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The derivatives of 4,5-diazafluorene-9-one-benzoylhydrazone (1–4) and 2-pyridine-carboxaldehyde-benzoylhydrazone (5–9) were pre
ared. The compounds1–4 reacted with Ni(Ac)2·4H2O to form diaquabis[4,5-diazafluorene-9-one-benzoylhydrazone]nickel(II) (10–13),
hile the compounds5–9 reacted with (DME)NiBr2 to form bis[N-(pyridine-2-carboxaldehyde-benzoylhydrazone)]nickel(II) dibrom

14–18), respectively. All ligands and complexes were characterized by elemental analysis and spectroscopic analysis, along wit
ingle crystal diffraction techniques for10, 13 and14. The nickel(II) centers are six-coordinated with two corresponding ligands an
oordinated solvents for10–13, while the geometry around the nickel atom of14–18 is distorted octahedron with two ligands and two b
ides. Activated with methylaluminoxane, all nickel complexes show good activities for vinyl polymerization of norbornene and con
ctivities for ethylene oligomerization at ambient pressure. By using10, the influence of reaction conditions was carefully examined o
atalytic behavior of vinyl polymerization of norbornene. The catalytic conditions were varied to investigate their effects on activity ofe
ligomerization. The resulting poly(norbornene)s were characterized by IR,1H NMR, TGA, DSC and the viscosity measurement.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The polynorbornenes have been recognized as the ad-
anced materials with interesting and unique properties[1].
hough vinyl polymerization of norbornene was found with
iCl4-based Ziegler catalyst[2], nickel-based complexes
ave been of more interest because of their good activ-

ty and property of resulting polynorbornene (PNB)[3–8].
he ethylene oligomerization presents one of the major in-
ustrial processes for the production of linear�-olefins,
nd the commercially practiced shell high olefin process

∗ Corresponding author. Tel.: +86 1062557955; fax: +86 1062618239.
E-mail address:whsun@iccas.ac.cn (W.-H. Sun).

(SHOP) based on nickel complex bearing P–O bidentat
ands produces olefins at 1 million tons every year[9]. Re-
cently, various late transition metal complexes have bee
plored for ethylene activations[10]. In our laboratory, w
have engaged in ethylene activation with various nickel c
plexes having chelating ligands of diimine [N,N] [11], sali-
cylaldimine [N,O] [12] and 8-(diphenylphosphino)quinoli
[P,N] [13]. Subsequently, the nickel complexes contain
8-(diphenylphosphino)quinoline[14] and salicylideneimid
[15] were found to show high catalytic activity in vinyl pol
merization of norbornene, and the resulting PNBs have
solubility in halogenated aromatic hydrocarbons. This
triggered a renewed interest in the development of a
ily of nickel complexes which are useful for both vin
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polymerization of norbornene and ethylene oligomerization.
The nickel complexes containing 4,5-diazafluorene-9-one-
benzoylhydrazone derivatives showed reasonable activities
for ethylene oligomerization[16]. The acylhydrazone can be
of two types of ketone and enolate in their nickel complexes
under different condition of the complexation. The variations
of these complexes are investigated here. All nickel com-
plexes were characterized by elemental analysis and spectra
measurements as well as X-ray diffraction for the molecu-
lar structures of representative complexes. In the presence of
cocatalyst methylaluminoxane (MAO), all nickel complexes
show reasonable catalytic activity for ethylene oligomeriza-
tion and good catalytic activity for vinyl polymerization of
norbornene. The influence of reaction conditions on the cat-
alytic behavior was examined. The resulting PNBs were char-
acterized by IR,1H NMR, TGA, DSC and the viscosity mea-
surement.

2. Experimental

2.1. General procedures

All manipulations of air- or moisture-sensitive compounds
were carried out under an atmosphere of nitrogen using stan-
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3.1.1. 4,5-Diazafluorene-9-one-benzoylhydrazone (1)
The synthesis of 4,5-diazafluorene-9-one-benzoylhy-

drazone (1) was reported in our previous paper[16]; mp:
162–164◦C. 1H NMR (300 MHz, CD3SOCD3), δ (ppm):
7.50–7.69 (m, 5H), 8.03 (d,J= 6 Hz, 2H), 8.245 (d,J= 9 Hz,
1H), 8.545 (d,J= 9 Hz, 1H), 8.74–8.77 (t, 2H), 12.07 (NH).
13C NMR (75 MHz, CD3SOCD3), δ (ppm): 124.3, 124.9,
125.3, 128.7, 129.1, 130.0, 132.5, 132.7, 133.3, 135.7, 152.1,
157.7, 159.0. IR (KBr, cm−1): 3386 (br), 3150 (br), 3061 (w),
2927 (w), 1741 (w), 1692 (s), 1593 (m), 1564 (s), 1515 (s),
1486 (m), 1402 (s), 1341 (w), 1265 (s), 1182 (m), 1164 (m),
1132 (s), 1094 (m), 1073 (m), 1028 (w), 1001 (w). Anal.
Calcd. (%) for C18H12N4O·CH3CH2OH: C, 69.35; H, 5.24;
N 16.17. Found (%): C, 69.24; H, 5.16; N, 16.49.

3.1.2. 4,5-Diazafluorene-9-one-2-
methylbenzoylhydrazone (2)

4,5-Diazafluorene-9-one (360 mg, 2 mmol) was added to
a solution of 2-methylbenzoylhydrazine (280 mg, 2 mmol)
in absolute ethanol (30 ml). After the addition ofp-toluene
sulfonic acid (catalytic amount), the solution was refluxed
for 6 h. The ethanol was partly removed in vacuum and
the remainder was kept cool over night. Yellow crystalline
product, 2, was obtained, which was then washed with
ethanol and dried in a vacuum oven overnight. Yield 540 mg
( ◦ 1
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ard Schlenk techniques. Toluene was refluxed over sod
enzophenone until purple color appeared and distilled u
itrogen atmosphere prior to use. CH2Cl2 was dried over ca
ium hydride and distilled under nitrogen. Methylalumin
ne (MAO) was purchased from Albemarle as 1.4 M tolu
olution. Norbornene (from Acros) was purified by disti
ion over potassium and used as a solution in dichlorome
r toluene. All other chemical reagents were commerc
btained unless otherwise stated.

IR spectra were recorded on a Perkin Elmer system
T-IR spectrometer. The chemical shifts of NMR spe
ere measured with a Bruker BMX-300 MHz instrum
nd expressed in ppm using TMS as internal standard
ental analyses were performed by using an HP-MOD
icroanalyzer. Viscosity measurements were carried o

hlorobenzene at 25◦C using an Ubbelohde viscometer. D
ribution of oligomers obtained was measured on a Va
ista 6000 GC spectrometer and an HP 5971A GC–MS

ector.

