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a b s t r a c t

A series of para-benzhydryl substituted iminopyridyl-based Ni(II) and Pd(II) complexes with systemat-
ically varied ligand steric, [2,6-R2-4-CHPh2C6H2N¼ CH(NC6H5)]MX2 (MX2¼NiBr2 or PdCl2; R¼ -CHPh2

(Ni1,Pd1); R¼ iPr (Ni2,Pd2); R¼ Et (Ni3,Pd3); R¼Me (Ni4,Pd4)], were synthesized and applied to
ethylene oligo-/polymerization in combination with methylaluminoxane (MAO). These Ni(II) catalysts
displayed good thermal stability and high activity of up to 7.13� 106 g PE (mol Ni h)�1, while the Pd(II)
catalysts produced highly branched oligomers in high yields. Specifically, methyl-substituted complex
Pd4 exhibited higher activities and produced highly branched polyethylene (up to 141 branches/1000C).
The branching densities were increased with increasing the polymerization temperature and decreasing
the ligand bulkiness, and could be tuned over the wide range of 95e141/1000C. However, the molecular
weights of the produced polymers follow the opposite trend.

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

Polyolefin-based materials have been playing pivotal roles in
today's polymer industry as well as in our daily lives [1]. In recent
years, the interest in highly branched ethylene oligomers [2e4]
increased obviously because of their unique physical properties and
potential applications as lubricants, adhesives, and paints. The
cationic Ni(II) and Pd(II) catalysts [5e17] for olefin polymerization
has received extensive researches owing to the precise control of
branching microstructure, molecular weights and properties of the
resulting polyolefins [18e40]. There are many papers for ethylene
polymerization using N-N bi-dentate pre-catalysts ligated by a-
diimine [41e52], iminopyridyl [53,54], iminopyrrolyl [55], and
many others. More importantly, the iminopyridyl-based Ni(II) and
Pd(II) pre-catalysts [56e59] are able to polymerize ethylene to
afford low molecular-weight branched oligomers, and their cata-
lytic activities are high more than those of Brookhart-type a-dii-
mine catalysts.
, wangfuzhou1718@126.com

he article.
Many pyridinylimine-type catalysts incorporating a single
ortho-substituted aryl imine structure have been reported (Chart 1
I-IV) [56e60]. For example, Sun et al. reported that a series of
dibenzhydryl substituted 2-iminopyridyl nickel catalysts I with
different substituents (R2¼H, Me) showed high catalytic activities
in ethylene polymerization of up to 107 g PE (mol Ni h)�1 [56], but
only produced branched polyethylene with low molecular weight
of less than 1000 gmol�1. The steric bulky I remained high activity
toward ethylene polymerization (ca.106 g PE (mol Ni h) �1) [57], but
the obtained polyethylenes were now short chain oligomers.
Recently, Gao et al. synthesized two iminopyridyl-based palladium
complexes II with dibenzhydryl substituents [58]. Their cationic
iminopyridyl-based palladium complexes were capable of cata-
lyzing ethylene oligomerization with good activities, and produced
highly branched oligomers with molecular weights of
600e800 gmol�1 and narrow polydispersities (1.03e1.12). The
introduction of bulky ortho-benzhydryl enhanced catalytic activity,
thermal stability of the catalyst, and molecular weight of the ob-
tained products. Brookhart et al. reported that 8-arylnaphthyl
groups incorporated into pyridine-imine nickel catalysts III that
block only a single axial site were highly effective in retarding chain
transfer [59]. These catalysts produced branched polyethylenes (ca.
30e90 branches per 1000 carbons) with good molecular weight up
to 2.6� 104 gmol�1. Chen et al. reported that a series of
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Chart 1. Selected examples of iminopyridyl-based Ni(II) and Pd(II) catalysts.
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iminopyridyl nickel catalysts IV containing both the dibenzhydryl
and the naphthyl moieties polymerized ethylene with high activity
and high thermal stability [60], and also generated semicrystalline
poly(a-olefin)s with high melting temperatures.

