RESEARCH ARTICLE

¥ Catalysis

pubs.acs.org/acscatalysis

Synthesis, Characterization, and Ethylene Polymerization Behavior of
8-(Nitroarylamino)-5,6,7-trihydroquinolylnickel Dichlorides: Influence
of the Nitro Group and Impurities on Catalytic Activity

Liping Zhang," Xiang Hao," Wen-Hua Sun,*" and Carl Redshaw**

"Key Laboratory of Engineering Plastics, Beijing National Laboratory for Molecular Sciences, Institute of Chemistry, Chinese Academy

of Sciences, Beijing 100190, China

*School of Chemistry, University of East Anglia, Norwich, NR4 7TJ, U.K.

o Supporting Information

ABSTRACT: The series of N-(5,6,7-trihydroquinolin-8-ylide-
ne)nitroarylamine ligands (L1—L4) was prepared and used to NO, /—

— NO,
g 8y il _\
synthesize the chloro-bridged dinickel complexes (Nil—Ni4) and \ / Ra al /N
the bis-ligated mononickel(II) complex (NiS) in good yield. Mole : 4 7

cular structures of Nil, Ni2, Ni4, and Ni$ were confirmed by single-
crystal X-ray diffraction analysis, revealing a pseudosquare—pyramidal
geometry around nickel in the chloro-bridged complexes (Nil, Ni2,

-] Ni
IR
cl N
X & r _\\ 7 Vg
\ /7 NO, = NO,

and Ni4) and a distorted octahedral geometry at the nickel atom in

the bis-ligated complex (NiS). Upon treatment with ethylaluminum sesquichloride (EASC, Et;AL,Cl;) or methylaluminoxane
(MAO)), all nickel complexes exhibited high activities (up to 4.0S x 10° g (PE) mol ' h™") for ethylene polymerization. Moreover,
heterocyclic impurities such as tetrahydrofuran (THF) and pyridine, often detected in common solvents, were added to the catalytic
system of precatalyst Ni2 under controlled conditions and were found to have a negative influence on the catalytic behavior during

ethylene polymerization.
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B INTRODUCTION

Since the discovery that diiminonickel dichlorides can act as
highly active precatalysts in ethylene polymerization by the
Brookhart group in 1995, the number of papers dealing with
nickel complexes as precatalysts in ethylene reactivity has mush-
roomed,””* with the majority of these studies exploring various
bidentate ligands, primarily chelating as NN, ' N*p,3 77
N"0,"*72% and PO type ligand sets,”' ™% or tridentate ligands
chelatinég as N"N"N,**"* N"N"0,** and N"P"N ligand
sets.>>® In general, 2-iminopyridylnickel type precatalysts have
drawn more attention because of their interesting catalytic
behavior toward ethylene.””~** The §,6,7-trihydroquinolin-8-
one derivatives with fused-cycloalkanonylpyridines instead of
2-iminopyridines were recently explored, thereby forming a new
series of bidentate nickel complexes, which showed high activities
with unique characteristics of ethylene oligomerization by nickel
precatalysts bearing 2-phenyl- or 2-chloro-substituted 8-arylami-
no-5,6,7-trihydroquinolines** and ethylene polymerization by
nickel precatalysts bearing 2-substituent-free 8-arylamino-5,6,7-
trihydroquinolines.* These results contrasted with the previous
observations that bulky ligands could enhance the ethylene
polymerization of late-transition metal precatalysts,®*>4+>~%*
Different substituents can cause significant variations of the
catalytic behavior performed by their metal complexes, and this
is an attractive feature for complexes to be used in catalysis.
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Inspired by the positive influence of electron-withdrawing
substituents on the catalytic performance of late-transition
precatalysts,*~** further modification of the 8-arylamino-5,6,7-
trihydroquinolines can be made by employing anilines that
contain the electron-withdrawing nitro substituent (—NO,). The
newly prepared nickel complexes bearing 8-(nitroarylamino)-5,6,7-
trihydroquinolines exhibited high activities in ethylene polymeriza-
tion. Given that under industrial conditions, impurities are often
present in the bulk solvent (toluene), the catalytic performance of a
representative precatalyst herein was also evaluated in the presence
of trace amounts of the heterocyclic compounds tetrahydrofuran
(THF) or pyridine.

