 1).37 The phenyl on the bridge carbon lies out of the

one side of the slightly distorted chelate ring, showing a steric
effect on the metal center. The amine moiety swings to another
side of the chelate ring due to the distorted tetrahedral con-
figuration of the nitrogen on the amine and is almost com-
pletely perpendicular.
Complex 5 containing a coordinated H2O was generated be-

cause of a reaction with moisture during crystallization. As
shown in Figure 2, methyl and phenyl substituents on the

bridge carbon ((Me)PhCNH) are oriented toward two sides of
the axial direction of the chelate ring, showing axially steric

Scheme 1. Synthesis Routes of Pyridine-Amine Ligands

Scheme 2. Synthesis of Pyridine-amine Nickel Complexes 1-
11

Figure 1. Molecular structure of complex 4 with hydrogen atoms
omitted. Selected bond distances (Å) and angles (o): Br(1)−Ni(1)
2.5149(5), Br(2)−Ni(1) 2.4018(5), Ni(1)−N(1) 2.039(2), Ni(1)−
N(2) 2.115(2), N(1)−Ni(1)−N(2) 81.56(9), N(1)−Ni(1)−Br(2)
99.00(6), N(2)−Ni(1)−Br(2) 150.13(6), N(1)−Ni(1)−Br(1)
86.20(6), N(2)−Ni(1)−Br(1) 99.06(6), Br(2)−Ni(1)−Br(1)
110.793(17).

Figure 2. Molecular structure of 5 containing a molecule of H2O with
hydrogen atoms and two CH2Cl2 omitted. Selected bond distances
(Å) and angles (o): Ni(1)−N(1) 2.027(5), Ni(1)−N(2) 2.107(6),
Ni(1)−Br(1) 2.4477(12), Ni(1)−Br(2) 2.4658(12), N(1)−Ni(1)−
N(2) 80.2(2), N(1)−Ni(1)−Br(1) 97.01(17), N(1)−Ni(1)−Br(2)
93.01(17), N(2)−Ni(1)−Br(2) 96.70(18), N(2)−Ni(1)−Br(1)
155.03(18), Br(2)−Ni(1)−Br(1) 108.24(4).
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blocks at the metal sites. The amine moiety swings to the side
of the methyl on the bridge carbon, and the isopropyl groups
on the aryl are almost completely perpendicular to the five-
membered chelate ring. It is obvious that complex 5 exhibits
more effective steric blocks at the axial sites than 4, and intro-
duction of another methyl on the bridge carbon can more
effectively block the axial sites of the nickel metal.
It is interesting to note that all of the pyridine-amine nickel

complexes are stable in the solid state, but solutions of nickel
complexes in organic solvent exhibit different stabilities. A basic
trend is that nickel complexes bearing bulky pyridine-amine
ligands are more stable in solution. For example, a solution of
bulky nickel complex 6 with 2,4,6-trimethylphenyl on the
bridge carbon in CH2Cl2 can exist for a long time (at least
7 days) at room temperature under N2 atmosphere. However, the
solution color of nickel complex 1 with methyl on the bridge
carbon slowly changed from brown to green under the same
conditions, suggesting decomposition of 1 and appearance of a
new nickel complex. A single crystal was obtained by careful
treatment of the green solution and slow evaporation. Single
crystal X-ray diffraction data confirmed that the new green
nickel complex (L1)2NiBr2 is composed of two chelate ligands
L1, nickel metal, and two Br atoms (Figure 3). (L1)2NiBr2

adopts a six-coordinate environment around the nickel atom,
where the two ligands act as bidentate N,N chelators, which is
distinctive from the previously reported bimolecular structure
of 1 bridging by Br atoms.37 Scheme 3 depicts the pathway of

the decomposition of 1 and formation of (L1)2NiBr2. A mole-
cule of pyridine-amine nickel complex 1 can abstract the ligand
of another molecule to produce the more stable (L1)2NiBr2 and
NiBr2. This fragmentation pattern with a halide loss has been
observed to occur for pyridine-imine nickel compounds.39

Therefore, bulky steric hindrance is favorable for stability of the
pyridine-amine complexes with a monoligand in solution,27

which is anticipated to effectively keep the nickel active center
stable in ethylene polymerization.