Dinuclear iminopyridyl Ni(II) and Pd(II) complexes (Chart 1 V-
VII) have been explored in catalysis with the potential of coopera-
tive effects between two proximate active metal centers, including
the applications in ethylene polymerization [61e64]. For example,
Sun et al. designed some methylene-bridged dinuclear nickel cat-
alysts Va with bis-iminopyridine ligands [61]. These catalysts
showed good activities for ethylene oligomerization and polymer-
ization in the presence of MAO, and produced mixtures of oligo-
mers and polyethylenes. The NieNi cooperativity effect may be
responsible for the unique properties of these dinuclear catalysts.
Hu et al. reported that some bridged dinuclear diimine nickel and
palladium complexes (Vb) catalyzed the vinyl addition polymeri-
zation of norbornene at a single active site with high activity [62].
The latter exhibited higher activity than the former. The packing
density, thermos stability, and the glass transition temperatures of
copolymers are increased relative to polystyrene. The solubility and
process ability of copolymers are improved relative to poly-
norbornene. Solan et al. also synthesized an aryl-bridged pyridine-
imine palladium complex VI which showed some activity for
ethylene oligomerization, and produced low molecular weight
polyethylene with methyl-branched products predominating for
this nickel systems [63].

Our group designed two xanthene-bridged iminopyridyl dinu-
clear nickel complexes VII with two Ni centers connected by two
bromide bridges [64]. The iminopyridyl dinuclear nickel complexes
activated by MAO showed higher catalytic activities of up to
2.2� 106 g PE (mol Ni h)�1, higher molecular weights, and produced
polyethylene with much lower branching density (27/1000C) than
their mononuclear analogues. These results clearly demonstrated
the great potentials of dinuclear nickel catalysts with the xanthene-
bridged coordination modes in controlling the ethylene polymeri-
zation process as well as the microstructures of the resulting poly-
ethylene products. In this work, we report the applications of a class
of para-dibenzhydryl substituted iminopyridyl-based Ni(II) and
Pd(II) complexes with systematically varied ligand sterics, and study
the effect of ligand structure and polymerization conditions on
ethylene oligo-/polymerization in detail.

2. Experimental

2.1. General considerations

Experiments involving air- and/or moisture-sensitive materials
were carried out under a dry nitrogen atmosphere using a glove-
box, dual vacuum/nitrogen lines and standard Schlenk tech-
niques. Deuterated solvents for NMR spectroscopy were dried and
distilled prior to use. The NMR spectra were recorded on a Bruker
Ascend 400 spectrometer at ambient temperature unless otherwise
stated. The chemical shifts of the 1H and 13C NMR spectra were
referenced to tetramethylsilane (TMS). Molecular weights and
molecular weight distributions were determined by gel permeation
chromatography (GPC) at 150 �C using a PL-GPC 220 high-
temperature GPC system. Elemental analysis was performed by
the Analytical Center of the Changzhou University. Single crystal of
the nickel complex was got by slow diffusion of n-hexane into
CH2Cl2 at room temperature. X-ray crystallography analysis was
performed on an Oxford Diffraction Gemini S Ultra CCD diffraction
meter equipped with mirro Cu Ka (l¼ 1.54184 Å) radiation at room
temperature. Toluene, CH2Cl2, THF, and n-hexane were purified
over 4 Å molecular sieves. All para-benzhydryl derivatives were
prepared according to reported procedures [54]. Dichloromethane,
toluene, and hexanes were purified by solvent purification systems.
All other reagents were purchased from commercial sources and
used without purification.

2.2. General synthesis of the para-benzhydryl substituted
iminopyridyl ligands L1eL4

2.2.1. Synthesis of (2,4,6-tribenzhydrylphenylimino)pyridine (L1)
In a 100mL flask, formic acid (0.2mL) was added in to the

stirred solution of picolinaldehyde (0.21 g, 2.00mmol) and 2,4,6-
tribenzhydrylaniline (1.18 g, 2.00mmol) in ethanol (30mL). The
mixture stirred for 12 h at 50 �C, then cooled and the precipitate
was separated by filtration to afford yellow solid. This obtained
solid was purified by recrystallization with a mixture of EtOH/
CH2Cl2, washed with cold ethanol and dried under vacuum to
obtain yellow powder (1.21 g, 89% yield). 1H NMR (400MHz, CDCl3,
ppm): d 8.57 (d, J¼ 7.4 Hz, 1H, N¼CHC5H5N), 7.72e7.64 (m, 2H,
Py�H), 7.30e7.24 (m, 2H, Py�H), 7.19e6.89 (m, 30H, Ph�H), 6.67 (s,
2H, Ar�H), 5.41 (s, 1H, �CHPh2), 5.30 (s, 2H, �CHPh2). 13C NMR
(100MHz, CDCl3, ppm): d 165.1 (N¼CHPy),153.6,149.6,148.5,144.3,
143.5, 138.3, 136.3, 130.0, 129.5, 129.4, 129.2, 128.1, 128.0, 126.1,
126.0, 125.1, 122.0, 56.2 (�CHPh2), 51.9 (�CHPh2). Anal. Calcd. for
C51H40N2: C, 89.96; H, 5.92; N, 4.11. Found: C, 89.83; H, 5.78; N, 4.38.
FT-IR (KBr): 1647 cm�1 (vC¼ N).