. Synthesis of Schiff-base ligands and complexes

.1. Synthesis of ligands1–9

4,5-Diazafluorene-9-one (dafo) was prepared accordi
he literature method[16,17]. The condensation reaction
afo with benzoylhydrazine in ethanol gave the ligands1–4 in
pproximately 80–95% yield. Ligands5–9 were synthesize
s described in the literature[18] (Scheme 1).
80%); mp: 221–223C. H NMR (300 MHz, CD3SOCD3),
(ppm): 2.55 (s, 3H), 7.29–7.37 (m, 4H), 7.42–7.50 (m, 1
.55–7.58 (d,J= 7 Hz, 1H), 8.20 (s, 2H), 8.74 (d,J= 3 Hz,
H), 8.81 (d,J= 5 Hz, 1H), 9.90 (NH) ppm.13C NMR
75 MHz, CD3SOCD3), δ (ppm): 39.8, 123.9, 124.7, 124
26.0, 128.1, 129.6, 130.6, 131.0, 132.6, 134.9, 135.2, 1
51.9, 157.4, 158.9. IR (KBr, cm−1): 3339 (w), 3272 (w)
092 (w), 3060 (w), 2962 (w), 2928 (w), 2856 (w), 1674
607 (m), 1589 (m), 1562 (m), 1488 (m), 1456 (m), 1
s), 1343 (s), 1284 (m), 1205 (w), 1179 (w), 1165 (w), 1
m), 1112 (w), 1085 (m), 1045 (w). Anal. Calcd. (%)
19H14N4O·(1/2)EtOH: C, 71.20; H, 5.08; N, 16.61. Fou

%): C, 71.64; H, 5.06; N, 16.51.

.1.3. 4,5-Diazafluorene-9-one-3-
ethylbenzoylhydrazone (3)
Compound3 was synthesized by a procedure simila

hat for 2 except that 3-methylbenzoylhydrazine was u
nd was obtained as yellow powder. Yield 590 mg (87
p: 160–162◦C.1H NMR (300 MHz, CD3SOCD3),δ (ppm):
.48 (s, 3H), 7.27–7.46 (m, 4H), 7.75 (s, 1H), 7.82
H), 8.20 (t,J= 9 Hz, 2H), 8.75 (d,J= 5 Hz, 1H), 8.81 (d
= 5 Hz, 1H), 10.03 (NH).13C NMR (75 MHz, CD3SOCD3),
(ppm): 39.9, 124.4, 124.9, 125.4, 125.8, 129.0, 129.1, 1
32.6, 133.2, 133.3, 135.7, 138.5, 152.1, 157.7, 159.
KBr, cm−1): 3203 (br), 3062 (w), 3012 (w), 2965 (w
922 (w), 1734 (w), 1696 (s), 1672 (s), 1588 (m), 1
m), 1512 (s), 1401 (s), 1340 (w), 1274 (s), 1196 (s), 1
m), 1096 (m), 1050 (w), 1001 (w). Anal. Calcd. (%)
19H14N4O·(1/2)EtOH: C, 71.20; H, 5.08; N, 16.61. Fou

%): C, 70.88; H, 5.00; N, 16.47.
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Scheme 1. Synthesis of ligands1–9 and their complexes10–18.

3.1.4. 4,5-Diazafluorene-9-one-4-
methylbenzoylhydrazone (4)

Compound 4 was prepared with 4-methylbenzoylhy-
drazine according to the above synthetic procedure, and
was obtained as yellow powder. Yield 610 mg (95%); mp:
282–284◦C. 1H NMR (300 MHz, CD3SOCD3), δ (ppm):
2.48 (s, 3H), 7.29–7.44 (m, 4H), 7.89–7.91 (d,J= 8 Hz, 2H),
8.21 (t,J= 7 Hz, 2H), 8.75 (d,J= 5 Hz, 1H), 8.81 (d,J= 5 Hz,
1H), 10.00 (NH).13C NMR (75 MHz, CD3SOCD3), δ (ppm):
39.9, 124.4, 124.9, 125.4, 128.8, 129.7, 130.0, 130.4, 132.6,
135.7, 143.0, 152.2, 157.8, 159.1. IR (KBr, cm−1): 3366 (br),
3231 (br), 3079 (w), 3011 (w), 2918 (w), 1697 (s), 1608 (m),
1584 (w), 1564 (m), 1527 (s), 1501 (s), 1471 (w), 1400 (s),
1339 (w), 1289 (w), 1259 (s), 1185 (m), 1163 (m), 1135 (m),
1118 (w), 1090 (m), 1039 (w), 1018 (w). Anal. Calcd. (%) for
C19H14N4O·(1/3)H2O: C, 71.24; H, 4.61; N, 17.49. Found
(%): C, 71.53; H, 4.57; N, 17.34.

3.1.5. 2-Pyridinecarboxaldehyde-benzoylhydrazone (5)
The ethanol solution containing the aldehyde (540 mg,

0.5 mmol) with a stoichiometric amount of the correspond-
ing hydrazide was refluxed in the presence of a few drops
of glacial acetic acid. TLC was used to monitor the reac-

tion with the disappearance of the corresponding stain to the
reactants (12 h). After concentrating and cooling the solu-
tion, the product,5, was crystallized as colorless needles,
and then washed with a few milliliters of diethyl ether and
dried in vacuum. Yield: 870 mg (73%). The ligand was pre-
viously reported[18] and its structures are confirmed with
1H NMR and IR. IR (KBr, cm−1): 3445 (br), 3034 (m),
1684 (s), 1596 (m), 1532 (s), 1481 (m), 1423 (m), 1301
(m), 1268 (s), 1185 (w), 1136 (m), 1103 (m), 1077 (w),
1051 (m).

3.1.6. 2-Pyridinecarboxaldehyde-2-chlorobenzoylhy-
drazone (6)

Compound6 was prepared according to the synthetic
procedure for5 except that 2-chlorobenzoylhydrazine was
used instead of benzoylhydrazine, and was obtained as col-
orless crystals. Yield 1030 mg (75%); mp: 112–114◦C. 1H
NMR (300 MHz, CD3SOCD3), δ (ppm): 7.39–7.59 (m, 5H),
7.69–7.76 (m, 2H), 8.03–8.05 (d,J= 7 Hz, 1H), 8.80 (s, 1H),
15.00 (NH). 13C NMR (75 MHz, CD3SOCD3), δ (ppm):
124.9, 127.0, 127.8, 128.8, 130.8, 132.3, 136.7, 138.6, 139.7,
148.2, 151.6, 162.7, 169.5. IR (KBr, cm−1): 3442 (br), 3058
(m), 1667 (s), 1599 (m), 1559 (w), 1477 (m), 1455 (m), 1416
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(s), 1337 (s), 1298 (m), 1264 (w), 1246 (m), 1148 (m), 1110
(m), 1048 (m), 1030 (w), 1002 (m). Anal. Calcd. (%) for
C13H10N3OCl: C, 60.12; H, 3.88; N, 16.18; Cl, 13.65. Found
(%): C, 60.25; H, 3.92; N, 16.20; Cl, 13.70.