Ethylene Polymerization. To disclose the relationship
betweenthe structure and reactivity of ethylene polymerization,
pyridine-amine complexes 1−11 were used as catalyst pre-
cursors for ethylene polymerization at atmospheric pressure
(1.2 atm). Ethylene polymerizations were initiated by 800 equiv
of MAO and lasted for 1 h at 0 °C. The detailed results are
summarized in Table 1.

The previous literature has reported that an axially steric
block of late transition metal catalysts plays a crucial role in
retarding chain transfer and improving catalytic activity.5−7,40 In
view of less axially steric effect of the pyridine moiety on the
pyridine-amine nickel, 2 with phenyl and 3 with naphthyl on
the 6-position of pyridine were synthesized and used to evalu-
ate the steric effect of the pyridine moiety on ethylene poly-
merization. The results of ethylene polymerization in Table 1
show that only oligomers (no solid products) can be obtained
for 2/MAO and 3/MAO catalytic systems at atmosphere pre-
ssure (entries 2, 3). Even under 20 atm pressure of ethylene,
traces of solid PEs were obtained with both catalytic systems.
Comparison of entries 1, 2, and 3 in Table 1 demonstrates

that introduction of bulky aryls on the pyridine moiety leads to
a significant decrease in the activity and molecular weight of
products for ethylene polymerization. This result is contrary to
the observation using salicylaldimino nickel catalyst40 but sim-
ilar to that obtained with pyridine-imine nickel catalyst.41,42

Grubbs previously reported that introduction of the bulky
phenyl or anthracene group onto the salicylaldimino ligand can
markedly enhance the catalytic activity of nickel catalysts for
ethylene polymerization.40 However, decreasing activity was
also observed by the introduction of a methyl group onto the 6-
position of the pyridine for pyridine-imine nickel catalyst,41,42

and only oligomers can be obtained when substituting the
bulky 2, 6-dimethylphenyl onto the pyridine moiety.43 Reduc-
tion of the activity and molecular weight of the obtained

Figure 3. Molecular structure of (L1)2NiBr2 with hydrogen atoms
omitted. Selected bond distances (Å) and angles (o): Br(1)−Ni(1)
2.5492(5), Ni(1)−N(1) 2.020(3), Ni(1)−N(2A) 2.348(3), N(1)−
Ni(1)−N(2) 103.58(10), N(1)−Ni(1)−N(2A) 76.42(10), N(1)−
Ni(1)−Br(1) 89.15(7), N(1A)-Ni(1)−Br(1) 90.85(7), N(2)−Ni(1)−
Br(1) 90.13(9), N(2A)-Ni(1)−Br(1) 89.87(9).

Scheme 3. The Pathway of Decomposition of 1 and
Formation of (L1)2NiBr2

Table 1. Results of Ethylene Polymerization Catalyzed by
Pyridine-amine Nickel 1−11/MAOa

entry precursor yield (g) activityb
Mn

c

(kg/mol) PDIc
branches/
1000 Cd

1 1 0.192 9.6 1.3 1.98 93
2 2 oligomers
3 3 oligomers
4 4 0.231 11.6 5.0 1.83 66
5 5 0.335 16.8 6.3 1.39 69
6 6 0.438 21.9 17.5 1.27 67
7 7 0.763 38.2 15.1 1.38 98
8 8 traces/

oligomers
9 9 0.088 4.4 1.4 1.97 64
10 10 0.484 24.2 13.5 1.57 92
11 11 1.382 69.1 23.8 1.34 107

aPolymerization conditions: 20 μmol of nickel, 800 equiv of MAO,
1.2 atm ethylene pressure, 0 °C for 1h, 40 mL of toluene. bIn units of
kilograms of PE (mol Ni)−1 h−1, activity is calculated by the weight of
the isolated solid polymer. cDetermined by gel permeation
chromatography (GPC) in 1,2,4-trichlorobenzene at 135 °C against
linear polyethylene standards. dBranches per 1000 C atoms
determined by 1H NMR spectroscopy.
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product were observed for the pyridine-amine catalyst by
introduction of aryl groups onto the 6-position of the pyridine
moiety, which may be attributed to the weak axially steric effect
of the pyridine plane and the reducing basicity of the pyridine
ring.41,42