B EXPERIMENTAL SECTION

General Considerations. All manipulations of air- and moist-
ure-sensitive compounds were carried out under a nitrogen
atmosphere using standard Schlenk techniques. Toluene was
refluxed over sodium benzophenone and distilled under nitro-
gen prior to use. Methylaluminoxane (MAO, 1.46 M solution
in toluene) and modified methylaluminoxane (MMAO, 1.93 M
in heptane, 3A) were purchased from Akzo Nobel Corp.
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Scheme 1. Synthetic Procedure of Nickel Complexes
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Diethylaluminum chloride (Et,AlCl, 0.79 M in toluene) and
ethylaluminum sesquinochroride (EASC, 0.87 M in toluene) was
purchased from Acros Chemicals. High-purity ethylene was
obtained from Beijing Yansan Petrochemical Co., and §,6,7-
trihydroquinolin-8-one was available from Astatech Inc. (www.
astatechinc.com). NMR spectra were recorded on a Bruker DMX
400 MHz instrument at ambient temperature using TMS as an
internal standard. IR spectra were recorded on a Perkin-Elmer
system 2000 FT-IR spectrometer. Elemental analysis was carried
out using a Flash EA 1112 microanalyzer. Molecular weights
(M,,) and molecular weight distribution (MWD) of polyethy-
lenes were determined by a PL-GPC220 at 150 °C with 1,2,4-
trichlorobenzene as the solvent. DSC trace and melting points of
polyethylene were obtained from the second scanning run on a
Perkin-Elmer DSC-7 at a heating rate of 10 °C/min.

Synthesis and Characterization. Employing established syn-
thetic procedures,*®*' the condensation reaction of 5,6,7-trihy-
droquinolin-8-one with various nitroanilines in toluene provided
the corresponding 8-(nitroarylamino)-$,6,7-trihydroquinolines
(L1—L4), which were further reacted with an equivalent of
NiCl,-6H,0 in ethanol to form a series of nickel dichloride
dimers in good yield; namely, the 8-nitroarylamino-$,6,7-trihy-
droquinolylnickel dichlorides (Nil—Ni4). As a representative
example, the reaction of 8-(2,6-diethyl-4-nitrophenyl)imino-
5,6,7-trihydroquinoline (L1) with 0.5 equiv of NiCl,:6H,0 in
ethanol gave a bis-ligated mononickel complex (NiS). The
synthetic procedure of these compounds is illustrated in
Scheme 1.

8-(2,6-Diethyl-4-nitrophenyl)imino-5,6,7-trihydroquinoline (L1).
A solution of 5,6,7-trihydroquinolin-8-one (0.45 g, 3 mmol), 2,6-
diethylaniline (0.58 g, 3 mmol), and a catalytic amount of p-
toluenesulfonic acid in toluene (50 mL) was refluxed for 24 h.
The solvent was evaporated under reduced pressure, and then
the mixture was purified by column chromatography on basic
silica with petroleum ether/ethyl acetate (v/v) 100:1 as eluent
to afford the product as a yellow powder in 46.3% (0.45 g)
yield. FT-IR (KBr, cm ™ '): 2963.4 (w), 1641.0 (s, C=N),
1581.6 (s), 1501.6 (s), 1315.9 (s), 1102.4 (m), 895.5 (m),
792.4 (w). "H NMR (400 MHz, CDCls, TMS): 6 8.72 (d, ] =
3.0 Hz, 1H, Py), 7.99 (s, 2H, Ph), 7.60 (d, ] = 7.8 Hz, 1H, —Py),
7.34 (m, 1H, —Py), 2.97 (t,2H, ] = 6.1 Hz, CH,), 2.54 (m, 2H,
—CH,), 2.35 (m, 4H, —CH,), 1.99 (m, 2H, —CH,), 1.23 (t,
6H, ] = 7.5 Hz, CH;). *C NMR (100 MHz, CDCl;, TMS): 6
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164.9, 154.8, 149.2, 146.3, 137.8, 137.6, 132.2, 125.6, 121.4,
121.8,31.5,29.4, 24.3,22.3, 13.2. Anal. Calcd for C,oH, N30,
(323.39): C, 70.57; H, 6.55; N, 12.99. Found: C, 70.67; H,
6.49; N, 12.80%.
8-(2,6-Diisopropyl-4-nitrophenyl)imino-$,6,7-trihydroquino-
line (L2). Using the same procedure as for the synthesis of
L1, L2 was formed as a yellow powder in 50.0% yield. FT-IR
(KBr, cm ™ '): 3044.6 (w), 2962.5 (m), 1637.7 (5, C=N), 1510.7
(s), 1322.6 (s), 1189.2 (m), 900.7 (m), 793.6 (s), 739.9 (m). 'H
NMR (400 MHz, CDCls, TMS): 6 8.74 (d, ] = 2.9 Hz, 1H, Py),
8.04 (s,2H, Ph),7.61 (d,J = 7.8 Hz, 1H, —Py), 7.34 (t,] = 3.8 Hz,
1H, —Py), 2.99 (t, 2H, ] = 6.0 Hz, CH,), 2.86 (m, 2H, —CH,),
243 (t, 2H, J = 5.8 Hz, —CH,), 1.99 (m, 2H, —CH), 1.19 (d,
12H, ] = 6.7 Hz, CH;). *C NMR (100 MHz, CDCl;, TMS):
8 165.1, 153.2, 149.2, 149.1, 148.1, 144.6, 137.8, 137.0, 125.6,
119.4, 31.8, 29.4, 28.5, 23.3, 22.4. Anal. Calcd for C,;H,sN;0,
(351.44): C,71.77; H, 7.17; N, 11.96. Found: C, 71.51; H, 7.25;
N, 11.50%.
8-(2,6-Diethyl-3-nitrophenyl)imino-$,6,7-trihydroquinoline
(L3). Using the same procedure as for the synthesis of L1,
L3 was formed as a yellow powder in 47.8% vyield. FT-IR
(KBr, cm): 2967.2 (w), 1643.2 (s, C=N), 1579.4 (s), 1321.5
(s), 1194.7 (m), 1013.9 (m), 899.0 (m), 753.8 (m). '"H NMR
(400 MHz, CDCl;, TMS): 0 8.73 (d, 1H, ] = 4.2 Hz, Py), 7.60
(d, 1H,J=7.7 Hz, Py), 7.51 (d, 1H, J = 8.4 Hz, —Py), 7.32—7.35
(m, 1H, —Ph), 7.18 (d, 1H, ] = 8.4 Hz, Ph), 2.97 (t, 2H, ] = 6.0
Hz, CH,), 2.32—2.57 (m, 6H, CH,), 1.95—2.03 (m, 2H, —
CH,), 1.17 (m, 3H, ] = 7.5 Hz, —CHS,), 1.11 (t, 3H, ] = 7.3 Hz,
CHj;). *C NMR (400 MHz, CDCl;, TMS): & 166.1, 149.9,
149.2, 148.9, 137.6, 137.5, 136.6, 126.5, 125.9, 125.5, 119.1,
31.4, 29.4, 27.8, 24.5, 22.3, 21.5, 13.5, 13.2. Anal. Calcd for
C1oH, N30, (323.39): C, 70.57; H, 6.55; N, 12.99. Found: C,
70.44; H, 6.89; N, 13.02%.
8-(2,6-Diisopropyl-3-nitrophenyl)imino-5,6,7-trihydroquino-
line (L4). Using the same procedure as for the synthesis of L1,
L4 was formed as a yellow powder in 64.7% yield. FT-IR
(KBr, cm™): 29662 (w), 2931.1 (w), 1641.9 (s, C=N), 15134
(s), 13115 (s), 1193.4 (m), 1039.9 (m), 824.0 (m), 747.7 (m). 'H
NMR (400 MHz, CDCl;, TMS): 0 8.73 (d, 1H, ] = 2.6 Hz, Py),
7.59 (d, 1H, ] = 7.7 Hz, Py), 7.31 (t, 1H, ] = 5.9 Hz, —Py), 7.18—
7.24 (m,2H, —Ph), 3.12—3.19 (m, 1H, CH), 2.97 (t, 1H, = 5.9 Hz,
—CH,), 2.71—-2.75 (m, 1H, CH), 2.38—2.46 (m, 2H, —CH,),
1.95—1.99 (m, 2H, —CH,), 1.28 (d, 3H, ] = 6.9 Hz, CH,),
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Table 1. Crystal Data and Structure Refinement for Nil - CH,Cl,, Ni2, Ni4 and Ni5-2CH,Cl,

