Vinyl Polymerization of Norbornene with
Bis(imino)pyridyl Nickel(II) Complexes

Yuanbiao Huang,1 Jianxin Chen,"? Lisheng Chi,® Chunxia Wei,' Zhichun Zhamg,1

Zhongshui Li,' Aike Li,' Li Zhang'

!College of Chemistry and Materials Science, Fujian Normal University, Fuzhou, Fujian 350007,

People’s Republic of China

“State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure of Matter,
Chinese Academy of Sciences, Fuzhou, Fujian 350002, People’s Republic of China

5P.0.Box 744, Deep River, Ontario, Canada KOJ 1P0

Received 16 April 2008; accepted 1 November 2008
DOI 10.1002/app.29632

Published online 5 February 2009 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: A series of different steric hindrance nick-
el(I) complexes 1-6 bearing 2,6-bis(imino)pyridine ligands
have been synthesized and characterized. The molecular
structures of the complexes 3-5 were determined by X-ray
diffraction analysis. The coordination geometry around the
nickel center of the complexes is either square pyramid for
complexes 3 and 4 or trigonal bipyramid for complex 5.
All of the nickel complexes exhibit high catalytic activity
for norbornene polymerization in the presence of MAO,

although low activity for ethylene oligomerization and po-
lymerization. The effects of the Al/Ni ratio, halogen,
monomer concentration, temperature, and reaction time on
activity of catalyst for norbornene polymerization and
polymer microstructure were investigated. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 112: 1486-1495, 2009
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INTRODUCTION

NB (norbornene) can be polymerized via three
routes: ring-opening olefin metathesis (ROMP)'? cat-
ionic or radical polymerization® and vinyl- polymer-
ization (addition polymerization)‘l’5 (Scheme 1). Each
route leads to generation of different polymers in
structure and properties from others.®® Vinyl poly-
merization of NB was firstly reported by Sartori
et al.” " As the bicyclic structure is retained in the
main chain, the NB addition polymers displays a
characteristic rigid random coil conformation, which
has restricted rotation about the main chain and
exhibits strong thermal stability (T; > 350°C). In
addition, it has excellent dielectric properties, optical
transparency and unusual transport properties.g_11
So far, the NB vinyl polymerization has been widely
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attracted to study.” In recent years, the vinyl—tlype
polynorbornene (PNB) can be prepared by nickel,"* >
cobalt,”? chromium,***! titanium,”**** zirconium,*
iron,>* palladium,”* and copper”*****® complexes
activated with methylaluminoxane (MAO) or cati-
onic complexes with weakly coordinating counter
ions like BF; or PF; (Ni, Pd).

Since the late 1990s, one of the latest break-
throughs in the olefin polymerization field has been
the discovery of the neutral salicylaldiminato nickel
complexes®™° as extremely high active catalysts for
producing polyethylene and the vinyl-polymeriza-
tion of NB. On the other hand, Brookhart and cow-
orkers®”® and Gibson et al.>>® independently
reported that pyridine bis(imino) iron or cobalt
dichloride complexes activated with MAO led to a
highly active ethylene polymerization catalysts con-
verting ethylene to highly linear polyethylene. Our
group reported the iron, cobalt, chromium, copper,
and zinc complexes with bulky bis(imino)pyridine
ligands and their catalytic behaviors in ethylene
polymerization and vinyl polymerization of norbor-
nene.®' Frédéric also reported the vinyl of polymer-
ization of NB with CoCl, and pyridine bis(imine)
cobalt (II) complexes activated with MAO.?® Yasuda
and coworkers reported bis[1-(arylimino)ethyl]pyri-
dine-MoCl;/MMAO catalytic systems and their dual
catalytic functions for ROMP of norbornene and lin-
ear polymerization of ethylene.®> Mu and coworkers
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Scheme 1 Three typical types of polymerization of
norbornene.

reported two nickel complexes with small steric hin-
drance of bis(imino)pyridine which exhibit low cata-
lytic activities for ethylene oligomerization upon
activation with MAO.*?

In this contribution, we synthesized a series of
nickel (II) complexes with different steric hindrance
2,6-bis(imino)pyridine ligands and investigated their
norbornene polymerization and ethylene oligomeri-
zation behaviors. Experimental results showed that
these nickel complexes displayed good activities for
the vinyl polymerization of norbornene upon activa-
tion with MAO. Catalytic activities, polymer yield,
molecular weight of PNB have been investigated
under various reaction conditions.