On the basis of the negative steric effect of the pyridine
moiety, we further investigated the steric effect of the sub-
stituent on the bridge carbon using nickel complexes with the
chelating pyridine moiety without a substituent. Ethylene
polymerizations were carried out using 1/MAO, 4/MAO, 5/
MAO, and 6/MAO to evaluate the substituent effect of the
bridge carbon under the same conditions. When phenyl was
introduced onto the bridge carbon instead of methyl, an in-
crease in the catalytic activity and molecular weight of the
polyethylene (PE) was observed. An obvious increase in the
molecular weight of the polyethylene in a fold of ∼4 can be
explained as increasing the steric bulk from methyl to phenyl,
which can retard the chain transfer reaction. When the bulky
2,4,6-trimethylphenyl was introduced, both the catalytic activity
and molecular weight of the polymer significantly increased.
Compound 6 with a 2,4,6-trimethylphenyl on the bridge carbon
exhibits a catalytic activity over twice higher than 1 with methyl,
and the molecular weight of the PE obtained by 6/MAO is
higher than that of PE with 1/MAO by a factor of ∼13.5.
In addition, reducing the PDI value from 1.98 to 1.27 is consistent
with our previous observation.37 These results further support
that bulky substituents on the bridge carbon play an important
role in the catalytic activity and molecular weight of the
products. As compared with complex 4, nickel complex 5 with
phenyl and methyl substituents activated by MAO exhibited the
higher activity and afforded the higher molecular weight poly-
mer with a narrower polydispersion (PDI = 1.39). This result
provides a demonstration that disubstituents on the bridge
carbon can also have a similar role for 2,4,6-trimethylphenyl
and effectively block two sides of the axial space of the nickel
metal.
In view of the positive steric effect of the substituent on

the bridge carbon, the 2,4,6-trimethylphenyl moiety was thus
retained on the pyridine-amine ligand framework to further
study the steric and electronic effects of the amine moiety on
ethylene polymerization. First, pyridine-amine nickel complexes
6, 7, 8 with different 2,6-disubstituents were used to study the
steric effects of the amine moiety (entries 6, 7, 8). Reducing the
steric hindrance of the amine moiety by substituting o-methyl
groups for o-isopropyl groups results in an increase in the poly-
merization activity, but a decreasing-molecular-weight polymer
with a broadened polydispersity. Lack of substituents on an N-
aryl leads to a remarkable drop in the molecular weight of poly-
ethylene, and oligomers/traces of solid polymer are obtained.
This result illuminates that bulky steric hindrance of the amine
moiety can also effectively prohibit the chain transfer reaction,
which agrees with previous observations using pyridine-imine
nickel41,42 and α-diimine nickel catalytic systems.7

In addition, we attempted to evaluate the electronic effect of
the ortho position of the aryl ring by introducing two fluorine
groups. The bi-F substituted complex 9 after activation with
MAO can afford a small amount of isolated solid polymer pro-
duct with a low molecular weight (entry 9). Comparison of ac-
tivities between 8 and 9 shows a slight increase in the yield of
the polymer by introducing F onto the ortho position of the
aryl ring instead of H. Part of the explanation may be an elec-
tronic effect because of the electron-withdrawing nature of the
F groups, but the increasing sizes of F vs H groups suggests that

a steric effect should be responsible for slightly increasing the
molecular weight. In fact, a larger consumption of ethylene can
be observed using 8/MAO, which further confirmed that intro-
duction of electron-withdrawing onto the para position of leads
to a decrease in the turnover frequency.
Considering the high activity of pyridine-amine nickel 7 with

2,6-dimethylphenyl, we further synthesized another two
pyridine-amine nickel analogues, 10 and 11, and studied the
electronic effect of a para substituent on the amine moiety.
Comparison of entries 7 vs 10 demonstrates that introduction
of F onto the para position of the aryl leads to a decrease in the
activity and molecular weight of the polyethylene, which further
supports that the influence of F groups on the ortho position of
the aryl on molecular weight comes from steric hindrance.
When methyl is used instead of F, an increasing activity and
molecular weight of the polyethylene can be observed. In-
creasing the activity by introduction of a methyl group onto the
para position of the aryl not only arises from the electron-
donating effect of methyl, but also may be attributed to an in-
creasing axially steric block because of the tetrahedral con-
figuration of nitrogen on the amine (see the Crystal Structure
Section).
The branching structures of the polyethylenes produced by

pyridine-amine nickel catalysts were determined by 1H NMR
and are listed in Table 1. Generally, highly branched products
can be obtained as a result of the occurrence of the chain walk-
ing process during ethylene polymerization. Even at 0 °C, the
shortest branch-on-branch structure generated via chain walk-
ing through tertiary carbons can be seen from the methyl and
ethyl resonances centered at 19.44 and 11.72 ppm, respectively
(Figure 4).7