Nil - CH,Cl, Ni2 Ni4 Ni$§ - 2CH,Cl,
empirical formula CyoH,3CLN3NiO, C,:H,5CLN;3NiO, C,1H,5CLN;3NiO, C40H46ClgNgNiO,
formula weight 537.90 481.05 481.05 946.24
temperature (K) 173(2) K 173(2) K 173(2) K 173(2) K
wavelength (A) 0.71073 0.71073 0.71073 0.71073
crystal system triclinic monoclinic triclinic triclinic
space group P1 P2(1)/n P1 P1
a (A) 7.7306(15) 9.1206(18) 8.4918(17) 9.1269(18)

b (A) 10.879(2) 28.489(6) 11.126(2) 10.212(2)

¢ (A) 13.935(3) 9.4194(19) 14.794(3) 12.557(3)

a(°) 87.26(3) 90 107.41(3) 112.06(3)

B () 78.61(3) 116.45(3) 103.11(3) 96.80(3)

y (°) 82.14(3) 90 96.34(3) 98.40(3)

V(A% 1137.8(4) 2191.4(8) 1274.9(4) 1053.7(4)

Z, D caled. (g-cm ™) 2, 1.570 4,1.458 2,1253 1, 1.491

w (mm™') 1.345 1.151 0.989 0.890

F (000) 552 1000 500 490

crystal size (mm) 047 x 041 x 0.35 0.25 x 0.15 x 0.13 0.21 x 0.11 x 0.10 0.20 x 0.17 x 0.15

0 range (°) 1.49—-27.48 2.59-26.35 1.50—27.48 1.78—27.48

limiting indices —9<h=10 —7<h=11 —10=h=<11 —11=<h=11
—13<k=<14 —35<k=<35 —14<k<14 —13<k=<13
—-18<1<18 —-11=<1=<11 -19=<1=<19 —-16 <1< 16

reflections collected 13931 15408 15643 13000

independent reflections
no. of parameters
completeness to 6 (%)
goodness of fit on F*
final R indices (I > 20(I))
R indices (all data)
max./min. Ap(a) (e A73)