3.1.7. 2-Pyridinecarboxaldehyde-2-methylbenzoylhy-
drazone (7)

Compound 7 was prepared with 2-methylbenzoylhy-
drazine instead of benzoylhydrazine in the synthesis of5,
and was obtained as colorless crystals. Yield 900 mg (71%);
mp: 106–108◦C.1H NMR (300 MHz, CDCl3), δ (ppm): 2.57
(s, 3H), 7.13–7.59 (m, 7H), 7.86 (s, 1H), 8.55 (s, 1H), 14.92
(NH). 13C NMR (75 MHz, CDCl3), δ (ppm): 20.3, 124.1,
125.9, 127.6, 130.6, 131.4, 134.4, 135.6, 137.9, 138.4, 148.1,
152.3, 167.0. IR (KBr, cm−1): 3433 (br), 3341 (w), 3148
(m), 3052 (m), 2972 (m), 2927 (m), 2854 (w), 1679 (s),
1601 (m), 1501 (s), 1481 (s), 1429 (m), 1378 (w), 1296 (m),
1265 (m), 1248 (m), 1208 (w), 1165 (w), 1141 (m), 1103
(s), 1047 (s), 1012 (w). Anal. Calcd. (%) for C14H13N3O:
C, 70.28; H, 5.48; N, 17.56. Found (%): C, 70.07; H, 5.49;
N, 17.53.

3.1.8. 2-Pyridinecarboxaldehyde-3-methoxybenzoylhy-
drazone (8)

Similarly, 8 was prepared with 3-methoxybenzoylhy-
d 0 mg
(
( ,
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J
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1
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3.2. Synthesis of complexes

3.2.1. 4,5-Diazafluorene-9-one-benzoylhydrazone
nickel(II) complex (10) [19]

4,5-Diazafluorene-9-one-benzoylhydrazone (69 mg, 0.2
mmol) (1) was dissolved in ethanol (20 ml). Into this so-
lution, an ethanol solution (5 ml) of Ni(Ac)2·4H2O (25 mg,
0.1 mmol) was added dropwise. The mixture was refluxed
for 24 h and yellow precipitate resulted. The product was fil-
tered, washed with hot ethanol and dried in a vacuum oven.
Yield 54 mg (73%); mp: >320◦C. Red crystals of10 suit-
able for X-ray measurement were obtained by slow evap-
oration of a solution of10 in its DMF solution. IR (KBr,
cm−1): 3399 (br), 3063 (w), 2925 (w), 1589 (m), 1564 (m),
1501 (s), 1484 (s), 1436 (m), 1406 (m), 1366 (s), 1350
(s), 1297 (m), 1171 (m), 1147 (w), 1091 (w), 1044 (s),
1003 (w).

3.2.2. 4,5-Diazafluorene-9-one-2-methylbenzoylhy-
drazone nickel(II) complex (11)

In a similar procedure as described for10, complex
11 was synthesized in the reaction of Ni(Ac)2·4H2O and
2 as a yellow powder. Yield 56 mg (77%); mp: >320◦C.
IR (KBr, cm−1): 3393 (br), 3064 (w), 2961 (w), 2925
(w), 1579 (m), 1563 (m), 1496 (s), 1426 (m), 1407 (s),
1 m),
1
6 93;
N

3
d

1
3
I 9
( (s),
1 w),
1
6 11;
N

3
d

p -
d
s vap-
o
( 428
( 090
(
C .19;
N

razine and obtained as colorless crystals. Yield 104
77%); mp: 100–102◦C. 1H NMR (300 MHz, CDCl3), δ

ppm): 3.85 (s, 3H), 7.08 (d,J= 8 Hz, 1H), 7.37–7.44 (m
H), 7.52 (d,J= 8 Hz, 4H), 7.90 (t,J= 8 Hz, 1H), 8.70 (d
= 4 Hz, 1H), 15.51 (NH).13C NMR (75 MHz, CDCl3), δ

ppm): 54.0, 111.4, 117.0, 118.1, 123.0, 124.8, 128.5, 1
36.8, 137.4, 146.7, 150.8, 158.5, 162.8. IR (KBr, cm−1):
434 (br), 3067 (w), 3005 (w), 2970 (w), 2939 (w), 28
w), 1682 (s), 1596 (m), 1534 (m), 1473 (m), 1427 (w), 1
w), 1328 (w), 1293 (s), 1276 (s), 1238 (s), 1181 (w), 1
w), 1106 (w), 1080 (w), 1048 (w). Anal. Calcd. (%) f
14H13N3O2: C, 65.87; H, 5.13; N, 16.46. Found (%):
5.59; H, 5.15; N, 16.42.

.1.9. 2-Pyridinecarboxaldehyde-4-methylbenzoylhy-
razone (9)

The compound9 was prepared with 4-methylbenzo
hydrazine and formed as colorless crystals. Yield 990
78%); mp: 139–141◦C. 1H NMR (300 MHz, CDCl3), δ

ppm): 2.40 (s, 3H), 7.30–7.38 (m, 3H), 7.50 (d,J= 9 Hz,
H), 7.89 (s, 3H), 8.71 (s, 1H), 15.47 (NH).13C NMR
75 MHz, CDCl3), δ (ppm): 21.4, 124.0, 125.8, 127.4, 129
30.0, 137.9, 138.2, 142.6, 147.9, 152.0, 164.2. IR (
m−1): 3437 (br), 3053 (w), 3029 (w), 2997 (w), 16
s), 1612 (m), 1593 (m), 1559 (w), 1535 (m), 1502 (
478 (m), 1427 (m), 1400 (w), 1316 (w), 1296 (m), 12
s), 1251 (m), 1190 (w), 1156 (w), 1118 (m), 1105 (
049 (s), 1006 (w). Anal. Calcd. (%) for C14H13N3O: C,
0.28; H, 5.48; N, 17.56. Found (%): C, 70.51; H, 5.
, 17.85.
345 (s), 1274 (m), 1163 (m), 1111 (m), 1088 (
042 (s). Anal. Calcd. (%) for C38H26N8O2Ni·2H2O: C,
3.27; H, 4.19; N, 15.53. Found (%): C, 62.92; H, 3.
, 15.32.

.2.3. 4,5-Diazafluorene-9-one-3-methylbenzoylhy-
razone nickel(II) complex (12)

In a similar manner as described for10, the complex
2 was prepared by the reaction of Ni(Ac)2·4H2O and
as a yellow powder. Yield 59 mg (79%); mp: >320◦C.