2.2.2. Synthesis of (4-benzhydryl-2,6-diisopropylphenylimino)
pyridine (L2)

L2 was prepared in a similar synthetic procedure to that for L1
as yellow powder (0.80 g, 92% yield). 1H NMR (400MHz, CDCl3,
ppm): d 8.75 (d, J¼ 7.8 Hz, 1H, Py�H), 8.36 (s, 1H, N¼CHC5H5N),
8.29 (d, J¼ 7.2 Hz, 1H, Py�H), 7.88e7.84 (m, 1H, Py�H), 7.44e7.41
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(m, 1H, Py�H), 7.34e7.29 (m, 4H, Ph�H), 7.26e7.23 (m, 2H, Ph�H),
7.19 (d, J¼ 7.9 Hz, 4H, Ph�H), 6.94 (s, 2H, Ar�H), 5.56 (s,
1H,�CHPh2), 2.96 (s, 2H,�CH(CH3)2), 1.11 (d, J¼ 7.3 Hz,12H,�CH3).
13C NMR (100MHz, CDCl3, ppm): d 163.0 (N¼CHPy), 154.5, 149.7,
146.5, 144.5, 139.5, 137.1, 136.8, 129.5, 128.2, 126.1, 125.3, 124.3,
121.3, 56.9 (�CHPh2), 28.0 (�CH3), 24.5 (�CH(CH3)2). Anal. Calcd.
for C31H32N2: C, 86.07; H, 7.46; N, 6.48. Found: C, 86.21; H, 7.02; N,
6.77. FT-IR (KBr): 1648 cm�1 (vC¼ N).

2.2.3. Synthesis of (4-benzhydryl-2,6-diethylphenylimino)pyridine
(L3)

L3 was prepared in a similar synthetic procedure to that for L1
as yellow powder (0.77 g, 95% yield). 1H NMR (400MHz, CDCl3,
ppm): d 8.71 (d, J¼ 7.8 Hz, 1H, Py�H), 8.35 (s, 1H, N¼CHC5H5N),
8.26 (d, J¼ 7.8 Hz, 1H, Py�H), 7.85e7.81 (m, 1H, Py�H), 7.42e7.37
(m,1H, Py�H), 7.33e7.15 (m,10H, Ph�H), 6.85 (s, 2H, Ar�H), 5.52 (s,
1H, �CHPh2), 2.49e2.41 (m, 4H, �CH2CH3), 1.06 (t, J¼ 7.5 Hz,
6H, �CH3). 13C NMR (100MHz, CDCl3, ppm): d 163.0 (N¼CHPy),
154.5, 149.6, 147.7, 144.4, 139.6, 136.8, 132.7, 129.5, 128.3, 127.5,
126.2, 125.3, 121.1, 56.6 (�CHPh2), 24.8 (�CH2CH3), 14.5 (�CH3).
Anal. Calcd. for C29H28N2: C, 86.10; H, 6.98; N,6.92. Found: C, 85.89;
H, 7.38; N,6.73. FT-IR (KBr): 1646 cm�1 (vC¼ N).

2.2.4. Synthesis of (4-benzhydryl-2,6-dimethylphenylimino)
pyridine (L4)

L4 was prepared in a similar synthetic procedure to that for L1
as yellow powder (0.68 g, 90% yield). 1H NMR (400MHz, CDCl3,
ppm): d 8.71 (d, J¼ 7.6 Hz,1H, Py�H), 8.35 (s,1H, N¼CHC5H5N), 8.27
(d, J¼ 7.8 Hz,1H, Py�H), 7.86e7.81 (m,1H, Py�H), 7.42e7.37 (m,1H,
Py�H), 7.31e7.17 (m, 10H, Ph�H), 6.83 (s, 2H, Ar�H), 5.49 (s,
1H, �CHPh2), 2.10 (s, 6H, �CH3). 13C NMR (100MHz, CDCl3, ppm):
d 163.4 (N¼CHPy), 154.5, 149.6, 148.5, 144.2, 139.5, 136.7, 129.5,
129.2, 128.3, 126.9, 126.1, 125.3, 121.2, 56.4 (�CHPh2), 18.5 (�CH3).
Anal. Calcd. for C27H24N2: C, 86.13; H, 6.43; N, 7.44. Found: C, 86.52;
H, 6.12; N, 7.36. FT-IR (KBr): 1647 cm�1 (vC¼ N).