5184 (R (int) = 0.0381)
271

99.6%

1229

R, = 0.0443 wR, = 0.1223
R, = 0.0476 wR, = 0.1246
0.522 and —0.511

4407 (R (int) = 0.0529)
272

98.5%

1.168

R, = 0.0540 wR, = 0.1043
R, = 0.0610 wR, = 0.1081
0.347 and —0.301

5793 (R (int) = 0.0386)
262

99.2%

1.064

R; = 0.0644 wR, = 0.1856
R; = 0.0724 wR, = 0.1924
1.564 and —0.549

4801 (R (int) = 0.0491)
259

99.4%

1.300

R, = 0.0643, wR, = 0.1590
Ry = 0.0753, wR, = 0.1703
0.434 and —0.654

Figure 1. ORTEP drawing of Nil. Thermal ellipsoids are shown at 30%
probability. Hydrogen atoms and solvent molecules have been omitted
tor clarity.

1.14—1.18 (m, 6H, CH,), 1.28 (d, 3H, J = 7.0 Hz, CH;). "*C
NMR (100 MHz, CDCl;, TMS): 6 165.1, 150.2, 149.3, 149.1,

140.2, 137.7, 137.6, 128.5, 125.4, 124.2, 122.5, 118.6, 31.6, 29.5,
28.5, 28.1, 23.8, 229, 22.1, 20.7, 20.2. Anal. Calcd for
C51H,5N30, (351.44): C, 71.77; H, 7.17; N, 11.96. Found: C,
71.84; H, 7.27; N, 11.72%.

The nickel complexes Nil—Ni4 were prepared by reacting
NiCl, - 6H,O with an equivalence of the corresponding ligand in
ethanol and stirring at room temperature for 12 h (Scheme 1).
The precipitate was collected by filtration and washed with
diethyl ether, followed by drying under vacuum. The desired
complex was obtained as a light yellow powder in good yield. All
complexes were isolated as air-stable powders and characterized
by FT-IR spectra and elemental analyses.

Data for Nil. Yield: 78.3%. vy (KBr)/cm ™ ': 3152.8 (w),
1519.8 (m), 1583.1 (s), 1519.8 (vs), 1461.7 (m), 14564 (m),
1353.8 (s), 1192.0 (m), 902.0 (m), 745.3 (m). Anal. Calcd for
C1oH,;N;0,NiCl, (452.99): Calcd C, 50.38; H, 4.67; N, 9.28.
Found: C. 50.62; H, 4.47; N, 9.72%.

Data for Ni2. Yield: 85.1%. vy, (KBr)/cm ™ ': 3159.5 (w),
1622.9 (s), 1584.6 (s), 1521.7 (vs), 1456.8 (s), 1350.6 (s), 1324.6
(s), 902.4 (w), 745.1 (m). Anal. Caled for C,;H,5sN50,NiCl,
(481.04): Caled C, 52.43; H, 5.24; N, 8.74. Found: C, 52.71; H,
5.35; N, 8.48%.

Data for Ni3. Yield: 72.9%. v,,., (KBr)/cm ~': 3215.5 (w),
1615.5 (m), 1581.9 (s), 1512.9 (vs), 1456.0 (m), 1337.2
(s), 1038.7 (m), 805.3 (m), 749.2 (w). Anal. Calcd for

1215 dx.doi.org/10.1021/cs200308b |ACS Catal. 2011, 1, 1213-1220
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Figure 2. ORTEP drawing of Ni2. Thermal ellipsoids are shown at 30%
probability. Hydrogen atoms and solvent molecules have been omitted

for clarity.

Figure 3. ORTEP drawing of Ni4. Thermal ellipsoids are shown at 30%
probability. Hydrogen atoms and solvent molecules have been omitted
for clarity.

C1oH,,N;0,NiCl, (452.99): Caled C, 50.38; H, 4.67; N,
9.28. Found: C, 50.43; H, 4.33; N, 9.57%.

Data for Ni4. Yield: 81.4%. v, (KBr)/cm ™ ': 32262 (w),
1620.3 (m), 1584.7 (s), 1516.6 (vs), 1457.2 (m), 1356.5 (s),
1215.6 (m), 1045.5 (m), 757.6 (m). Anal. Caled for
C,1H,5sN;0,NiCl, (481.04): Caled C, 52.43; H, 5.24; N, 8.74.
Found: C, 52.48; H, 5.11; N, 8.63%.

Data for Ni5. Yield: 66.8%. V. (KBr)/cm™': 2962.7 (w),
1625.0 (m), 1581.2 (s), 1516.3 (vs), 1458.3 (m), 1323.9 (s),
1113.8 (m), 902.0 (m), 742.6 (m). Anal. Calcd for CgH,N4O,
NiCl, (776.38): Calcd C, 58.79; H, 5.45; N, 10.82. Found: C,
58.43; H, 5.83; N, 10.57%.