The catalyst precursor structure has an influence on the
branching structure of the PEs. For the influence of the sub-
stituent on the bridge carbon, a general tendency is that intro-
duction of bulky substituents onto a bridge carbon leads to a
decrease in the total branch density. Steric and electronic effects
of the amine moiety on the branching structure of polyeth-
ylenes were herein investigated in detail. 13C NMR experiments
were conducted to detect the branching distributions of the
polyethylenes (Figure 4), and detailed branching distributions
of the polyethylenes obtained by various catalysts are listed in

Figure 4. 13C NMR spectra of polyethylene samples synthesized by 6/
MAO, 7/MAO, 10/MAO, and 11/MAO at 0 °C.
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Table 2. The values of the branching density determined by 13C
NMR are reasonably larger than those determined by 1H
NMR.44 Unlike a pyridine-imine nickel catalyst,41,42 a con-
trasting trend is that reducing the steric bulk on the 2,6-
positions of an aryl from isopropyl to methyl leads to a sign-
ificant increase in the total branching density from 76 to 105
per 1000 carbon atoms. Compared with 7, electron-deficient
catalyst 10 with F on the para position of the amine moiety
afforded the PE with a lower branching density, whereas
electron-rich catalyst 11 with a methyl afforded the PE with a
higher branching density. These data suggest that reducing the
steric hindrance and introduction of an electron-donating
group for the amine moiety are favorable for the occurrence of
chain walking during ethylene polymerization. This provides a
fundamental approach for a pyridine-amine nickel catalyst to
control the polyethylene branching structure.
In our earlier communication, we found that the polymer-

ization temperature can affect the catalytic activity, polymer
microstructure, and living polymerization behavior using
6/MAO.37 On the basis of the above evaluation, pyridine-
amine nickel precursors 5 and 11 were herein chosen to study
the influence of the reaction temperature on ethylene poly-
merization. Table 3 summarized the polymerization results in
the temperature range from −20 to 40 °C. The observed basic
trend is that the catalytic activities of both catalytic systems
reach the maximum values at 20 °C and then slightly decrease
with elevated temperature.
Molecular weight distributions (PDIs) received more atten-

tion to study the relationship between the precursor structure
and living polymerization of ethylene. It is worth noting that
molecular weight distributions of the polymer become narrower
with decreasing temperature. PDI values of 1.15 and 1.17
can be achieved at −20 °C using 5/MAO and 11/MAO,

respectively. Therefore, living polymerizations of ethylene were
performed at −20 °C using 5/MAO and 11/MAO. Figure 5b

shows symmetric GPC traces of the polymers obtained using
5/MAO at different polymerization times, which shift to the
higher molecular weight region with the prolonged polymer-
ization time. Plots of number-average molecular weight (Mn)
and Mw/Mn as a function of polymerization time (Figure 5a)
also illustrate that Mn grows linearly with the polymerization
time, and Mw/Mn (PDI) values are below 1.2. Because the
branching density and type are nonuniform in each chain of
branched PEs with the same molecular weight, different hydro-
dynamic volumes of a branched PE chain lead to a slightly
broadened polydispersity.45 In addition, ethylene consump-
tion with 5/MAO measured by an ethylene flow rate meter
over a period of 4 h at −20 °C stays constant after a very short
initiation stage during the polymerization process. This result
also strongly supports that the active species is stable and
long-lived under the adopted conditions. Therefore, ethylene

Table 2. Branching Distributions of Polyethylenes Obtained with Complexes 6/MAO, 7/MAO, 10/MAO, and 11/MAO

branched chain/1000 C (relative content)

entry Ni Me Et Pr Bu Pe Lg branches/1000 C

6 6 55.7 6.5 3.6 3.9 0 6.3 76
(73.3%) (8.6%) (4.8%) (5.1%) (0%) (8.2%)

7 7 67.0 8.6 3.7 4.1 3.4 17.9 105
(63.8%) (8.2%) (3.5%) (3.9%) (3.2%) (17.4%)