2.3. General method for the synthesis of dibromide nickel
complexes

All nickel complexes were obtained in a similar synthetic pro-
cedure by the reaction of the corresponding ligands with (DME)
NiBr2 (DME¼ 1,2-dimethoxyethane) in CH2Cl2. A typical synthetic
way of Ni1eNi4 is as follows: (DME)NiBr2 (0.31 g, 1.0mmol), ligand
(1.0mmol) and CH2Cl2 (25mL) were combined in a 100mL Schlenk
flask under an atmosphere of nitrogen. After stirred for 12 h at
room temperature, and the resulting suspension was filtered. The
reaction solution was evaporated to dryness under vacuum and
washed three times by diethyl ether (3� 14mL), and then dried
under vacuum to obtain complex as a brown solid powder.

(diPhCHNˆN-Py)L1NiBr2 (Ni1) (0.80 g, 93%): Anal. Calcd for
C51H40Br2N2Ni: C, 68.11; H, 4.48; N, 3.11. Found: C, 68.29; H, 4.52; N,
2.99. FT-IR (KBr): 1625 cm�1 (vC¼ N).

(i-PrNˆN-Py)L2NiBr2 (Ni2) (0.61 g, 94%): Anal. Calcd for
C31H32Br2N2Ni: C, 57.18; H, 4.95; N, 4.30. Found: C, 57.32; H, 4.84; N,
4.27. FT-IR (KBr): 1623 cm�1 (vC¼ N).

(EtNˆN-Py)L3NiBr2 (Ni3) (0.60 g, 96%): Anal. Calcd for
C29H28Br2N2Ni: C, 55.90; H, 4.53; N, 4.50. Found: C, 56.06; H, 4.49;
N, 4.38. FT-IR (KBr): 1622 cm�1 (vC¼ N).

(MeNˆN-Py)L4NiBr2 (Ni4) (0.56 g, 95%): Anal. Calcd for
C27H24Br2N2Ni: C, 54.50; H, 4.07; N, 4.71. Found: C, 54.25; H, 4.13; N,
4.90. FT-IR (KBr): 1625 cm�1 (vC¼ N).

2.4. General method for the synthesis of palladium complexes

All palladium complexes were prepared in a similar manner by
the reaction of (MeCN)2PdCl2 with the corresponding ligands in
CH2Cl2, respectively. A typical synthetic procedure of Pd1ePd4 is as
follows: (MeCN)2PdCl2 (0.26 g, 1.0mmol) and ligand (1.0mmol)
were placed in a Schlenk flask under N2 atmosphere. CH2Cl2
(30mL) was added, and the reaction mixture was stirred at room
temperature for 24 h. The resulting suspension was filtered. The
solvent was removed under vacuum and the residue was washed
with diethyl ether (3� 13mL), and then dried under vacuum at
room temperature to obtain a yellow solid powder.

(diPhCHNˆN-Py)L1PdCl2 (Pd1) (0.79 g, 92%): 1H NMR (400MHz,
CDCl3, ppm): d 9.06 (d, J¼ 7.4 Hz, 1H, N¼CHC5H5N), 8.24e7.91 (m,
2H, Py�H), 7.29e6.90 (m, 34H, Py�H and Ar�H), 6.55 (s, 2H, Ar�H),
5.56 (s, 1H, �CHPh2), 5.45 (s, 2H, �CHPh2). 13C NMR (100MHz,
CDCl3, ppm): d 176.9 (N¼CHPy), 154.7, 150.7, 144.8, 143.9, 143.8,
143.6, 143.5, 142.0, 138.3, 136.3, 130.9, 130.3, 130.1, 129.6, 129.0,
126.9, 126.7, 56.2 (�CHPh2), 51.9 (�CHPh2). Anal. Calcd for
C51H40Cl2N2Pd: C, 71.38; H, 4.70; N, 3.26. Found: C, 71.49; H, 4.58;
N, 3.27. FT-IR (KBr): 1623 cm�1 (vC¼ N).