EXPERIMENTAL
Materials

All manipulations involving air- and moisture-sensi-
tive compounds were carried out under an atmos-
phere of dried and purified nitrogen using standard
Schlenk technique. Methylaluminoxane (10% in tolu-
ene), 2,6-diacetylpyridine, 2,6-dimethylaniline, 2,6-
diisopropylaniline, and 2,5-ditertbutylaniline were
purchased from Aldrich. Anhydrous NiCl, and
NiBr, were obtained from the corresponding
hydrated salts by heating them to 220°C under vac-
uum condition. Solvents were dried prior to use by
refluxing over and distillation from sodium (for
THF, toluene and hydrocarbons) or calcium hydride
(for dichloromethane, chlorobenzene and acetoni-
trile). Norbornene (Acros) was purified by distilla-
tion over sodium.

Synthesis of compound
2,6-diacetylpyridinebisanil (L1)

L1 was synthesized according to the published liter-
ature.®* Yield: 78%. IR (KBr, cm™'): 3055.8, 2922.4,
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1952.0, 1879.0, 1752.0, 1635.4 (vc — n), 1572.0, 1480.2,
1441.1, 1384.7, 1361.7, 1317.7, 1214.7, 1170.0, 1076.3,
990.1, 968.4, 909.0, 867.8, 818.7, 771.1, 743.7, 703.7
cm ', Elements caled for C»HoN3 (%): C, 80.48; H,
6.11; N, 14.41, Found: C, 80.51; H, 6.09; N, 14.48.

Synthesis of compound 2, 6-
diacetylpyridinebis(2,6-dimethylanil) (L2)

L2 was synthesized according to the published liter-
atures.””®® The crystal structure of L2 has been
reported by our group.® Yield: 82%. IR (KBr, cm™):
3067.9, 3015.9, 2917.9, 2852.8, 1640.8 (vc — n), 1590.2,
1569.8, 1465.5, 1365.1, 1321.7, 1296.7, 1247.9, 1205.4,
1148.7, 1129.1, 1092.9, 991.6, 960.5, 915.1, 871.7, 821.2,
770.5 cm~'. Elements caled for CosHoyN3(%): C,
81.26; H, 7.37; N, 11.37. Found: C, 81.23; H, 7.32; N,
11.39.

Synthesis of compound 2,6-diacetylpyridinebis(2,6-
diisopropylanil) (L3)

L3 was synthesized according to the published liter-
ature.” Yield: 79%. IR (KBr, cm '):3063.2, 2960.6,
2926.7, 2867.4, 1643.2 (vc — n), 1577.56, 1457.55,
1383.5, 1364.6, 1322.5, 1240.1, 1192.4, 1118.3, 1077.6,
935.9, 875.7, 825.6, 767.5, 689.2. Elements Calcd for
C33H43N3(0/0)3 C, 8228, H, 900, N, 8.72. Found: C,
82.24; H, 8.97; N, 8.69.

Synthesis of compound 2,6-diacetylpyridinebis(2,5-
ditertbutylanil) (L4)

L4 was synthesized according to the literature by
our group.61 Yield: 81%. IR (KBr, cmfl): 2958.8,
2866.8, 1635.6 (vc — ), 1566, 1491, 1457.7, 1385.5,
1363.6, 1297.6, 1248.9, 1205, 1119.5, 1072, 974, 927,
886, 820, 722, 652 cm '. Elements caled for
Cs7Hs1N3: C, 82.63; H, 9.56; N, 7.81. Found: C, 82.65;
H, 9.52; N, 7.83.

Synthesis of complex
(2, 6-diacetylpyridinebisanil)NiCl, (1)

L1 (0.1 mmol) was added to a solution of NiCl, (0.1
mmol) in THF (15 mL) at room temperature with
stirring. The solution turned to brown immediately.
After it was stirred at room temperature for 24 h,
the solution volume was concentrated about 5 mL.
n-Hexane (20 mL) was then added to the solution to
lead to a precipitate of brown powder, which was
subsequently washed using n-hexane (3 x 10 mL),
filtered, and dried to obtain complex 1. The yield for
this reaction is 82%. IR (KBr, Cmfl): 3060, 3019, 2919,
1628 (vc — N), 1594, 1485, 1448, 1430, 1371, 1264,
1230, 1103, 1068, 1032, 912, 862, 826, 805, 777, 759,
727, 697, 671, 587, 574, 557, 538 cm . Elements calcd
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for Cy1H19N;3NiCly(%): C, 56.94; H, 4.32; N, 9.49.
Found: C, 56.98; H, 4.29; N, 9.48.