X-ray Crystallographic Studies. Crystals of Nil-CH,Cl,,
Ni2, Ni4, and Ni$-2CH,CI, were obtained by layering diethyl
ether onto dichloromethane at room temperature. With gra-
phite-monochromated Mo Ko radiation (4 = 0.71073 A)

Figure 4. ORTEP drawing of NiS. Thermal ellipsoids are shown at 30%
probability. Hydrogen atoms and solvent molecules have been omitted
for clarity.

Table 2. Selected Bond Lengths (A) and Angles (°) for
Nil- CHzclz, NiZ, Ni4, and NiS - 2CH2C12
Nil - CH,ClL, Ni2 Ni4  Nis-2CH,CL

Bond Lengths (A)

Nil—N1 2.040(2) 2.035(3) 2.046(3) 2.083(3)
Nil—N2 2.097(2) 2.085(3) 2.090(3) 2.256(3)
Nil—Cl1 2.2887(11)  2.2565(13)  2.2794(12)  2.3601(10)
Nil—Cl2 2.3530(9)  2.3627(10)  2.3705(12)
N1-C1 1.331(3) 1.339(4) 1.334(5) 1.337(4)
N2—C9 1.290(3) 1.290(4) 1.278(5) 1.283(4)
N2—C10 1.436(3) 1.432(4) 1.450(5) 1.439(4)
Bond Angles (°)
N1-Nil—-N2  78.84(9) 79.17(10)  78.82(12)  76.35(11)
NI-Nil—Cll  94.18(7) 97.40(8) 92.42(10)  87.30(8)
NI1-Nil—CI2 163.92(7) 161.30(8) 93.63(9)
N2—Nil—Cll 103.47(7) 103.20(8) 101.82(9) 90.99(8)
N2—Nil-CI2 93.57(7) 94.29(7) 152.50(9)
Cl1-Nil—CI2 101.42(4)  101.16(4)  104.92(5)

at 173(2) K, cell parameters were obtained by global refinement
of the positions of all collected reflections. Intensities were
corrected for Lorentz and polarization effects and empirical
absorption. The structures were solved by direct methods and
refined by full-matrix least-squares on F>. All hydrogen atoms
were placed in calculated positions. Structure solution and
refinement were performed by using the SHELXL-97 package.*’
Details of the X-ray structure determinations and refinements are
provided in Table 1.

Procedure for Ethylene Polymerization. Ethylene polymer-
ization at 10 atm ethylene pressure was carried out in a 250 mL
stainless steel autoclave equipped with a mechanical stirrer and a
temperature controller. Toluene, the desired amount of cocata-
lyst, and a toluene solution of the catalytic precursor (the total
volume was 100 mL) were added to the reactor in this order

1216 dx.doi.org/10.1021/cs200308b |ACS Catal. 2011, 1, 1213-1220
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Table 3. Selection of Suitable Alkylaluminum by Precatalyst Ni2*

entry cat. cocat. Al/Ni T (°C) PE (g)
1 Ni2 MMAO 1000 20 4.40
2 Ni2 MAO 1000 20 7.81
3 Ni2 Et,AlCL 200 20 2.61
4 Ni2 EASC 200 20 591

activity” T, (°C) M2 (kg mol ™) M,,/M,*
1.76 84.3
3.12 116.6 39 2.6
1.05 76.8
2.36 114.5 12 6.8

“ Reaction conditions: S tmol; 10 atm of ethylene; 30 min; 100 mL of toluene. v 10° g-mol ' (Ni)-h ™. “Determined by DSC. 4 Determined by GPC.

Table 4. Ethylene Polymerization with Nickel Precatalysts/EASC”

entry cat. Al/Ni T (°C) PE (g) activity”
1 Ni2 200 20 591 2.36
2 Ni2 300 20 6.47 2.59
3 Ni2 400 20 10.1 4.05
4 Ni2 500 20 9.67 3.87
S Ni2 600 20 8.63 3.4S5
6 Ni2 400 30 8.39 3.36
7 Ni2 400 NU 3.32 133
8 Nil 400 20 6.83 273
9 Ni3 400 20 4.37 1.75
10 Ni4 400 20 8.97 3.59
11 Nis 400 20 4.64 1.87

“Reaction condition: 5 #mol; 30 min; 10 atm of ethylene; 100 mL of toluene.

¢ Determined by FT-IR.>* Determined by *C NMR*® (see Figure 5).

Ty (°C) M,? (kg mol ") M,/M,* branches/1000C
114.5 12 6.8 116°
117.4 2.9 2.6 119°¢
113.4 19 1.7 1016116
118.6 1.9 1.6 94 ¢
113.8 1.8 L5 97°¢
117.1 1.7 LS 920°
1152 5.0 4.6 98°
1129 5.1 2.6 114°
1192 1.9 16 87°¢
1133 2.4 2.0 103°
1183 4.8 34 116°

"10° g-mol ! (Ni) -h ™. “ Determined by DSC. ¢ Determined by GPC.