R (KBr, cm−1): 3396 (br), 3064 (w), 2923 (w), 158
m), 1563 (m), 1501 (s), 1470 (s), 1407 (s), 1347
281 (m), 1217 (m), 1164 (w), 1135 (w), 1087 (
045 (s). Anal. Calcd. (%) for C38H26N8O2Ni·2H2O: C,
3.27; H, 4.19; N, 15.53. Found (%): C, 63.00; H, 4.
, 15.44.

.2.4. 4,5-Diazafluorene-9-one-4-methylbenzoylhy-
razone nickel(II) complex (13)

In a similar manner as described for10, complex13 was
repared by reacting Ni(Ac)2·4H2O with 4 as a yellow pow
er. Yield 59 mg (80%); mp: >320◦C. Dark red crystals of13
uitable for X-ray measurement were obtained by slow e
ration of its DMF solution. IR (KBr, cm−1): 3395 (br), 3064
w), 2923 (w), 1611 (w), 1583 (m), 1514 (m), 1482 (s), 1
w), 1406 (s), 1348 (s), 1296 (m), 1177 (m), 1147 (w), 1
w), 1044 (s). Anal. Calcd. (%) for C38H26N8O2Ni·2H2O:
, 63.27; H, 4.19; N, 15.53. Found (%): C, 63.84; H, 4
, 15.30.
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3.2.5. Bis[N-(pyridine-2-carboxaldehyde)benzoylhydra-
zone]nickel(II) dibromide (14)

N-(Pyridine-2-carboxaldehyde)benzoylhydrazone (5) (90
mg, 0.4 mmol) was dissolved in dichloromethane (15 ml).
A dichloromethane solution (5 ml) of (DME)NiBr2 (62 mg,
0.2 mmol) was added dropwise. The mixture was stirred at
room temperature for 12 h and the nickel complex was pre-
cipitated as a yellow-green powder. The product was fil-
tered, washed with dichloromethane and dried in a vac-
uum oven. Yield 115 mg (86%); mp: 189–191◦C. Yellow-
green crystals of14 suitable for single-crystal X-ray mea-
surement were obtained by slow diffusion of ethyl ether
into its dichloromethane solution. IR (KBr, cm−1): 3402
(br), 3061 (w), 3006 (w), 1630 (s), 1574 (s), 1520 (s),
1480 (s), 1428 (m), 1306 (m), 1290 (m), 1104 (m), 1062
(m), 1003 (m). Anal. Calcd. (%) for C26H22N6O2NiBr2: C,
46.68; H, 3.31; N, 12.56. Found (%): C, 46.37; H, 3.40;
N, 12.37.

3.2.6. Bis[N-(pyridine-2-carboxaldehyde)-2-
chlorobenzoylhydrazone]nickel(II) dibromide (15)

In a similar manner as described for14, the nickel com-
plex 15 was obtained as a yellow-green powder in the re-
action of (DME)NiBr2 and 6. Yield 125 mg (85%); mp:
254–256◦C. IR (KBr, cm−1): 3429 (br), 3039 (w), 3001
( m),
1 02
(
4 72;
N

3
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-
p the
r :
1 7
( 427
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1
4 79;
N

3
x

1
a );
m ,
2 (s),
1 129
( for
C nd
(

3.2.9. Bis[N-(pyridine-2-carboxaldehyde)-4-methy-
lbenzoylhydrazone]nickel(II) dibromide (18)

In a similar manner as described for14, the complex18
was prepared by the reaction of (DME)NiBr2 and 9, as a
yellow-green powder. Yield 114 mg (82%); mp: 220–222◦C.
IR (KBr, cm−1): 3404 (br), 3041 (w), 3003 (w), 2971
(w), 1624 (s), 1567 (m), 1532 (s), 1495 (s), 1428 (m),
1303 (s), 1254 (m), 1218 (w), 1189 (m), 1146 (w), 1122
(m), 1102 (m), 1066 (s), 1002 (w). Anal. Calcd. (%) for
C28H26N6O2NiBr2·0.5H2O: C, 47.63; H, 3.85; N, 11.90.
Found (%): C, 47.46; H, 3.76; N, 11.76.

3.3. Polymerization of norbornene

In a typical procedure, the complex10 (8�mol) was dis-
solved in a Schlenk tube in 19.01 ml degassed CH2Cl2 un-
der nitrogen and a 5.56 ml CH2Cl2 solution of norbornene
(7.20 M, 40 mmol of norbornene) was added via a syringe.
The polymerization was initiated by adding 0.43 ml toluene
solution of 1.4 M MAO (0.60 mmol). After 30 min, the
polymerization was terminated by injecting 200 ml acidic
methanol (methanol:HClconc. = 95:5) into the reactor. The
polynorbornene was isolated by filtration, washed with
methanol, and dried in vacuum at 100◦C for 100 h. The
total reaction volume of norbornene polymerization was
2 dding
s of
n s the
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t for
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r uot
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w), 1601 (s), 1559 (w), 1492 (s), 1463 (s), 1418 (
304 (m), 1259 (w), 1128 (w), 1102 (w), 1062 (s), 10
w). Anal. Calcd. (%) for C26H20N6O2NiBr2Cl2·H2O: C,
1.31; H, 2.93; N, 11.12. Found (%): C, 41.34; H, 2.
, 11.07.

.2.7. Bis[N-(pyridine-2-carboxaldehyde)-2-methylben-
oylhydrazone]nickel(II) dibromide (16)

In a similar manner as described for14, the nickel com
lex 16 was formed as a yellow-green powder from
eaction of (DME)NiBr2 and 7. Yield 106 mg (76%); mp
72–174◦C. IR (KBr, cm−1): 3430 (br), 3055 (w), 295
w), 1616 (s), 1597 (m), 1568 (m), 1510 (s), 1477 (s), 1
m), 1302 (m), 1255 (w), 1155 (w), 1109 (m), 1064 (
002 (w). Anal. Calcd. (%) for C28H26N6O2NiBr2·H2O: C,
7.03; H, 3.95; N, 11.75. Found (%): C, 46.89; H, 3.
, 11.44.

.2.8. Bis[N-(pyridine-2-carboxaldehyde)-3-metho-
ybenzoylhydrazone]nickel(II) dibromide (17)

In a similar manner as described for14, the complex
7 was prepared by the reaction of (DME)NiBr2 and lig-
nd 8, as a yellow-green powder. Yield 128 mg (88%
p: 202–204◦C. IR (KBr, cm−1): 3417 (br), 3049 (w)
965 (w), 1620 (s), 1599 (m), 1579 (s), 1520 (s), 1483
434 (m), 1312 (s), 1257 (m), 1240 (m), 1160 (w), 1
m), 1070 (m), 1031 (w), 1005 (w). Anal. Calcd. (%)
28H26N6O4NiBr2·H2O: C, 45.02; H, 3.78; N, 11.25. Fou

%): C, 44.82; H, 3.53; N, 11.02.
5 ml unless otherwise stated, that was achieved by a
olvent when necessary. Similarly, the polymerization
orbornene was also carried out by using toluene a
olvent.