Synthesis of complex (2,6-diacetylpyridinebis(2,6-
dimethylanil))NiCl, (2)

Synthesis of complex 2 was similar to that of com-
plex 1 (brown solid, yield 79%). IR (KBr, cmY):
34159, 1625 (vc—n), 1592, 1471, 1371, 1312, 1254,
1216, 1099, 1038, 808, 777, 620 cm ', Elements calcd
for CpsH,7N3NiClL: C, 60.16; H, 5.45; N, 8.42. Found:
C, 60.12; H, 5.41; N, 8.46.

Synthesis of complex (2,6-diacetylpyridinebis(2,6-
diisopropylanil))NiCl, (3)

The procedure was similar synthesis of complex 1.
The product was a red-brown powder with a yield
of 85%. The red-brown needle crystal of complex 3
was obtained from the solution containing solvent
CH;CN by slow evaporation. IR (KBr, cm™'): 3407,
2965, 2923, 2867, 1624 (m, C=N), 1585, 1464, 1382,
1320, 1262, 1206, 1087, 1057, 933, 799, 779, 563 cm ™.
Element calcd for Cs3Hy3ClLN3Ni: C, 64.84; H, 7.09;
N, 6.87. Found: C, 64.88; H, 7.12; N, 6.83.

Synthesis of complex (2,6-diacetylpyridinebis(2,6-
diisopropylanil))NiBr, (4)

Complex 4 was synthesized by following the proce-
dure described in synthesis of complex 1. The red-
brown needle crystal of complex 4 was obtained
from the solution containing solvent CH,Cl, by slow
evaporation. IR (KBr, cmfl): 2962.4, 2867.4, 1623.2
(versus, C=N), 1586.9, 1464.2, 1439.6, 1383.1, 13214,
1264.7, 1209.8, 1091.1, 1049.9, 879.6, 799.7, 776.3
cm ' Elements caled for Ci3HasN;NiBry: C, 56.60;
H, 6.19; N, 6.00, Found: C, 56.64; H, 6.21; N, 5.99.

Synthesis of complex (2,6-diacetylpyridinebis(2,5-
ditertbutylanil))NiCl, (5)

The brown prismatic crystal of complex 5 was
obtained by following the procedure described in
section 2.2.7. IR (KBr, cmfl): 32960.4, 2907.2, 2869.3,
1627.5 (versus, C=N), 1589.9, 1497.8, 1467.9, 1382.7,
1265.1, 1208.2, 1136.2, 1068.6, 927.8, 896.0, 818.6,
727.2 cm . Elements calcd for Cs7HsN3NiCly(%): C,
66.58; H, 7.70; N, 6.30. Found: C, 66.54; H, 7.72; N,
6.26.

Synthesis of complex (2,6-diacetylpyridinebis(2,5-
ditertbutylanil))NiBr, (6)

Complex 6 of red-brown powder was obtained in
78% vyield by following the procedure described in
section 2.2.5. IR (KBr, cm™'): 3068.28, 2961.1, 2910.5,
2868.9, 1623.9 (versus, C=N), 1589.2, 1498.1, 1467.5,
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1383.3, 1266.7, 1204.3, 1136.7, 1069.0, 1035.4, 927.5,
898.0, 820.0, 7395 cm ! Elements caled for
CsyH51N;3NiBr,: C, 58.76; H, 6.80; N, 5.56, Found: C,
58.74; H, 6.76; N, 5.55.

Vinyl polymerization of norbornene

In a typical procedure, the precatalyst was added
into a Schlenk tube with chlorobenzene then the
chlorobenzene solution of norbornene was added
via syringe. The polymerization started by adding
MAQO into the tube. After appropriate time, the poly-
merization was terminated by injecting 50 mL 10%
acidic ethanol into the reactor. The PNB was isolated
by filtration, washed with ethanol, dried in vacuum
at 100°C for 48h.

Measurements

IR spectra were recorded using a Nicolet AV-360
spectrometer (KBr pellet technique) from 400 to 4000
cm ™', Elemental analyses were Perkin-Elmer 240C
elemental analyzer for C, H and N. The XRD dia-
gram of the polymer powder was obtained using a
Phlips X'pert MPD X-ray diffractometer with mono-
chromatic radiation at a wavelength of 0.154 nm.
Scanning was performed with 20 ranging from 5 to
90°. The viscosity-average molar masses (M,) of the
PNB were obtained using the Mark-Houwink coeffi-
cients®*®"%: o = 0.56, K = 7.78 x 107* dL/g.