. R o'B1 aB1 vB1
- bE1 N
~y4Bn 1B1C brB1
3Bn™\ 2Bn
1Bn
vB1
BB1
oB1
1B1
biBl Bn
3Bn 2Bn 1Bn
41 38 35 32 29 26 23 20 17 14
ppm

Figure 5. "*C NMR spectrum of polyethylene prepared by system Ni2/
EASC (entry 3, Table 4).

under an ethylene atmosphere. When the desired reaction
temperature was reached, the ethylene pressure was increased
to 10 atm and maintained at this level by constant feeding of
ethylene. After the desired reaction time, the reaction was
quenched by addition of acidic ethanol. The precipitated poly-
mer was washed with ethanol and water several times and then
dried in vacuum.

General Procedure for Ethylene Polymerization in the
Presence of a Heterocyclic Adduct. The reactor was pressur-
ized with 1.0 atm of ethylene, and the desired amount of
cocatalyst, a toluene solution of the catalytic precursor, and
0.02 mL of the degassed heterocyclic adduct (THF or pyridine)
were quickly syringed in while maintaining the total solution

1217

volume as 100 mL. The pressure was swiftly increased to 10 atm
of ethylene for 30 min with rapid stirring. After the desired
reaction time, the reactor was vented, and the reaction mixture
was quickly quenched with 10% HCI in methanol. The pre-
cipitated polymer was stirred for several hours, filtered, and
washed with methanol. It was then dried under high vacuum
overnight.

B RESULTS AND DISCUSSIONS

Synthesis and Characterization of Organic Compounds
and Nickel Complexes. The N-(S,6,7-trihydroquinolin-8-
ylidene)-4-nitrobenzenamines (L1—L4) were routinely
synthesized by the condensation reaction of 5,6,7-trihydro-
quinolin-8-one with aniline derivatives according to our
previous procedure.*”*' Different from our previous work,
all of these ligands are air-stable yellow powders and were
formed in moderate yields. The nickel complexes (Nil —Ni4)
were prepared by reacting NiCl, - 6H,O with an equivalent of
the corresponding ligand in ethanol and stirring at room
temperature for 12 h (Scheme 1). Using the same procedure,
the light green powder Ni$ was obtained by the reaction of
NiCl,-6H,0 with 2 equiv of 2,6-diethyl-N-(5,6,7-trihydro-
quinolin-8-ylidene)-4-nitrobenzenamine (L1). All complexes
(Nil—Ni$) were isolated as air-stable light yellow powders in
high yields. Compared with the IR spectra of the free ligands,
the C=N stretching vibrations in complexes Nil—Ni$ were
shifted to lower frequencies in the region 1580—1585 cm ™',
indicating effective coordination between the imino nitrogen
atom and the nickel center. The molecular structures of the
complexes Nil, Ni2, Ni4, and Ni$ were further confirmed by
single-crystal X-ray diffraction.
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Table S. Ethylene Polymerization with Nickel Precatalyst/MAO *

entry cat. Al/Ni T (°C) PE (g) activity”
1 Ni2 500 20 5.23 2.09
2 Ni2 750 20 6.40 2.56
3 Ni2 1000 20 7.81 3.12
4 Ni2 1250 20 7.69 3.08
S Ni2 1500 20 7.05 2.82
6 Ni2 1000 30 3.82 1.53
7 Ni2 1000 S0 2.90 1.16
8 Nil 1000 20 3.88 1.55
9 Ni3 1000 20 4.50 1.80
10 Ni4 1000 20 5.28 2.11
11 Nis 1000 20 224 0.90

“Reaction conditions: S umol; 10 atm of ethylene; 30 min; 100 mL of toluene.

*Determined by FT-IR.>* /Determined by *C NMR *° (see Figure 6).

Ty (°C) M2 (kg mol %) M,/M,* branches/1000C
118.9 5.4 2.6 95°
117.4 4.7 2.4 89°¢
116.6 3.9 2.6 939,130/
114.7 4.4 2.6 122°
113.6 2.8 1.8 110°¢
119.3 3.0 22 98¢
113.4 2.0 1.9 117°¢
117.1 3.5 2.0 94 ¢
121.1 11 4.5 101°
119.9 23 7.6 116°
117.9 3.9 22 98¢

?10° g-mol ™" (Ni)-h™". “ Determined by DSC. * Determined by GPC.
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Figure 6. '>C NMR spectrum of polyethylene prepared by system Ni2/
MAO (entry 3, Table S).

Molecular Structures. The molecular structures are shown in
Figures 1—4, and their selected bond lengths and angles are
collected in Table 2.