.4. Ethylene oligomerization

A flame dried three-necked round bottom flask
acuum-filled three times with nitrogen and loaded with
omplex (10–18). Charged with ethylene, the freshly d
illed toluene was added and the solution was stirred
0 min to sufficiently absorb ethylene in toluene. Then
atalyst, MAO, was added by a syringe to initiate the e
ene oligomerization. The reaction mixture was stirred u
atm ethylene pressure for a desired time, and the cat

eaction was terminated with dilute HCl solution. An aliq
f the reaction mixture was analyzed by GC and GC–M

.5. X-ray crystallography measurements

Intensity data of crystal were collected on a Bru
mart 1000 CCD diffractometer at 293(2) K with graph
onochromated Mo K� radiation (λ = 0.71073Å). Cell pa-

ameters were obtained by global refinement of the p
ions of all collected reflections. Intensities were corre
or Lorentz and polarization effects and empirical abs
ion. The structures were solved by direct methods an
ned by full-matrix least-squares onF2. Each H atom wa
laced in a calculated position and refined anisotropic
tructure solution and refinement were performed usin
HELXL-97 Package[20]. Crystal data and processing
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Table 1
Crystallographic data of complexes10, 13and14

Complex10 Complex13 Complex14

Empirical formula C36H26N8NiO4 C50H54N12NiO6 C29H28Br2Cl6N6NiO2

Formula weight 693.36 977.76 923.80
Crystal color Red Red Green
Crystal size (mm) 0.18× 0.16× 0.12 0.10× 0.08× 0.06 0.32× 0.20× 0.18
Crystal system Monoclinic Triclinic Monoclinic
Space group C2/c P-1 C 2/c
a (Å) 17.631(7) 9.611(4) 22.913(2)
b (Å) 7.248(3) 11.085(5) 12.3282(13)
c (Å) 23.876(10) 12.297(5) 17.2771(15)
α (◦) 90 100.497(6) 90
β (◦) 98.320(8) 97.054(6) 130.504
γ (◦) 90 109.640(7) 90
V (Å3) 3019(2) 1189.2(8) 3710.8(6)
Z 4 1 4
Dcalc (g cm−3) 1.525 1.365 1.654
µ(Mo K�) (mm−1) 0.700 0.472 3.145
F(0 0 0) 1432 514 1840
Temperature (K) 293(2) 293(2) 293(2)
λ (Å) 0.71073 0.71073 0.71073
θ range (◦) 2.33–25.02 1.72–26.39 3.22–26.35
Reflections collected 6035 6841 6896
Independent reflections 2672 4789 3733
Rint 0.0673 0.0316 0.0451

Goodness-of-fit on F2 1.011 1.111 0.998

Parameters 225 318 208
FinalR indices (I > 2σ(I)) R1 = 0.0500,wR2 = 0.0838 R1 = 0.0539,wR2 = 0.1361 R1 = 0.0518,wR2 = 0.989
R indices (all data) R1 = 0.0938,wR2 = 0.0948 R1 = 0.0907,wR2 = 0.1593 R1 = 0.1138,wR2 = 0.1213

rameters are summarized inTable 1. Crystallographic data for
the structural analysis has been deposited with the Cambridge
Crystallographic Data Center, CCDC Nos. 258309, 258310
and 258311 for complexes10, 13and14, respectively.

4. Results and discussion

4.1. Synthesis and spectroscopic characterization

All ligand compounds were prepared in good yields ac-
cording to the modified procedure[18,19]. According to a
reported method[19], an ethanol solution of Ni(Ac)2·4H2O
was added dropwise into the ethanol solution containing
ligands 1–4, respectively. The corresponding nickel com-
plexes 10–13 were obtained as yellow precipitate. The
nickel complexes14–18were synthesized by the reaction of
(DME)NiBr2 (DME: ethylene glycol dimethyl ether) and cor-
responding ligands5–9 in CH2Cl2. The resulting complexes
were precipitated from the reaction solutions after several
hours.

The weak broad bands between 3060 and 3445 cm−1 in
the IR spectra of1–9 are ascribed to the stretching vibra-
tion of N H and O H. Characteristic band ofν(C O) at
1 −1 he
k -
p ee

new strong absorptions are observed around 1500, 1480, and
1296 cm−1 which are due toν(C N N C),ν(N C O), and
ν(C O), respectively. This indicates that the ligands undergo
tautomerization from the keto-form to the enol-form during
complexation. In IR spectra of14–18, the strong absorption
bands in the range 1601–1630 cm−1 are ascribed to the CO
stretching vibration, while the values are found to be in the
region of 1667–1684 cm−1 for the free ligands5–9.

4.2. Structural features

The molecular structure of10 is shown inFig. 1. The
selected atomic distances and bond angles are listed in
Table 2. The solid structure of10 is centrosymmetric with
the nickel atom located in a distorted octahedral environ-
ment with two azomethine N and two enolic O atoms of
two ligands in the equation plane and two water O donors
in the opposite axial sites. The five-membered chelating ring
Ni(1) O(1) C(12) N(2) N(1) is nearly planar with a mean
deviation of 0.1108̊A from the least-square plane and a bite
angle O(1) Ni(1) N(1) of 76.19(10)◦. The planar phenyl
ring forms a dihedral angle of 29.9◦ with the chelating ring.
The diazafluorene moiety also shows good planarity with the
mean deviation of 0.0371̊A and is inclined by 13.5 and 38.6◦
f y. It
i
1 ne
667–1697 cm for the free ligand is an indication of t
eto-form in the solid state. The bands ofν(C O) have disap
eared for the complexes10–13; however, the resultant thr
rom the chelating ring and the phenyl ring, respectivel
s noted that the Camide N bond distance (1.308(4)Å) in
0 is shorter than the C· · · N distance of the diazafluore
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Fig. 1. Molecular structure of10, showing 30% probability displacement
ellipsoids with hydrogen atoms omitted for clarity.

moiety (1.317(4)–1.322(5)̊A), indicating its double bond na-
ture. Compared to the relevant structural parameters of the
ligand [21], the Cdiazafluorene N (1.298(4)Å) and Camide O
(1.248(4)Å) bonds are elongated and Camide N bond is short-
ened (1.290(3), 1.216(3), 1.378(3)Å in HL ·H2O, respec-
tively). These facts confirm that the ligand was transformed
to an enol form in10.