Crystal structure determination

Data collection for complexes 3-5 was performed at
293 K on a Rigaku R-AXIS RAPID Weissenberg IP
diffractometer equipped with a graphite-mono-
chromatized Mo-Ka radiation (A = 0.71073 A). Lor-
entz-Polarization = and  empirical = absorption
corrections were applied to the data. The structures
were solved by the direct methods with SHELXS-
97%7 and refined on F2 using full-matrix least-
squares calculations with SHELXL-97.°® All of non-
hydrogen atoms were refined with anisotropic ther-
mal parameters, and all of the hydrogen atoms were
placed at the idealized positions with isotropic U
values of 1.2 times the equivalent isotropic Us of
their respective parent atoms. Crystal data and
refinement parameters for complexes 3-5 are sum-
marized in Table I. The crystallographic data for
complexes 3-5 have been deposited at the Cam-
bridge Crystallographic Data Centre and allocated
the deposition numbers CCDC 293462, 293463, and
614307, respectively. Copies of the data can free be
obtained from the Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ (fax: C44 1223 336 033; e-mail:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.
ac.uk).
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TABLE I
Crystallographic Data for Nickel Complexes 3-5
Complexes 3-0.5H,0 4.0.88H,0 5-H,O

Empirical formula C33H44C12N3Ni00_50 C33H44_75BI'2N3NiOO_88 C37H53C12N3Ni0
Formula weight 620.31 716.00 685.43
Crystal system Triclinic Triclinic Monclinic
Space group P-1 P-1 P2(1)/c
a (A) 8.7749(3) 8.750(2) 11.617(2)
b (A) 9.8532(3) 9.9417(18) 26.250(3)
c(A) 21.0323(7) 20.892(3) 16.032(3)
a (%) 84.1190(11) 83.536(8) 90
B () 88.1025(12) 87.849(7) 108.871(6)
v (%) 65.3378(10) 66.026(7) 90
|4 (AS) 1643.81(9) 1649.9(5) 4626.3(14)
V4 2 2 4
Deare Mgm™) 1.253 1.441 0.984
Crystal size(mm) 0.48 x 0.12 x 0.08 0.28 x 0.15 x 0.05 0.35 x 0.08x 0.07
 (mm 1) 0.780 3.038 0.560
F(000) 658 738 1464
Omaxs Omin (©) 25.05, 2.29 27.48, 1.96 27.49, 1.55
Index range

h -9—-10 —11—10 0—15

k —10—11 —-12—0 0—34

) —24—12 —27—26 -20—19
Rint 0.0587 0.0705 0.1585
No. of independent reflections 5351 6165 10081
No. of observed reflections 4965 2790 5917
No. of variables 361 362 396

Final R indices[I>20(I)] Ry = 0.1271, wR, = 0.2598 Ry = 0.0934, wR, = 0.1937
R indices (all data) Ry = 0.1367, wR, = 0.2664 Ry = 0.2149, wR, = 0.2620
Goodness of fit of F> . 1.019 1.018

Largest diff. Peak®(hole)(e A~°) 1.380 (—1.303) 0.978 (~0.538)

Alo 0.000, 0.000 0.000, 0.000

R, = 0.0676, wR, = 0.1062
R, = 0.1736, wR, = 0.1937
1.006
0.594 (—0.355)
0.000, 0.000

@ Largest peak (hole) in difference Fourier map, Ry = (Il Fo| = FI1)/Z1F, 1, wRy =

RESULTS AND DISCUSSION

Syntheses and structures of complexes

The compounds L1-L4 were prepared in high yield
from two equivalents of aniline with one equivalent

of 2,6-diacetylpyridine (Scheme 2). Compounds L1-  double-bond character.

A X

: NT TCT R, R,

[Z(1F, 12— 1 F1%?/2( FA]Y2.

L4 were characterized by IR spectroscopy and ele-
mental analyses (see experimental section). The crys-
tal structure of L2 has been reported by our group,®
showing that three N atoms in L2 are almost in a
line and two imino C=N bonds have distinctive
The complexes 1-6 were

1
N N NlClz or NiBr, \ |
N 1
R, 4
R3 Rj

Compounds L1-1L4

], Nlclg, R] = Rzz Rj; = H, 2, NlClz, R[ = R2: methyl, R}Z H, 3, NlClz, R

Complexes 1-6

R;

1= Ry =1sopropyl, R;=

H; 4, NiBr;, Ry = R, = isopropyl, R;=H; 5, NiCl,, R; = R3= tertbutyl, R, = H; 6, NiBr,, R; =R;=

tertbutyl, Ro =11

Scheme 2 Synthesis of compounds L1-L4 and nickel complexes 1-6.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Thermal ellipsoid plot (30%) of complex 3 (H,O molecule and hydrogen atoms are omitted for clarity).

prepared in high yield by treating NiX, (X = Cl or
Br) with the compounds L1-L4 in THF (Scheme 2).
All of the complexes 1-6 were characterized by ele-
mental analyses and IR spectroscopy (see experi-
mental section). The elemental analysis results
revealed that the compositions of these complexes
were in accord with the formula NiLX;(X = CI or
Br).