The complexes Nil, Ni2, and Ni4 adopt similar structures,
comprising a dimer in which the two nickel centers are linked by
two bridging chloride atoms. The resultant five-coordinate nickel
atoms adopt pseudo-square—pyramidal geometries. As an ex-
ample, consider Nil (see Figure 1). The square pyramidal
geometry around the nickel atoms was completed by the two
bridging chlorine atoms and one chloride and bidentate ligand.
There is a quadrilateral center formed with Nil, CI2, Nil’ and
Cl2, but there is no direct interaction between the two nickel
atoms, as evidenced by the intramolecular distance of 3.438 A,
which is slightly shorter than observed in the analogous
iminopyridine—Ni(II) dimers.’® Within the nickel-pentacyclic
plane of Nil, N1, CS, C9, and N2, the nickel atom protrudes
slightly, by 0.0545 A. Comparing of the bond lengths around the
nickel center, it is seen that the Nil —Cl1 (terminal, 2.2887(11) A)
is shorter than the Nil—CI2 (bridging, 2.3530(9) A), whereas
the bond length of Nil—N2 (2.097 (2) A) and Nil—N1 (2.040
(2) A) also differ slightly. The aryl ring and the chelate plane
comprising N1—-C5—C9—N2 are near perpendicular, with a
dihedral angle of 93.3°. Similar structural parameters were ob-
served within the complexes Ni2 and Ni4, with slight differences

of Ni—Cl bond lengths due to the influence of their different
ligands.

Complex NiS (Figure 4) possesses a distorted octahedral
environment at the nickel center, comprising four N atoms of the
chelate ligands and two chlorides, affording a centosymmetric
structure. Due to more donating ligands, the Ni—N bond lengths
are elongated in complex Ni$ compared with its analog nickel
complexes.

Ethylene Polymerization. Because of the previous good
catalytic performance by the nickel precatalyst bearing ortho-
isopropyl on the imino-bound phenyl group in our previous
work,*! precatalyst Ni2 was typically investigated using various
alkylaluminum reagents, such as MAO, MMAO, Et,AICl, and
EASC as cocatalysts in ethylene polymerization (entries 1—4,
Table 3). The highest activity was observed by employing MAO
as cocatalyst (entry 2, Table 3). The less expensive cocatalyst
ethylaluminum sesquichloride (Et;AL,Cl;, EASC) (entry 4,
Table 3) also activated the catalytic system with high activity.
As a consequence, both the cocatalysts EASC and MAO were
selected for further investigation.

Catalytic Performance in the Presence of EASC as Coca-
talyst. Using EASC as cocatalyst, the optimization of the reaction
parameters was conducted with precatalyst Ni2, and the results
are tabulated in Table 4 (entries 1—7) with the optimum
conditions of Al/Ni molar ratio of 400 at 20 °C (entry 3,
Table 4). On increasing the molar ratio of Al/Ni from 200 to
600 (entries 1—S, Table 4), interestingly, the M,, and M,,/M,,
values of the polyethylene formed showed little variation,
indicating similar polyethylenes were produced. Increasing the
reaction temperature (entries 3, 6, 7, Table 4) resulted in the
observation of lower catalytic activities in the catalytic system,
which is consistent with previous trends for the thermoinstability
of the active species in common N”'N-bidentate type nickel
precatalysts.”' ~>* Narrow M,,/M, values were observed for the
polyethylene obtained at either 20 or 30 °C (entries 3—6,
Table 4), indicative of the formation of a single-site active species.
The polyethylenes herein obtained had molecular weights ran-
ging from 3.0 to 5.0 kg mol ™" and molecular weight distribu-
tions of between 1.4 and 4.6. The numbers of branches were
calculated according to the FT-IR spectra of the obtained
polyethylene according to the literature method.>* The branch
information of one representative polyethylene (entry 3,
Table 4) was confirmed by '*C NMR spectroscopic analysis®®
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Table 6. Ethylene Polymerization by Ni2 Affected by THF or Py”

entry polar solvent cocat. Al/Ni PE (g) activity”
1 THF EASC 400 2.78 L11
2 THEF MAO 1000 3.86 1.54
3 Py EASC 400 2.80 1.12
4 Py MAO 1000 3.64 1.46

T (°C) M, * (kg mol ™) M,,/M,* branches/1000C
112.5 4.5 2.9 120°
114.5 3.0 1.9 126¢
1129 3.7 2.2 127°¢
116.1 24 1.9 103°

“Reaction condition: § ﬂmol of complex Ni2; 20 °C; 0.2 mL of (THF or Py); 10 atm of ethylene; 100 mL of toluene. ” 10° g-mol ' (Ni)-h™".

“Determined by DSC. ¢ Determined by GPC. ¢ Determined by FT-IR.**

(shown in Figure S). The highly branched polyethylenes were
caused via polymeric chain migration on the active nickel species,
and such migration also resulted in enhanced bulk around the
active center and termination of the polymerization reaction,
thereby forming polyethylene of reduced molecular weight. The
scope of applications of these highly branched polyethylenes is
worthy of further exploration.