The crystal packing showing intermolecular hydrogen
bonds and�–� stacking interactions is depicted inFig. 2(a).
The different distances of hydrogen bonds are indicative of
the different charge density of the two nitrogen atoms in the
diazafluorene moiety. The water molecule H2O(2AB) coor-
dinated to Ni(1B) used its two hydrogens to form two hy-
drogen bonds with diazafluorene N(3AG) and N(4D) atoms
with distances O(2AB)· · · N(3AG) and O(2AB)· · · N(4D) of

2.840 and 2.813̊A, respectively.Fig. 2(b) shows three neigh-
boring diazafluorene moieties depicting the�–� stackings.
The three diazafluorene moieties of neighboring molecules
are parallel to each other, and there exist two types of�–�
stackings. The diazafluorene moiety including N(3AB) has
stacking with the diazafluorene moieties containing N(3E)
and N(3D), respectively, and the shortest center-to-center
distances are 3.292̊A (between the centers of two five-
membered rings) and 3.390Å (between the centers of five-
and six-membered rings), respectively. These short separa-
tions between the rings indicate the existence of the strong in-
termolecular�–� stacking interaction[22]. On the whole, ev-
ery molecule is linked with four of its neighboring molecules
through eight intermolecule H bonds and four intermolecule
�–� stacking interactions forming a two-dimensional hydro-
gen bond system.

Complex13 is a centrosymmetric neutral molecule with
the nickel center of symmetry, in which there are two lig-
ands and two coordinated DMF molecules (Fig. 3). The metal
atoms in the complex are hexa-coordinated by N2O4 in a dis-
torted octahedral geometry with Nazomethineand Oamideatoms
from two enolic mononegative HL groups in the equatorial
plane, forming restricted bite angles Nazomethine M Oamide
of 76.77(10)◦, while the O atoms from two solvent molecules
occupy the axial sites. The five-membered chelating ring
N ith
m
d d
1
a and
1

d
( ed
b
T l
r o

Table 2
Selected bond lengths (Å) and angles (◦) for 10, 13and14

Complex10 Complex13

Bond lengths
Ni(1) O(1) 1.962(2) Ni(1) O(1)
Ni(1) N(1) 2.217(3) Ni(1) N(2)
Ni(1) O(2) 2.045(2) Ni(1) O(2)
O(1) C(12) 1.248(4) O(1) C(1)
N(2) C(12) 1.308(4) N(1) C(1)
N(1) N(2) 1.369(4) N(2) N(1)

B
A)
)
)

)
2A)
2)
2)
ond angles
O(1) Ni(1) O(2A) 89.04(10) O(1) Ni(1) O(2
O(1) Ni(1) N(1) 76.19(10) O(1) Ni(1) N(2
O(2) Ni(1) N(1) 94.80(10) O(2) Ni(1) N(2
C(12) O(1) Ni(1) 112.3(2) C(1) O(1) Ni(1)
N(2) N(1) Ni(1) 107.30(18) N(1) N(2) Ni(1
O(1A) Ni(1) O(2A) 90.96(10) O(1A) Ni(1) O(
O(1A) Ni(1) N(1) 103.81(10) O(1A) Ni(1) N(
O(2A) Ni(1) N(1) 85.20(10) O(2A) Ni(1) N(
C(12) N(2) N(1) 111.8(3) C(1) N(1) N(2)
O(1) C(12) N(2) 127.1(3) O(1) C(1) N(1)
i N N C O in the equatorial plane is nearly planar w
ean deviation from least-square planes of 0.1280Å. It forms
ihedral angles of 22.2◦ for 13 with diazafluorene ring an
1.6◦ with the phenyl ring. The Cdiazafluorene N, Camide O
nd Camide N bond distances are 1.311(4), 1.273(4)
.327(4)Å, respectively.

The nickel atom in the complex14 is hexa-coordinate
Fig. 4). The dihedral angle of the two planes form
y Ni(1) O(1) N(2) and Ni(1) O(1A) N(2A) is 101.9◦.
he chelating ring is inclined with 11.3◦ from the pheny
ing and 5.3◦ from pyridyl ring, respectively. The tw

Complex14

2.003(2) Ni(1) O(1) 2.109(4)
2.154(3) Ni(1) N(2) 2.075(4)
2.085(2) Ni(1) Br(1) 2.5061(9)
1.273(4) O(1) C(7) 1.240(6)
1.327(4) N(1) C(7) 1.342(6)
1.392(4) N(2) N(1) 1.381(5)

90.22(10) O(1) Ni(1) N(2) 77.58(15)
76.77(10) O(1) C(7) N(1) 120.9(5)
88.79(10) C(7) O(1) Ni(1) 113.2(3)

111.0(2) Ni(1) N(2) N(1) 110.8(3)
108.72(19) O(1) Ni(1) O(1A) 80.5(2)

89.78(10) C(7) N(1) N(2) 117.4(4)
103.23(10) O(1) Ni(1) Br(1) 91.23(10)
91.21(10) N(2) Ni(1) Br(1) 91.36(11)

110.7(3) Br(1A) Ni(1) Br(1) 97.83(5)
126.1(3) N(2) Ni(1) Br(1A) 95.88(11)
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Fig. 2. (a) Crystal packing of10showing intermolecular hydrogen bonds and�–� stacking interactions; (b) diagram of the diazafluorene units in10showing
the intermolecular�–� stacking.

Fig. 3. Molecular structure of13, showing 30% probability displacement
ellipsoids with hydrogen atoms and molecules of DMF omitted for clarity.

bromine atoms occupycis-positions. The bond lengths of
Ni(1) Br(1), Ni(1) O(1), Ni(1) N(2) and C(7) O(1) are
2.5061(9), 2.109(4), 2.075(4) and 1.240(6)Å, respectively.
These facts confirm that the ligand in14 is not in the enol
form. The N(3) atom in the pyridyl ring is not coordinated
to the metal center, forming intra-molecular hydrogen bond
with the hydrogen in the N(1) atom.

4.3. Polymerization of norbornene

Complexes10–18 exhibited remarkable catalytic activ-
ities for polymerization of norbornene in the presence of
MAO. The catalytic activities of norbornene polymeriza-
tion of the vinyl addition type have been affected by sev-
eral parameters, including the nature of catalytic precursors,
reaction temperature, monomer concentration[23,15] and
reaction time as well as the viscosity of resulting polynor-
bornene (Table 3). The polymer yields were slightly low for
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Fig. 4. Molecular structure of14, showing 30% probability displacement
ellipsoids with hydrogen atoms and molecules of CH2Cl2 omitted for clarity.

11 and15/MAO system, and it was considered that methyl
substituents in theortho position hindered the insertion of
norbornene. In entries 4, 7, 10, 13, 19, 22 and 25, monomer
can be fully converted into polymer within 30 min. However,
complexes14–18/MAO needed a higher Al/Ni molar ratio
to convert norbornene to polymer quantitatively in 30 min,
which demonstrate that the pyridyl ligands (5–9) lowered ac-

tivity for the catalytic activity of its complex. In addition,
polynorbornenes produced by complexes14–18 exhibited
lower molecular weight than those generated by complexes
10–13 containing diazafluorene analogues. Similarly to our
previous results[15], all PNBs produced here are soluble in
chlorobenzene. Their IR spectra show no traces of double
bonds remaining in the polymer.