The IR spectra of the compounds L1-L4 show that
the C=N stretching frequency appears at a range
1635.4-16432 cm ', In complexes 1-6, the C=N
stretching vibrations shift toward lower frequencies
and its intensity greatly reduces, which indicates the
coordination interaction between the imino nitrogen
atoms and the metal ions. The molecular structures
of the complexes 3-5 are shown in Figures 1-3,
respectively. The selected bond lengths and angles
of the complexes 3-5 are presented in Tables II-IV.

Complex 3 bearing NiCl, and substituted 2,6-dii-
sopropylanil displays an approximate C; symmetry
about a plane containing the nickel atom, the two
chloro atoms, and the pyridyl nitrogen atom (Fig. 1).
The dihedral angles between the phenyl rings and
the plane formed by three coordinated nitrogen

TABLE II

Selected Bond Lengths (A) and Angles (°) for Complex 3
Ni(1)-N(1) 1.99 (7) Ni(1)-N(2) 2.156 (6)
Ni(1)-N(3) 2.161 (7) Ni(1)-Cl(1) 2.233 (3)
Ni(1)-C1(2) 2.289 (3) N(2)-C(6) 1.291 (11)

N(2)-C(10) 1.438 (11) N(3)-C(8) 1.297 (11)

N(1)-Ni(1)-N(@3) 76.7 3)  N(1)-Ni(1)-NQ2) 767 (3)

N(1)-Ni(1)-Cl(1) 1549 (2)  N(2)-Ni(1)-N(3) 149.1 (3)
N(3)-Ni(1)-CI(1) 989 (2)  N@)-Ni(1)-CI(1)  98.6 (2)
N(2)-Ni(1)-C1(2) 978 (2)  N(1)-Ni(1)-Cl2) 915 (2)
CI(1)-Ni(1)-Cl(2)  113.59 (12) N@)-Ni(1)-Cl2)  98.3 (2)

atoms are 79.20(37) and 79.21(26)°, respectively. The
dihedral angle of the two phenyl rings is 79.30(30)°.
The Cl1 and CI2 atoms deviate from the plane
formed by three nitrogen atoms by 0.0312 and
0.6036 A respectively. The nickel atom deviates by
0.1731 A from the plane formed by the three N
atoms and Cl1 atom. The coordination geometry of
the central nickel can be best described as distorted
square pyramidal [Fig. 4(a)]l. As previously
observed,”® the Ni-N(imino) bonds [2.156(6) and
2.161(7) A] are longer than the Ni-N(pyridyl) bond
[1.996(7) A]. The two imino C=N bonds have dis-
tinctive double-bond character because two C—N
distances arel.291(11) and 1.297(11) A. The N(2)-
Ni(1)-N(3) angle is 149.1(3)°. Two N (1)-Ni(1)-Cl
angles are unsymmetrical: one is 154.9(2)°, whereas
another one is 91.5(2)° (Table II).

The structure of complex 4 bearing NiBr, andsub-
stituted 2,6-diisopropylanil is isostructural with that
of complex 3 (Table III, Fig. 2). Complex 5 bearing
substituted 2,5-ditertbutylanil displays an approxi-
mate C, symmetry about a plane containing the
nickel atom, the two chloro atoms, and the pyridyl

TABLE III

Selected Bond Lengths (A) and Angles (°) for Complex 4
Ni-N(1) 1.938 (9) Ni-N(2) 2.179 (9)
Ni-N(3) 2.184 (8) Ni-Br(1) 2.3525 (19)
Ni-Br(2) 2.4262 (19) N(@2)-C(8) 1.265 (15)

N(2)-C(22) 1.425 (14) N(3)-C(6) 1.264 (13)