(i-PrNˆN-Py)L2PdCl2 (Pd2) (0.57 g, 94%): 1H NMR (400MHz,
CDCl3, ppm): d 9.07 (s, 1H, N¼CHC5H5N), 8.80 (d, J¼ 7.8 Hz, 1H,
Py�H), 8.42e8.00 (m, 3H, Py�H), 7.35e7.13 (m,10H, Ph�H), 6.97 (s,
2H, Ar�H), 5.65 (s, 1H, �CHPh2), 3.22 (s, 2H, �CH(CH3)2), 1.18 (d,
J¼ 7.3 Hz, 12H, �CH3). 13C NMR (100MHz, CDCl3, ppm): d 175.5
(N¼CHPy), 155.6, 151.2, 144.5, 143.7, 143.5, 142.1, 136.2, 130.6, 130.5,
129.5,129.1,126.9,126.7, 56.0 (�CHPh2),18.3 (�CH3). Anal. Calcd for
C31H32Cl2N2Pd: C, 61.05; H, 5.29; N, 4.59. Found: C, 61.12; H, 5.34; N,
4.47. FT-IR (KBr): 1604 cm�1 (vC¼ N).

(EtNˆN-Py)L3PdCl2 (Pd3) (0.54 g, 93%): 1H NMR (400MHz,
CDCl3, ppm): d 9.06 (s, 1H, N¼CHC5H5N), 8.71 (d, J¼ 7.8 Hz, 1H,
Py�H), 8.42e7.99 (m, 3H, Py�H), 7.35e7.14 (m, 10H, Ph�H), 6.91 (s,
2H, Ar�H), 5.64 (s, 1H, �CHPh2), 2.71e2.59 (m, 4H, �CH2CH3),
1.14e1.08 (m, 6H, �CH3). 13C NMR (100MHz, CDCl3, ppm): d 175.2
(N¼CHPy), 155.4, 150.8, 144.2, 143.5, 143.3, 141.9, 136.0, 130.3, 130.2,
129.5, 128.9, 126.8, 126.5, 56.1 (�CHPh2), 24.6 (�CH2CH3), 14.4
(�CH3). Anal. Calcd for C29H28Cl2N2Pd: C, 59.86; H, 4.85; N, 4.81.
Found: C, 59.82; H, 4.76; N, 4.94. FT-IR (KBr): 1621 cm�1 (vC¼ N).

(MeNˆN-Py)L4PdCl2 (Pd4) (0.52 g, 95%): 1H NMR (400MHz,
CDCl3, ppm): d 9.09 (s, 1H, N¼CHC5H5N), 8.84 (d, J¼ 7.6 Hz, 1H,
Py�H), 8.37e7.81 (m, 3H, Py�H), 7.33e7.13 (m, 10H, Ph�H), 6.84 (s,
2H, Ar�H), 5.51 (s, 1H, �CHPh2), 2.12 (s, 6H, �CH3). 13C NMR
(100MHz, CDCl3, ppm): d 175.4 (N¼CHPy), 155.1, 150.6, 144.0, 143.3,
143.0, 141.7, 135.8, 130.1, 129.8, 129.1, 128.4, 126.5, 126.1, 56.0
(�CHPh2), 18.3 (�CH3). Anal. Calcd for C27H24Cl2N2Pd: C, 58.56; H,
4.37; N, 5.06. Found: C, 58.41; H, 4.45; N, 5.13. FT-IR (KBr):
1622 cm�1 (vC¼ N).
2.5. X-ray structure determinations

Single crystals of complexes Pd2 and Pd3 suitable for X-ray
analysis were obtained by dissolving the complex in CH2Cl2,
following by slow layering of the resulting solution with n-hexane.
Data collections were performed at 296(2) K on a Bruker SMART
APEX diffractometer with a CCD area detector, using graphite
monochromated MoKa radiation (l¼ 0.71073 Å). The determina-
tion of crystal class and unit cell parameters was carried out by the
SMART program package. The raw frame datawere processed using
SAINT and SADABS to yield the reflection data file. The structures
were solved by using the SHELXTL program. Refinement was per-
formed on F2 anisotropically for all non-hydrogen atoms by the full-
matrix least-squares method. The hydrogen atoms were placed at
the calculated positions and were included in the structure calcu-
lation without further refinement of the parameters. Crystal data,
data collection, and refinement parameters are listed in Table S1.
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2.6. Catalytic ethylene oligo-/polymerization tests