To systematically investigate the effects of reaction
parameters on vinyl-polymerization of norbornene, the
system of diaquabis-[4,5-diazafluorene-9-one-benzoylhy-
drazone]nickel (10) was investigated by changing the reac-
tion parameters such as the solvent, Al/Ni ratio, reaction time,
temperature and norbornene/catalyst ratio (norbornene/Ni).
The results such as polymer yield, catalytic activity as well
as the molecular weight are listed inTables 4–7, separately,
along with the reaction parameters.

The MAO amount is essential for the polymerization of
norbornene. Variation of the molar ratio of MAO:nickel com-
plex (Al/Ni) showed considerable effects on polymer yield in
either CH2Cl2 or toluene (Table 4). The catalytic activity in-
creased with the increase in the Al/Ni molar ratio when it was
varied from 100/1 to 500/1, while it decreased with further in-
creasing Al/Ni ratio. At the same time, the molecular weight
increased from 580 to 2080 kg/mol when the Al/Ni molar ra-
tio changed from 50 to 75 and decreased to 1290 kg/mol at
a in
t
t The
c
t y.

Table 3
Catalytic behavior of complexes10–18 for the norbornene polymerization

Entry Complex Al/Ni Yield (%)

1 10 75 75.5
2 11 75 15.1
3 11 100 79.8
4 11 200 98.5
5 12 75 28.8
6 12 100 99.6
7 12 200 100
8 13 75 26.9
9 13 100 99.4

10 13 200 100
11 14 75 0.51
12 14 150 89.2
13 14 300 99.4
14 15 75 2.34
15 15 150 84.2
16 15 300 97.5
17 16 75 6.04
1
1
2
2
2
2
2
2

P e; total volume, 25 ml; catalyst, 8�mol; norbornene/Ni = 5000.
8 16 150 86.6
9 16 300 99.4
0 17 75 2.29
1 17 150 89.2
2 17 300 100
3 18 75 2.97
4 18 150 88.1
5 18 300 99.9

olymerization conditions: 25◦C; reaction time, 30 min; dichloromethan
n Al/Ni molar ratio of 2000. The catalytic activities were
he range of 1.60× 104 to 9.42× 105 g PNB/(mol Ni h), and
he molecular weight ranged from 580 to 2080 kg/mol.
atalytic activities in toluene were lower than in CH2Cl2, and
he molecular weight of PNB exhibited a similar tendenc

Activity (×105 g PNB/(mol Ni h)) M̄v (×104 g/mol)

7.11 208
1.42 58
7.51 192
9.27 176
2.71 105
9.38 195
9.42 170

2.53 77
9.36 189
9.42 172
0.05 40
8.40 48
9.36 66
0.22 39
7.93 53
9.18 71
0.57 37
8.16 55
9.36 70
0.22 40
8.40 53
9.41 77
0.28 40
8.30 47
9.41 77
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Table 4
The relationship of Al/Ni ratio, polymer yield and catalytic activity of com-
plex10

Entry Solvent Al/Ni Yield (%) Activity
(×105 g PNB/
(mol Ni h))

M̄v

(×104 g/mol)

26 CH2Cl2 50 1.7 0.16 58
1 CH2Cl2 75 75.5 7.11 208

27 CH2Cl2 100 100 9.42 162
28 CH2Cl2 200 100 9.42 143
29 CH2Cl2 300 100 9.42 134
30 CH2Cl2 500 100 9.42 136
31 CH2Cl2 1000 93.0 8.76 129
32 CH2Cl2 2000 72.8 6.85 140
33 Toluene 200 22.5 2.12 58
34 Toluene 350 27.6 2.59 72
35 Toluene 500 34.8 3.28 83
36 Toluene 1000 30.4 2.86 95
37 Toluene 1500 30.2 2.84 105
38 Toluene 2500 28.6 2.69 88

Polymerization conditions: 25◦C; reaction time, 30 min; total volume, 25 ml;
entries 1, 26–32: 8�mol catalyst; entries 33–38: 5�mol catalyst; nor-
bornene/Ni = 5000.

The norbornene polymerization was conducted at differ-
ent temperatures. The activities have a wavy relationship with
the reaction temperature. In CH2Cl2, the increase in temper-
ature from−15 to 25◦C results in the increase in the catalytic
activity from 2.17× 105 to 7.11× 105 g PNB/(mol Ni h) and
molecular weight from 1460 to 2080 kg/mol. However, both

Table 5
Influence of the reaction temperature (T) on catalytic activity of complex10

Entry Solvent T (◦C) Yield (%) Activity
(×105 g PNB/
(mol Ni h))

M̄v

(×104 g/mol)

39 CH2Cl2 −15 23.0 2.17 146
40 CH2Cl2 5 37.6 3.54 161
1 CH2Cl2 25 75.5 7.11 208

41 CH2Cl2 35 63.3 5.96 52
42 Toluene 0 34.8 3.28 130
35 Toluene 25 34.8 3.28 83
43 Toluene 50 18.9 1.78 28
44 Toluene 75 15.6 1.47 17
45 Toluene 100 10.3 0.97 7

Polymerization conditions: total volume, 25 ml; reaction time, 30 min; nor-
bornene/Ni = 5000; entries 1, 39–41: 8�mol catalyst, Al/Ni = 75; entries 35,
42–45: 5�mol catalyst, Al/Ni = 500.

the catalytic activity and molecular weight of PNB decreased
with increasing temperature. The active species could have
low thermal stability in CH2Cl2. In the case of toluene as
solvent, the catalytic activity and molecular weight of re-
sulting PNB decreased gradually with increasing tempe-
rature.

Increase in the monomer concentration (reaction volume
and catalyst amount were kept constant), which serve as
the increase in the norbornene/Ni ratio, caused rapid in-
crease in catalytic activities combined with a drastic in-
crease in molecular weight. It is easily explained like

Table 6
Influence of the monomer concentration on catalytic activity of complex10

Entry Solvent Norbornene/Ni Time (min) CM (mol/l) Yield (%) Activity (×105 g PNB/(mol Ni h)) M̄v (×104 g/mol)

46 CH2Cl2 1250 30 0.40 39.6 0.93 18
47 CH2Cl2 2500 30 0.80 46.6 2.19 23
1 CH2Cl2 5000 30 1.60 75.5 7.11 208

48 CH2Cl2 10000 30 3.20 43.3 8.15 192
49 CH2Cl2 20000 30 6.40 10.3 3.88 118
50 Toluene 2500 30 0.50 17.2 0.81 23
35 Toluene 5000 30 1.00 34.8 3.28 83
51 Toluene 10000 15 2.00 31.6 11.9 137
52 Toluene 15000 10 3.00 23.5 19.9 240
53 Toluene 20000 5 4.00 25.2 56.8 228

Polymerization conditions: 25◦C; total volume, 25 ml; entries 1, 46–49: catalyst, 8�mol, Al/Ni = 75; entries 35, 50–53: catalyst, 5�mol, Al/Ni = 500.