10 10 62.4 11.5 3.9 3.6 2.0 14.7 98
(63.7%) (11.7%) (4.0%) (3.7%) (2.0%) (14.9%)

11 11 72.5 10.4 5.8 6.0 4.3 20.1 119
(60.9%) (8.7%) (4.9%) (5.0%) (3.6%) (16.9%)

Table 3. Results of Ethylene Polymerization Catalyzed by 5/MAO and 11/MAO at Various Temperaturesa

entry precursor temp. (°C) yield (g) activityb Mn
c (kg/mol) PDIc branches/1000 Cd

11 5 −20 0.067 3.4 4.5 1.15 62
12 5 −10 0.110 5.5 8.3 1.24 64
5 5 0 0.335 16.8 6.3 1.39 69
13 5 20 0.484 24.2 5.1 1.61 87
14 5 40 0.231 11.6 3.8 1.79 106
15 11 −20 0.632 31.6 33.0 1.17 68
16 11 −10 0.950 47.5 31.5 1.27 94
10 11 0 1.382 69.1 23.8 1.34 107
17 11 20 1.412 70.6 23.4 1.59 113
18 11 40 1.076 53.8 14.2 1.87 128

aPolymerization conditions: 20 μmol of nickel, 800 equiv of MAO, 1.2 atm ethylene pressure, 1 h, 40 mL of toluene. bIn units of kilograms of PE
(mol Ni)−1 h−1, activity is calculated by the weight of isolated solid polymer. cDetermined by gel permeation chromatography (GPC) in 1,2,4-
trichlorobenzene at 135 °C against linear polyethylene standards. dBranches per 1000 C atoms determined by 1H NMR spectroscopy.

Figure 5. (a) Plots of Mn (▲) and Mw/Mn (PDI) (■) as a function of
polymerization time using 5/MAO at −20 °C (polymerization
conditions: 1.2 atm, 20 μmol of Ni, 800 equiv of MAO, 40 mL of
toluene). (b) GPC traces at different times.
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polymerizations using 5/MAO at −20 °C proceed in a living
manner within 4 h.
In addition, a good linear relationship between Mn and poly-

merization time is also observed over a period of 1 h for 11/
MAO, and PDI values are below 1.2 (Figure 6). With a

prolonged polymerization time, the slope begins to decrease,
and the molecular weight distribution becomes broad, reaching
1.24 at 2 h. A broadening molecular weight distribution after
2 h may arise from precipitation of high molecular weight
polymers (Mn = 52 000) at low temperature and embedment of
nickel species.46,47 Therefore, it is safely concluded that the
living polymerization of ethylene can proceed with 11/MAO at
−20 °C within 1 h. The living catalytic polymerization behavior
of pyridine-amine nickel 11 not only arises from an axially steric
block on the bridge carbon, but also may be attributed to
effective steric hindrance of the amine moiety as a result of the
tetrahedral configuration of nitrogen on the amine, which can
retard chain transfer. To the best of our knowledge, this type of
pyridine-amine nickel is one of rare late transition metal
catalytic systems for living polymerization of ethylene.10,11,48−51

Living polymerization of ethylene provides viable access to
precise synthesis of monodisperse PE and corresponding block
copolymers.
Living polymerization of ethylene proved that a single-site,

nickel-based active species can be formed when pyridine-amine
nickel complexes were activated by MAO. It is known that
the amine group (C−(R)NH) can be deprotonated by a strong
base, such as BuLi or KH, to produce the amide (C−(R)N−)
group, and an amide−metal combination arrangement also gen-
erally occurs.27,52,53 Herein, a crucial problem for active species
for ethylene polymerization is whether cation pyridine-amine
nickel ([Py-CNRH]Ni+P, P is polymer chain) or neutral pyridine-
amide nickel ([Py-CNR]NiP) when a hydrogen on the amine
group is removed by activator MAO. We have previously syn-
thesized well-defined pyridine-amide nickel complexes without
a substituent on the bridge carbon and studied their poly-
merization behavior for ethylene.27 In the presence of MAO,
pyridine-amide nickel complexes catalyze ethylene polymer-
ization to afford a coexisting product of a solid polymer and
liquid oligomers, which may be attributed to different catalytic
species yielded from isomerization equilibrium by the rotation
of the amide−aryl bond.
In addition, much lower branched polyethylene (<10/1000 C)

were produced by a pyridine-amide nickel catalyst27 than
pyridine-amine nickel catalyst (60−70/1000 C) at −20 °C.