In a typical experiment, a 100mL glass thick-walled pressure
vessel was charged with required amount of MAO, 50mL toluene
and a magnetic stir bar in the glovebox. The pressure vessel was
connected to a high pressure polymerization line and the solution
was degassed. The vessel was warmed to the desired temperature
using an oil bath and allowed to equilibrate for 15min. Then Ni(II)
or Pd(II) complexes in 2mL CH2Cl2 was injected into the vessel via
syringe. With rapid stirring, the reactor was pressurized and
maintained at 6.0 atm of ethylene. After the desired amount of
polymerization time, the vessel was vented and terminated in 5%
acidified methanol. The polymers obtained were adequately
washed with methanol and dried under vacuum at 50 �C for 12 h.
Fig. 1. Molecular structure of complexes Pd2 and Pd3with thermal ellipsoids drawn at
30% probability, and H atoms have been omitted for clarity. Selected bond lengths (Å)
and angles (o) for complexes: (Pd2) Pd1�N2, 2.004(6); Pd1�N1, 2.047(7); Pd1�Cl2;
2.273(3); Pd1�Cl1, 2.285(2); N2�Pd1�N1, 80.4(3); Cl2�Pd1�Cl1, 91.59(11);
N1�Pd1�Cl1, 95.3(2); N1�Pd1�Cl2, 172.8(2). (Pd3) Pd1�N1, 2.019(3); Pd1�N2,
2.016(3); Pd1�Cl, 2.272(11); Pd1�Cl2, 2.296(11); Cl1�Pd1�Cl2, 90.75(4);
N2�Pd1�Cl2, 174.47(10); N2�Pd1�Cl1, 94.41(10); N2�Pd1�N1, 80.50(13).
3. Results and discussion

3.1. Synthesis and characterization of the Ni(II) and Pd(II)
complexes

The desired para-benzhydryl derivatives were prepared using
the literature procedure in high yields. The para-benzhydryl
substituted iminopyridyl ligands and the corresponding pre-
catalysts used in this study are summarized in Scheme 1. The para-
benzhydryl substituted iminopyridyl ligands L1eL4 were prepared
by the condensation of equivalents of the appropriate aniline with
one equivalent of picolinaldehyde, usually in the presence of a
formic acid catalyst. Equimolar amounts of NiBr2(DME) or
(CH3CN)2PdCl2 and the corresponding ligands L1eL4 in CH2Cl2
gave catalyst precursors complexes Ni1eNi4 and Pd1ePd4 in
almost quantitative yields, respectively. These compound formu-
lations were characterized by elemental analysis, FT-IR and NMR
spectroscopy. The fitted elemental analysis of complexes Pd2 and
Pd3 fits the molecular structures obtained by the X-ray structural
studies (see below).
3.2. X-ray crystallographic studies

Suitable crystal of Pd(II) complexes Pd2 and Pd3 were obtained
by layering n-hexane onto their dichloromethane solution at room
temperature. The molecular structures of complexes Pd2 and Pd3
were confirmed by single-crystal X-ray diffraction and the corre-
sponding ORTEP diagram with selected bond distances and angles
are shown in Fig. 1. Crystal data, data collection and refinement
parameters are listed in Table S1 (see Supporting Information).
The structure of complexes Pd2 and Pd3 showed the expected
bidentate coordination of the iminopyridyl nitrogen atoms to
the Pd center, forming distorted square-planar coordination envi-
ronments. The bond distances and angles are typical and similar
with reported complex II [58]. The systematic tuning of the ortho-R
Scheme 1. Synthesis of iminopyridyl-based Ni(II) complexes Ni1eNi4 and Pd(II)
complexes Pd1ePd4.
substituted ligand steric coordination environment can be clearly
observed by these molecular structures, expectantly to tune the
catalytic activity for olefin polymerization and to control the
polymer microstructures.
3.3. Ethylene polymerization studies

Sun et al. studied the effect of various co-catalysts on ethylene
polymerization using corresponding dibenzhydryl substituted 2-
iminopyridyl nickel catalysts I [56], MAOwas the most effective co-
catalyst among these alkylaluminium reagents and the catalytic
system exhibited highest catalytic activities. Therefore, polymeri-
zations of ethylene with Ni(II) complexes Ni1eNi4 activated by
MAO with the [Al]/[Ni] ratio of 600 were carried out at various
polymerization temperatures and steric effects for 30min under
6 atm of ethylene, and the results are listed in Table 1.