Table 7
The relationship of reaction time and catalytic activity of complex10

Entry Solvent Time (min) Yield (%)

54 CH2Cl2 5 18.0
55 CH2Cl2 15 42.2

5
5
5
5
3
6
6
6

P
A

1 CH2Cl2 30 75.5
6 CH2Cl2 60 96.2
7 CH2Cl2 240 97.5
8 Toluene 5 5.92
9 Toluene 15 13.8
5 Toluene 30 34.8
0 Toluene 60 38.5

1 Toluene 120 54.1
2 Toluene 240 65.6

olymerization conditions: 25◦C; M/Ni = 5000; total volume, 25 ml; entries
l/Ni = 500.
Activity (×105 g PNB/(mol Ni h)) M̄v (×104 g/mol)

10.2 171
7.95 177
7.11 208
4.53 176
1.15 171
3.35 65
2.60 67
3.28 83
1.81 81

1.27 74
0.77 73

1, 54–57: 8�mol catalyst, Al/Ni = 75; entries 35, 58–62: 5�mol catalyst,
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Table 8
Ethylene oligomerization by using10–18/MAO systems

Entry Complex Al/Ni (mol/mol) Temperature (◦C) Activity (×104 g C2H4/(mol Ni h)) Oligomers distribution (%)

C4/
∑

C C6/
∑

C Linear�-olefin (C4)

1 10 100 30 6.86 98 2 23
2 10 500 30 8.56 98 2 41
3 10 1000 30 5.65 99 1 45
4 10 1500 30 2.30 99 1 43
5 11 100 30 5.09 97 3 33
6 12 100 30 23.9 83 17 6
7 13 50 30 6.08 56 44 99
8 13 75 30 10.5 92 8 17
9 13 100 30 36.2 76 24 7

10 13 200 30 32.6 84 16 11
11 13 500 30 6.61 98 2 99
12 13 1000 30 4.93 94 6 29
13 13 1500 30 4.59 93 7 31
14 14 300 30 6.24 100 0 99
15 14 500 30 8.28 99 1 28
16 14 800 30 10.9 98 2 36
17 14 1000 30 9.29 97 3 33
18 14 1200 30 7.36 96 4 42
19 14 1500 30 3.69 97 3 39
20 14 800 0 2.77 88 12 40
21 14 800 50 5.04 100 0 1
22 14 800 70 3.79 100 0 1
23 15 200 30 3.34 100 0 99
24 15 1000 30 7.00 96 4 25
25 15 1200 30 4.16 96 4 33
26 16 200 30 3.80 100 0 99
27 16 800 30 6.17 99 1 40
28 16 1200 30 3.07 100 0 38
29 17 200 30 5.44 100 0 99
30 17 500 30 8.38 99 1 50
31 17 1200 30 4.84 98 2 43
32 18 200 30 6.20 100 0 99
33 18 300 30 11.7 100 0 99
34 18 1200 30 4.39 99 1 40

Reaction condition: 5�mol catalyst, 30 ml toluene, 0.5 h, 1 atm ethylene. Using toluene as the internal standard.

the regular olefin polymerization, higher concentration of
monomer gives rise to higher catalytic activity and high-
order polyolefins. For example in CH2Cl2, the catalytic ac-
tivity was only 9.33× 104 g PNB/(mol Ni h) at a ratio of
norbornene/Ni as 1250:1, whereas the high catalytic activ-
ity of 7.11× 105 g PNB/(mol Ni h) was obtained at a nor-
bornene/Ni ratio of 5000:1 (Table 6), and correspondingly
the molecular weight increased from 180 to 2080 kg/mol. In
addition, a catalytic activity of 3.88× 105 g PNB/(mol Ni h)
and a molecular weight of 1180 kg/mol were obtained
at a norbornene/Ni ratio of 20000:1. Similarly, the cat-
alytic activity and the molecular weight of PNB increased
in toluene as solvent when the norbornene/Ni ratio was
increased.

The longer the reaction time, the higher the yield of poly-
mer. The results of norbornene polymerization with different
time are presented inTable 7. In CH2Cl2, the catalytic activ-
ity increased rapidly at the beginning of 5–30 min, then in-
creased slightly and leveled off due to a significant decrease
in the monomer concentration in the reaction mixture. The

conversion of norbornene into PNB was almost complete at
240 min. The molecular weight of PNB reached a maximum
at 30 min. Similarly, the polymerization activity, yields and
molecular weight changed in toluene with increasing reaction
time.

All the polymers obtained have been characterized by IR
spectra. The IR spectra prove the absence of a double bond,
as no peaks appeared between 1620 and 1680 cm−1. This
further ensures the occurrence of vinyl-type polymerization
rather than ring-opening metathesis polymerization (ROMP)
[24]. 1H NMR (o-dichlorobenzene-d4), δ (ppm): 0.87–2.28
(m, maxima at 0.87, 1.24, 1.59, 2.22). TGA showed that all
of the polymer samples were very stable with mass loss of
5–7% up to 450◦C in nitrogen and 350◦C in the air. The de-
termination of the glass transition temperature (Tg) of vinyl
homo-polynorbornene is found to be difficult, since it is close
to the temperature where decomposition sets in[25]. Our
endeavor for the determination ofTg of the obtained vinyl
polymers also failed. All the polymer samples obtained were
soluble in chlorobenzene at room temperature. No indication
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of stereoregularity was observed, which was verified by the
amorphous morphology of the products. The resulting poly-
norbornenes gave similar IR spectra, suggesting their similar
unique properties.

4.4. Ethylene oligomerization

4.4.1. Catalytic activity and oligomers distribution
The influence of MAO on catalytic activities and the dis-

tribution of resulting oligomers of10–18 were carefully in-
vestigated, and the results are summarized inTable 8.

Most complexes showed fairly good activities at the Al/Ni
molar ratio of 50–1000. Complex13 showed the high-
est catalytic activity of 3.62× 105 g mol−1 atm−1 h−1 at the
Al/Ni molar ratio of 100 at 30◦C. Reaction temperature ex-
erted great influence on catalytic activities of10–18. Opti-
mal catalytic activities were observed between 0 and 70◦C.
The oligomerization products by10–18 were mainly C4
and C6. Compared to the activity [1.23× 105 g mol−1 h−1,
Al/Ni = 500] of our previous nickel complexes containing
ligand 1, in which the ligand coordinated with nickel in
the keto form [16], the complex10 with enolate coor-
dination of nickel with ligand1 showed a lower activ-
ity [8.56× 104 g mol−1 h−1, Al/Ni = 500]. The coordination
model affected the coordination and insertion of ethylene.
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