N(3)-C(10) 1432 (12)  N(1)-Ni-N(2) 76.4 (4)
N(1)-Ni-N(3) 76.4 (3) N(2)-Ni-N(3) 148.8 (3)
N(1)-Ni-Br(1) 155.7 (3) N(2)-Ni-Br(1) 99.7 (2)
N(3)-Ni-Br(1) 98.7 (2) N(1)-Ni-Br(2) 91.9 (3)
N(2)-Ni-Br(2) 98.6 (2) N(3)-Ni-Br(2) 973 (2)
Br(1)-Ni-Br(2)  112.44 (7)

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Thermal ellipsoid plot (30%) of complex 4 (H,O molecule and hydrogen atoms are omitted for clarity).

nitrogen atom (Fig. 3). The Ni(1)-N (pyridyl) bond
[2.032(2) A] is significantly shorter than the Ni-N
(imino) bonds [2.249(2) and 2.292(2) A]. The planes
of the phenyl rings are orthogonally oriented to the
plane formed by the three N atoms. The dihedral
angle of the two phenyl rings is 79.69(9)°. The nickel
atom deviates by 0.0295 A from the plane formed by
three coordinated nitrogen atoms. The CI(1)-Ni(1)-
Cl(2) angle is 116.22(4)°. Two N (1)-Ni(1)-Cl angles
are unsymmetrical: one is 113.42(8)°, while another
one is 130.30(9)°. The N(3)-Ni(1)-N(2) bond angle is

149.88(8)° (Table IV). The coordination geometry of
the central nickel can be best described as distorted
trigonal bipyramidal, with the pyridyl nitrogen atom
and the two chloro atoms forming the equatorial
plane (Fig. 4c), which is similar to that with 2,5-tert-
butylphenyl substituted Co complex.®’ The corre-
sponding bond lengths and angles are also close to
those of Co complex.

The crystal structure of complex 1 bearing 2,6-
diacetylgyridinebisanil has been reported in the lit-
erature.”” The co-ordination geometry of the central

Figure 3 Thermal ellipsoid plot (30%) of complex 5 (H,O molecule and hydrogen atoms are omitted for clarity).

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
Selected Bond Lengths (A) and Angles (°) for Complex 5
Ni(1)-N(1) 2.032 (2) Ni(1)-Cl(1) 2.2326 (10)
Ni(1)-N(3) 2.249 (2) Ni(1)-C1(2) 2.2621 (11)
Ni(1)-N(2) 2292 (2) N(2)-C(6) 1.275 (4)
N(2)-C(10) 1.444 (4) N(3)-C(8) 1.277 (4)
N(3)-C(24) 1.446 (4)
N(1)-Ni(1)-N@3) 7522 (9) N(1)-Ni(1)-Cl(1) ~ 130.30 (9)
N(1)-Ni(1)-Cl2) 11342 (8)  CI(1)-Ni(1)-N(3)  98.81 (7)
N@)-Ni(1)-Cl2)  99.12 (7)  CL1)-Ni(1)-Cl(2)  116.22 (4)
CI(1)-Ni(1)-N(2) ~ 98.03(7)  N(1)-Ni(1)-N(@2)  74.83 (9)
CI2-Ni(1)-N(2) 9555 (7) N(@3)-Ni(1)-N(@2)  149.88 (8)

nickel in complex 1 is described as distorted trigonal
bipyramidal, which is similar to that in complex 5,
but different from those in complexes 3 and 4. In
complex 1, the nickel atom deviates from the plane
formed by the three N atoms by 0.045 A The Ni-
N(imino) bonds [2.134(12) and 2.109(14) A] are also

HUANG ET AL.

longer than the Ni-N(pyridyl) bond [1.960(4) A]. The
two imino C=N bonds also have typical double
bond character as C=N bond lengths are 1.310(20)
and 1.240(30) A, respectively.

Norbornene polymerization

The nickel complexes bearing bulky steric hindrance
2,6-bis(imino)pyridine ligands were similar to the
iron and cobalt complexes of 2,6-bis(imino)pyridine,
which are good candidates for catalytic ethylene
polymerization reactions. However, all of the Ni
complexes 1-6 can not catalyze ethylene to produce
high molecular weight polyethylene at atmospheric
pressure of ethylene when activated with MAO.
Preliminary experiments have indicated that nei-
ther Ni(Il) complexes nor MAO alone was able to
catalyze norbornene polymerization. However, in

Figure 4 Side-on view, perpendicular to the plane of the three ligands nitrogen atoms of the complex 3 (a), 4 (b) and 5 (c),
showing the pronounced differences in coordination geometry and the deviation of the metal centers from the ligand plane.
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TABLE V
Different Nickel Complexes on Polymerization
of Norbornene®

Entry  Complex Yield (g) Ac’ciVi’fyb M,(x10° g/mol)
1 1 0.95 1.9 5.5
2 2 1.40 2.8 5.4
3 3 2.35 4.7 3.5
4 4 2.15 43 32
5 5 2.20 4.4 3.1
6 6 2.10 42 3.2

® Polymerization conditions: 0.5 umol catalyst; Al/Ni =
500; NB/Ni = 100000; Solvent: chlorobenzene; total vol-
ume, 15 mL; 30°C; reaction time: 1 h.