The influence of the polymerization temperature was investi-
gated by varying the temperature from 20 to 60 �C. The maximum
catalytic activities of complexes Ni1eNi4 were observed at 40 �C
(Table 1, entries 2, 5, 8 and 11). This polymerization at 60 �C, the
catalytic activities of the para-benzhydryl substituted complexes
Ni1eNi4 still maintained good catalytic activities on the level of
5.24� 106 g of PE/(mol Ni h), and showed much higher thermal
stability than the corresponding methyl substituted complex C4
(Table 1, entries 3, 6, 9 and 12). The lower activities at higher
temperatures should be ascribed to the partial deactivation of the
active species and the lower solubility of ethylene in toluene at
elevated temperatures [65].

The effect of catalyst precursors Ni1eNi4 were investigated at
various polymerization temperatures. These Ni(II) complexes pro-
duced polymers in high yields with low molecular weights over a
very wide range ((2.3e11.3)� 103 g/mol) and narrow molecular



Table 1
Catalytic results of ethylene polymerization with complexes Ni1eNi4.a

Entry Precat. T (oC) Yield (g) Activityb Mn
c (103) Mw/Mn

c Bd

1 Ni1 20 6.42 5.14 11.27 1.58 95
2 Ni1 40 7.81 6.25 10.32 1.36 101
3 Ni1 60 5.91 4.73 8.76 1.91 108
4 Ni2 20 7.34 5.87 9.02 1.75 100
5 Ni2 40 8.52 6.82 5.38 1.70 105
6 Ni2 60 6.07 4.86 4.14 1.92 113
7 Ni3 20 7.84 6.27 6.90 1.76 104
8 Ni3 40 8.91 7.13 5.00 1.84 111
9 Ni3 60 7.13 5.70 3.52 2.31 124
10 Ni4 20 6.84 5.47 5.15 1.69 110
11 Ni4 40 7.68 6.14 3.99 1.72 126
12 Ni4 60 6.55 5.24 2.31 2.63 131

a Polymerization conditions: Ni¼ 2.5 mmol in CH2Cl2 (2mL); cocatalyst MAO, [Al]/
[Ni]¼ 600; solvent¼ toluene (50mL); 6.0 atm of ethylene; time¼ 30min.

b 106 g of PE (mol of Ni)�1 h�1.
c Mn and Mw/Mn determined by GPC, 103 gmol�1.
d Branching density, branches/1000C ¼ (CH3/3)/[(CH þ CH2 þ CH3)/2]� 1000,

determined by 1H NMR analysis [6].
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weight distributions (Mw/Mn¼ 1.36e2.63). Steric effect of ortho-
position in anilinic moiety can be evaluated by comparing Ni1 to
Ni4 (Table 1). For example, the complex Ni3 with ethyl gourps
showed the highest activity among these complexes of up to
7.13� 106 g of PE/(mol Ni h) (entries), but gave the lower molecular
weight than that of complex Ni2 (Table 1, entries 5 vs 8). The
highest molecular weight of the polymers obtained by Ni1 indi-
cated that the rate of chain propagation was greatly promoted by
the bulky ortho-benzhydryl substituents of the ligand's aryl rings,
which should suppress chain-transfer reactions, and is consistent
with the literature [56]. This result indicated that the molecular
weight was increased with increasing the bulkiness of the ligand
[-CHPh2>

iPr> Et>Me].
Polymerizations of ethylene with Pd(II) complexes Pd1ePd4

activated by MAO were also carried out at various steric effects and
polymerization temperatures for 3 h, and the results are listed in
Table 2. Compared with corresponding palladium catalysts II [58],
these catalytic systems showed good activities (ca. 105 g PE (mol Pd
h) �1). Themaximum catalytic activity of Pd1ePd4was observed at
40 �C (Table 2, entries 2, 5, 8 and 11). Moreover, the catalytic ac-
tivities of the Pd(II) catalysts and Mn values of polymers are lower
than that of the corresponding Ni(II) catalysts (Table 2 vs 1). The
rates of polymerization were decreased as the steric bulk of the
ortho-substituents on the iminopyridyl ligand increases. However,
Table 2
Catalytic results of ethylene polymerization with complexes Pd1ePd4.a