Using the optimum conditions of the Al/Ni molar ratio of 400
at 20 °C under 10 atm of ethylene, all nickel complexes were
investigated (entries 3, 8—11, Table 4). With regard to the
different R' groups at the meta position of the N-aryl rings,
bulkier R' groups enhanced the catalytic activities of their nickel
precatalysts. For example, Ni2 > Nil (entries 3 and 8, Table 4)
and Ni4 > Ni3 (entries 10 and 9, Table 4). Such phenomena are
consistent with observations in the literature that bulkier alkyl
substituents help to solubilize the precatalysts thereby enhancing
activity 3320~

The influence of the nitro group position was also observed by
comparing the activities obtained for Nil and Ni3 as well as for
Ni2 and Ni4. The nitro substituent at the para position of the
N-aryl group showed higher activity than when positioned at the
meta position of the N-aryl group, that is, Nil > Ni3 (entries 8
and 9, Table 4) and Ni2 > Ni4 (entries 3 and 10, Table 4). The
precatalyst Ni$ also showed high activity in ethylene polymer-
ization (entry 11, Table 4) but revealed a lower activity than did
the analog Nil (entry 8, Table 4). The proposed active species is
LCINi®, formed in the catalytic system after the dlssoc1atlon of
one ligand (L) from the dominant species L,CINi®.

Catalytic Performance in the Presence of MAO as Coca-
talyst. Similarly, the precatalyst Ni2 was evaluated for optimum
conditions when using MAO as the cocatalyst (entries 1—7,
Table S). By varying the Al/Ni ratio from S00 up to 1000 (entries
1—S5, Table 5), the most suitable Al/Ni ratio was observed at the
ratio 1000:1 (entry 3, Table S). Similar to the catalytic system
generated in the presence of EASC, the catalytic activity
decreased on elevating the reaction temperature from 20 to
50 °C (entries 3, 6—7, Table S), which is probably due to the
active species being partly unstable at higher temperatures The
trend for lifetime was observed to be the same as its analog.*' The
numbers of branches were also calculated according to the FT-IR
spectra of the polyethylenes.* The branch value of the poly-
ethylene (entry 3, Table 5) was confirmed by the *C NMR
method>® and is shown in Figure 6.

Using the optimum conditions of an Al/Ni ratio of 1000 at
20 °C, the nickel precatalysts were screened for ethylene
polymerization in the presence of MAO (entries 3, 8—10,
Table S). In regard to the influence of the ligands used, catalytic
behavior similar to that observed in the presence of EASC
was exhibited, leading to the activity order Ni2 > Ni4 > Ni3 >
Nil. It is worth mentioning that the polyethylene obtained with
MAO possessed higher molecular weight (M,,) values than those
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obtained in the presence of EASC. More importantly, the current
nickel precatalysts bearing ligands with additional nitro substit-
uents regulred much less cocatalyst (MAO) compared with their
analogs.

The bis-ligated nickel complex Ni$ was less interesting due to
the lower activities exhibited (entry 11, Table 5) compared with
the monoligated analog Nil (entry 8, Table S). As in our
previous work,*>*" the halo-bridged structures for the dinuclear
nickel complexes existed only in the solid state, whereas active
centers in solution, if monomeric species, would possess more
coordination sites. Thus, the bis-ligated nickel precatalyst Ni$
showed lower catalytic activities; such phenomena were consis-
tent with previous observations of lower activities by nickel
complexes bearing ligands with tetra-N donors versus nickel
analogs containing bidenate ligands in vinyl polymerization of
norbornene.*®

Ethylene Polymerization Affected by Trace Amount of
Common Heterocyclic Compounds. In our previous work,
some results were not reproducible by the same precatalyst on
changing the source of toluene, despite the toluene always being
refluxed over sodium benzophenone and distilled under nitrogen
prior to use. Traces of heterocyclic compounds were considered,
and understanding this behavior will be very important for any
further industrial application. Therefore, ethylene polymeriza-
tion by the precatalyst Ni2 (EASC/MAO) was conducted in a
solution of toluene containing either tetrahydrofuran (THF) or
pyridine (Py), and the results are tabulated in Table 6. In all cases,
the activities were several times lower on adding THF or Py;
there was a greater impact for the catalytic system employing
EASC as cocatalyst than for that observed using MAO as
cocatalyst. Moreover, there was no difference of catalytic activity
observed on adding the same volume of an alkane such as hexane
or heptane. In other words, the heterocyclic compounds parti-
cipate in coordination to the metal center through the hetero-
atom and are a poisonous impurity for the ethylene polymeriza-
tion process by these precatalysts.

Bl CONCLUSIONS

Nickel complexes bearing N-(5,6,7-trihydroquinolin-8-
ylidene)-nitrobenzenamines were synthesized and fully charac-
terized. All nickel precatalysts, activated by either EASC or MAO,
exhibited high activities for ethylene polymerization, producing
polyethylene with narrow molecular weight distribution. For the
catalytic system using MAO, the nickel precatalysts bearing
ligands with a nitro substituent required a smaller amount of
cocatalyst, which is an important cost-saving issue. The bis-
ligated nickel precatalyst showed lower activities. Furthermore,
the presence of heterocyclic compounds, such as THF and Py,
caused deactivation of the nickel precatalysts in the ethylene
polymerization. All polyethylenes obtained are highly branched
and potentially useful.
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