" [x10° g PNB/(mol Ni h)].

combination with MAO, these Ni complexes 1-6
exhibit high catalytic activity for norbornene poly-
merization under moderate conditions. The polymer-
ization results using Ni (II) complexes 1-6 activated
with MAO are summarized in Table V. It showed
that all of Ni (II) complexes can catalyze the poly-
merization of norbornene to produce polymer with
high activities (1.9-4.7 x 10° g PNB/(mol Ni h),) and
high molecular weights (Mv up to 10° g/mol). In
these experiemts, chlorobenzene was used as solvent
because catalytic activities increased with increasing
polarity of the solvent in the catalyst system of Ni
(I)/MAO for norbornene polymerization.

A comparison in Table V reveals that the struc-
tures of the complexes evidently affect the polymer
yields, molecular weight and the catalyst activity.
With increasing the steric hindrance of the precata-
lysts, the polymer yields and the activity increase
while the molecular weight decreases. The activity
of complexes 3 bearing 2,6-diisopropy substituent is
up to 4.7 x 10° g PNB/(mol Ni h) (Entry 3, Table V)
which is similar to that of complex 5 bearing 2,5-
ditertbutyl substituent (4.4 x 10° g PNB/(mol Ni h)
Entry 5, Table V).

TABLE VI
The Relationship of Al/Ni Ratio, Polymer Yield,
Catalytic Activity of the Complex 3 and the Molecular
Weight of the PNB®

Entry  Al/Ni  Yield (g)  Activity”  M,(x10° g/mol)
7 100 1.82 3.64 3.3

8 500 2.35 4.7 3.5

9 1000 2.20 44 2.9

10 1500 2.25 45 25

11 2000 2.40 4.8 15

12 2500 2.30 4.6 0.42
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TABLE VII
Influence of the Reaction Temperature on Catalytic
Activity of Complex 3 and the Molecular Weight

of the PNB?
Entry  T(°C)  Yield (g)  Activity®  M,(x10° g/mol)
13 0 1.90 3.8 0.99
14 30 2.35 4.7 35
15 50 225 45 2.1
16 70 2.30 46 0.41

? Polymerization conditions: 0.5 umol catalyst; Al/Ni =
500; NB/Ni = 100000; Solvent: chlorobenzene; total vol-
ume, 15 mL; reaction time: 1 h.

b [x10° g PNB/(mol Ni h)].

To examine the effect of the halide substituent on
the precatalyst in the polymerization, four com-
plexes 3-6, with identical metal centers and bis(imi-
no)pyridine ligands, but with chloride for 3 and 5
and bromide for 4 and 6, were prepared. The activ-
ity of the dibromide precatalyst 4 (4.3 x 10° g PNB/
(mol Ni h)) is slightly lower than the dichloride 3
(4.7 x 10° g PNB/(mol Ni h)). The complexes 5 and
6 have the similar trends. The molecular weights of
polymer obtained from the complexes 3-6 were in
the same order (3.1-3.5 x 10° g/mol, Table V).

To systematically investigate the effects of reaction
parameters on vinyl-polymerization of NB, the com-
plex (2, 6-diacetylpyridinebis(2,6-diisopropylanil))-
NiCl, (3) was studied by changing the reaction
parameters such as the Al/Ni ratio, reaction temper-
ature and time. The results of polymer yield, cata-
lytic activity as well as the molecular weight are
listed in Tables VI-VIII, respectively, along with the
reaction parameters.

The MAO amount is essential for the polymeriza-
tion of norbornene. Polymer yield, catalytic activities
and molecular weight increased with increasing the
Al/Ni molar ratio from 500 to 100. When the Al/Ni

TABLE VIII
The Relationship of Reaction Time and Catalytic
Activity of Complex 3 and the Molecular Weight

of the PNB*
Entry  Time (h)  Yield (g) Activityb MV(><105g /mol)
17 0.25 0.30 2.40 1.9
18 0.50 0.87 3.50 3.8
19 1 2.35 4.70 3.5
20 4 3.02 1.51 42
21 8 3.86 0.96 35
22 12 4.38 0.73 3.6
23 24 4.65 0.38 3.8

? Polymerization conditions: 0.5 pmol catalyst; NB/Ni =
100000; Solvent: chlorobenzene; total volume, 15 mL; 30°C;
reaction time: 1 h.