Entry Precat. T (oC) Yield (g) Activityb Mn
c Mw/Mn

c Bd

1 Pd1 20 2.14 1.43 2930 1.61 101
2 Pd1 40 2.72 1.81 2790 1.69 105
3 Pd1 60 1.65 1.01 940 2.05 113
4 Pd2 20 2.48 1.65 1930 1.55 106
5 Pd2 40 3.07 2.05 1570 1.67 110
6 Pd2 60 2.13 1.42 790 2.33 117
7 Pd3 20 2.78 1.85 1580 1.85 109
8 Pd3 40 3.57 2.38 1270 1.70 121
9 Pd3 60 2.31 1.54 590 2.58 131
10 Pd4 20 2.89 1.93 950 2.02 125
11 Pd4 40 3.61 2.41 850 2.15 134
12 Pd4 60 2.45 1.63 570 3.79 141

a Polymerization conditions: Pd¼ 5 mmol in CH2Cl2 (2mL); cocatalyst MAO, [Al]/
[Pd]¼ 600; solvent¼ toluene (50mL); 6.0 atm of ethylene; time¼ 3 h.

b 105 g of PE (mol of Pd)�1 h�1.
c Mn and Mw/Mn determined by GPC, g mol�1.
d Branching density, branches/1000C ¼ (CH3/3)/[(CH þ CH2 þ CH3)/2]� 1000,

determined by 1H NMR analysis [6].
the molecular weights of the produced polymers follow the
opposite trend.
3.4. Structure of the resulting polymers

The 1H NMR analysis (Tables 1 and 2) [67,68] showed that the
polyethylene branching structures was strong dependent on the
polymerization temperatures and ligand structures [3]. For
example, the branching degrees of resulting PEs were increased
with polymerization temperatures from 20 to 60 �C, and the
branching densities could be tuned over a very wide range (Ni1,
95e108/1000C; Ni2, 100e113/1000C; Ni3, 106e124/1000C; Ni4,
110e131/1000C; Pd1, 101e113/1000C; Pd2, 106e117/1000C; Pd3,
109e131/1000C; Pd4, 125e141/1000C). These substituted imino-
pyridyl catalysts with para-benzhydryl group afforded branched
polyethylenes with a considerably higher branching degree than
the corresponding classic iminopyridyl catalysts [53]. Besides, the
branching densities obtained with Pd(II) catalysts were obviously
higher than that of Ni(II) catalysts, which increased with decreasing
the bulkiness of ligand. For example, at 40 �C, the number of chain
branching was depended on the pre-catalysts and decreased in the
following order, Pd4 [Me, 134/1000C]> Pd3 [iPr, 121/1000C]> Pd2
[Et, 110/1000C]> Pd1 [-CHPh2, 105/1000C] (Table 2, entries 2, 5, 8
and 11).

The polymerization of ethylene with para-benzhydryl
substituted iminopyridyl complexes Ni1eNi4 and Pd1ePd4 typi-
cally provides highly branched amourphous polyethylene through
fast chain-walking mechanism. The chain branching distribution of
the obtained branched polyethylenes was determined by 13C NMR
spectroscopy analysis [68,69]. For example, Figure S11 (Table 1,
entry 1) showed that the obtained polyethylene with 95 branches/
1000C usingNi1 at 20 �C possessed 69methyl, 5 ethyl, 2 n-propyl, 3
n-butyl, 1 sec-butyl and 15 longer chains (>C4 branches), among
branches was predominately methyl. The branching structures of
the polyethylene produced by Pd4 at 60 �C (Fig. 2) showed that 78
methyl, 16 ethyl, 4 n-propyl, 8 n-butyl, 14 sec-butyl (branch on
branch structure) and 21 longer chains (>C5 branches) exist for the
amorphous polyethylene with highly branches up to 141 branches/
1000C (Table 2, entry 12).
4. Conclusions

In summary, oligo-/polymerization of ethylenewas catalyzed by
a class of para-benzhydryl substituted iminopyridyl Ni(II) and Pd(II)
complexes bearing different ortho-substituted groups (-CHPh2, iPr,
Et and Me) activated by MAO. The introduction of para-benzhydryl
group of the N-aryl substituents may promote the fast chain-
walking process by the electronic effect in ethylene polymeriza-
tion, which results in the good thermal stability, high catalytic
Fig. 2. 13C NMR spectrum of polyethylene obtained by Pd4 at 60 �C (Table 2, entry 12).
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activity and produced highly branched polyethylenes. The results
indicated the catalytic activities, the molecular weights and
branching densities (97e141/1000C) could be tuned over a very
wide range, depending on the catalyst structure and polymeriza-
tion temperature. These Ni(II) catalytic systems displayed higher
activity of up to 7.13� 106 g PE (mol Ni h)�1, while the Pd(II) cata-
lytic systems produced highly branched oligomers in high yields.
Specifically, methyl-substituted complex Pd4 produced highly
branched polyethylene of up to 141 branches/1000C.
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