The above comparison of ethylene polymerization strongly con-
firmed two distinct active species between pyridine-amide
nickel/MAO and pyridine-amine nickel/MAO. Therefore, it is
reasonably concluded that an active species for ethylene poly-
merization is the cation pyridine-amine nickel ([Py-CNRH]-
Ni+P), and our conclusion is also supported by the cation
imine−amine nickel species for ethylene polymerization
presented by Chen.33,34 One explanation is that a hydrogen
on an amine group can be avoided to deprotonate by MAO be-
cause of bulky steric hindrance.

■ CONCLUSIONS

A series of novel nickel complexes chelating pyridine-amine
ligands were synthesized. The variation of the pyridine-amine
framework has a decisive influence on ethylene polymerization.
Introduction of bulky aryls on the pyridine moiety on amine-
pyridine nickel leads to a significant decrease in the activity and
molecular weight of the polyethylene, whereas increasing the
bulk of the substituents on the bridge carbon results in an in-
crease in the polymerization activity and molecular weight of
polyethylene. For an amine moiety, increasing the steric hin-
drance results in decreasing activity and affords high-molecular-
weight polyethylene with a narrower polydispersity, and intro-
duction of an electron-donating group on the amine moiety
leads to the formation of high-molecular-weight polyethylene
with an enhanced activity. The above shows that two coor-
dinating functionalities (pyridine (sp2) and amine (sp3)) confer
distinctive effects and reactivity controls on ethylene polymer-
ization, and substituents on bridge carbon are located at a stra-
tegic place for the stability, activity, molecular weight of the
polymer, and living polymerization of ethylene. By optimization
of variations in pyridine-amine frameworks, a living polymer-
ization of ethylene can be achieved using two new pyridine-
amine nickel catalysts. This type of ethylene living polymer-
ization catalyst will provide more choices to precise synthesis of
monodisperse PE and corresponding block copolymers.

■ EXPERIMENTAL SECTION

General Procedure for Synthesis of Nickel Complexes.
A solution of the corresponding ligand in CH2Cl2 (30 mL) and
(DME)NiBr2 was stirred under N2 for 12 h. After filtration, the
solution was evaporated to low volume in vacuum, and 20 mL
of hexane was added. The mixture was stirred and filtered, and
then the residual solid was obtained by washing with n-hexane.
Drying in vacuum produced the desired nickel complexes. The
nickel complexes were dissolved in a hot hexane/toluene solu-
tion and cooled in a freezer several days to afford the product as
dark brown crystals. Characterizations of nickel complexes are
shown in the Supporting Information. Crystal data and struc-
ture refinement for nickel complexes 4, 5·H2O and (L1)2NiBr2
are shown in Table 4.

Ethylene Polymerization. In a typical procedure, a round-
bottom Schlenk flask with stirring bar was heated 3 h to 150 °C
under vacuum and then cooled to room temperature. The flask
was pressurized to 1.5 atm of ethylene and vented three times.
The appropriate MAO solid as cocatalyst and toluene were
introduced into the glass reactor under 1.2 atm of ethylene. The
system was maintained by continuously stirring for 5 min, and
then a solution of the nickel complex in toluene was syringed
into the well-stirred solution, and the total volume was kept at
40 mL. The ethylene pressure was kept constant at 1.2 atm
(absolute pressure) by continuous feeding of gaseous ethylene

Figure 6. Plots of Mn (▲) and Mw/Mn (PDI) (■) as a function of
polymerization time using 11/MAO at −20 °C (polymerization
conditions: 1.2 atm, 20 μmol of Ni, 800 equiv of MAO, 40 mL of
toluene).
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throughout the reaction. The low temperatures were controlled
with a circulation cooler using ethanol as medium in the poly-
merization experiments. The polymerizations were terminated
by the addition of 200 mL of acidic methanol (95:5 ethanol/
HCl) after continuously stirring for an appropriate period. The
resulting precipitated polymers were collected and treated by
filtration, washing with methanol several times, and drying in
vacuum at 50 °C to a constant weight. All polymerizations of
ethylene were reproduced, and the yield and catalytic activity
are average values.
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