P [x10° g PNB/(mol Ni h)].

 Polymerization conditions: 0.5pumol catalyst; Al/Ni =
500; NB/ Ni = 100000; Solvent: chlorobenzene; total vol-
ume, 15 mL; 30°C; reaction time: 1 h.

P [x10° g PNB/(mol Ni h)].
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molar ratio is in the range 1000 to 2500, variation of
the Al/Ni had little effects on parameters tested.

The reaction temperature also considerably affects
the catalytic activities and molecular weight (Table
VII). With increasing reaction temperature to 30°C,
the catalytic activity reached the highest value at 4.7
x 10° g PNB/(mol Ni h). When the temperature fur-
ther increased, the activity remained constant value,
indicating that the activity center was stable in tem-
perature range of 30-70°C. However, the molecular
weight of PNB increased to 3.5 x 10° g/mol at 30°C,
it is then drastically decreased to 0.41 x 10°g/mol at
70°C.

The results of norbornene polymerization with
time are presented in Table VIIL. The yield of poly-
mer increased with the reaction time. The catalytic
activity increased in the first one hour, then
decreased dramatically due to a significant decrease
in the monomer concentration of the reaction mix-
ture. The M, of the polymer increased in the first 30
min then tended to remain constant.

All of the IR spectra and "H-NMR spectra of the
obtained PNB were similar and characteristic of the
addition-type PNB. In FTIR spectra (IR (KBr): 2946,
2868, 1474, 1451, 1372, 1296, 1258, 1221, 1190, 1148,
1108, 1041, 942, 893, 806, 728 cm '), there are no
absorptions at 1680-1620 cm™ !, as well as at 960
cm ! and 735 ecm !, which are assigned to the trans
and cis form of double bonds, respectively, are char-
acteristic of the ROMP structure of PNB.*” "H-NMR
spectra confirmed the above conclusions. "H-NMR
spectra ['H-NMR: & 0.9-3.0 (maxima at 1.14, 1.21,
1.56, 2.30, 2.37 ppm)] show signals in the 0.9-3.0
ppm range, which indicate the cis and trans form of
double bonds when no resonances are displayed at
about 5.1 and 5.3 ppm.>® This indicates the presence
of the ring-opening metathesis polymerization
(ROMP) structure. Our attempts to determine the
glass transition temperature (T;) of PNB failed, and
the DSC studies did not give an endothermic signal
upon heating to the decomposition temperature
(above 450°C). All the polymer samples obtained
were soluble in chlorobenzene and cyclohexane at
room temperature which indicated low stereoregu-
lar.?® Figure 5 shows the X-ray diffraction (XRD)
spectra of the obtained PNB. The spectra display
two broad halos at 20 of ~ 11° and 18° that can be
attributed to a short range order, or pseudoperiodic-
ity of the arrangement of the bicycle units along the
chain. This is almost in agreement with the results
reported in the literatures.”””* No traces of Bragg
refractions are revealed at crystalline regions. There-
fore, the PNB herein is amorphous.

In general, these complexes showed good activ-
ities for norbornene polymerization in the presence
of MAO. Several parameters, including the nature of
catalytic precursors, concentration of MAO, reaction
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Figure 5 XRD diagram of PNB obtained with 3/MAO.

temperature and reaction time have some effect on
the activities of the complexes and the molecular
weight of the PNB. Compared to the 2,6-bis(imino)-
pyridyl iron, cobalt, and chromium complexes®*®!
and other nickel- and palladium-based complexes
activated with MAO,”””” these nickel complexes
have less activity than the above complexes having
activities up to 10" g/mol h.'*2°

CONCLUSIONS

We have synthesized and characterized 2,6-bis(imi-
no)pyridyl nickel complexes 1-6 and determined
molecular structures of complex 3-5 from single X-
ray diffraction data. The experimental results show
that these complexes display high catalytic activities
to the vinyl polymerization of norbornene when acti-
vated with MAO. Activities, polymer yield and mo-
lecular weight can be optimized by reaction
conditions such as temperature, time and the Al/Ni
ratio. The PNB obtained is amorphous and soluble
in halogenated aromatic hydrocarbons at room
temperature.
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