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ABSTRACT: We developed a series of nonchelated monodentate benzimidazole nickel complexes, bis[2-(2,6-
difluorophenyl)-H-benzimidazole]nickel(ll) dibromidelj, bis[1-(2,6-difluorobenzyl)-2-(2,6-difluorophenyl)-
1H-benzimidazole]nickel(ll) dibromide2j, bis[2-methyl-H-benzimidazole]nickel(ll) dibromide3], and bis[1-
(2-methoxybenzyl)-2-(2-methoxyphenylHibenzimidazole]nickel(ll) dibromide 4§, upon activation with
methylaluminoxane (MAO), which are found to be highly active for vinyl polymerization of norbornene (Nb).
The polymerization activity displayed byis as high as 1.6& 10° g of PNbmoly;~1-h~1 at very high Nb/Ni

ratio of 1 x 1C°. Moreover a small amount of MAO is required to achieve such activity with high yield. The
comparable high activity of 4.96 108 g of PNbmoly;~1-h~1 for the simplest comple8 reveals the significance

of nonchelation in this catalyst series. It is observed that the use of toluene as solvent inhibits the catalytic activity
strongly. The in situ NMR analyses indicate that the ligand is still intact with the active species and hence the
difference in activity is indeed being associated with the change in ligand.

Introduction energy and the same argument may apply in the case of
norbornené. This leads us to develop monodentate benzimi-
dazole coordination catalyst in a view to obtain less steric
congestion for bulky cyclic olefins such as norbornene. The use

The major share of homogeneous catalysts applied by industry
is based on trivalent monodentate phosphorus ligahds the
uses of monodentate oxygen, nitrogen and sulfur ligands have f nickel makes th " ter | lectrophili d
been relatively overlooked. In the case of nitrogen, the bidentate©' NICKE! MAKES e active center 1ess electrophiliic compare
chelates NN, N*O, N°S, and NP with imine nitrogen to high electrophilic early transition metal catalysts.
coordination are extensively used in polymerizatiand other ~ Vinyl polynorbornene is a specialty polymer which possesses
homogeneous transformatiohs the best of our knowledge, ~ Interesting and unique properties such as high chemlcal resis-
the catalytic use of well-defined monodentate imine nitrogen t&nce, high glass transition temperature, good ultraviolet resis-
coordination is highly limited.For few decades, MiX-type tance, Iovy dielectric constant, excellent transparency, large
late transition metal complexes of biologically important mono- 'efractive index, and low birefringence. As a result, in recent
dentate benzimidazole have been repottedt they rarely have ~ Y€ars, there have been considerable eff(_)rts for the d_eve_lopment
been used as a catalyst. Only one referefige available for of “post-metallocene” catalysts for the vinyl polymerization of
its use as catalyst for ethylene oligomerization. Recently norbornene. An important contribution to the fleld.|s made by
proposed polymerization catalyfsnvolve chelated benzimi- ~ Rhodes, Goodall, Sen and co-workérshere as Janiak et &.
dazole ligands, which turned our attention toward monodentate Proposed a series of highly active nickel and palladium catalysts
benzimidazole as a potential imine nitrogen coordination ligand. for homopolymerization of norbornene. We describe herein the

Polymerization of most of cyclic olefins shows low activities catalytic performance of nonchelated nickel catalysts for vinyl

that may be attributed to slow insertione.j the propagation polymerization of norbornene.
rate caused by the steric hindrance of the bulky monomers. Kim
et al.8 on the basis of theoretical study, observed that the
cyclopentyl group of norbornene, instead of acting as a steric  General Considerations.All procedures were carried out by
barrier for insertion reaction, provides additional agostic sites using standard Schlenk techniques. 1,2-dichlorobenzene (anhydrous
and disposable ring strain. This is more effective on less grade), and nickel(ll) bromide ethylene glycol dimethyl ether
sterically hindered catalysts. Similarly, Yoshida et’an the ~ complex (97%) were purchased from Aldrich and was used without
basis of coordination energy concept, observed higher reactivity 1Y further purification. Methylaluminoxane (MAQ; Aldrich) was
of norbornene compared to ethylene toward the sterically open OPtained as 10 wt % solutions in toluene and used without any
A . . further treatment. 2-methylbenzimidazole was purchased from Fluka
cationic metal center. Moreo_ver, WOO ?ﬂ%y density function (98%). Norbornene (bicyclo[2.2.1]hept-2-ene; Aldrich) was purified
theory (DFT) for ethylene insertion in zirconocene catalysts y gistillation over potassium and was used as a soluticRDCB
showed t.h'at the less congestive environment a[ong Wlt.h h|gh just prior to polymerization.
electrophilic nature of the metal center results in tlghte_r_ binding  peasurement. NMR spectra of ligands were recorded using
of ethylene to active center, which raises the transition state cpcl, and DMSOds as solvents on a Bruker BMX-500 MHz
instrument with tetramethylsilane (TMS) as the internal standard.
* Corresponding author. E-mail: siwoo@kaist.ac.kr. Korea Advanced 11€ NMR analyses of active species were recorded using 2,6-

Institute of Science and Technology (KAIST). Telephone: 82-42-869-3918. dichlorobenzeneh, under dry argon. Th&H NMR data of polynor-
Fax: 82-42-869-8890. bornene were recorded at ambient temperature anéf¢h&IMR
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Table 1. Vinyl Polymerization of Norbornene by Nickel/MAO2

run catalyst norbornene (mmol) MAO (mmol) yields (g) actifity My [x1076] Mw/Mp
1 1 12.8 0.9 0.92 7.36 5.17 2.8
2 1 20.0 0.9 1.05 8.40 4.53 2.8
3 1 30.0 0.9 1.15 9.20 5.35 2.7
4 1 20.0 1.5 1.40 9.58 5.06 2.7
5 1 20.0 24 0.98 6.85 5.08 29
6 2 12.8 0.9 0.94 7.52 3.32 2.7
7 2 20.0 0.9 111 8.88 4.37 2.6
8 2 30.0 0.9 1.32 10.5 4.38 2.6
9 2 20.0 15 1.18 9.44 3.59 3.1
10 2 20.0 24 0.87 6.96 3.87 3.2
11 3 12.8 0.9 0.62 4.96 3.56 3.6
12 4 12.8 0.9 11 8.80 3.32 2.8
13 4 20.0 0.9 1.48 11.8 3.56 3.6
14 4 30.0 0.9 1.82 145 3.94 3.6
15 4 30.0 15 211 16.8 4.39 3.1
16 4 30.0 24 1.70 13.6 4.63 2.7
17 4 30.0 3.0 1.54 12. 3.72 2.6

a Conditions: nickel precatalyst (0/8nol); MAO 10 wt % solution in toluene; temperature, ambient, solvei2CB (10.0 mL);t, = 15 s; total volume
= 15 mL. b Activity in 108 g of PNomolyi~*-h=1.

data was recorded at 10Q using 2,6-dichlorobenzertk-as solvent Synthesis of 1-(2-Methoxybenzyl)-2-(2-methoxyphenyl)H-

on a Bruker AMX-500 MHz spectrometer. The FTIR analyses of 1,3-benzimidazole (MG—BPBI). The MO-BPBI was synthesized
complexed—4 and polynorbornene produced by 4 were studied in 75% (2.58 g) yield from 1,2-diaminobenzene (1.08 g, 10.0 mmol)
by ATR—FTIR spectrometer (Sens IR). The combined differential ando-anisaldehyde (2.86 g, 21.0 mmol) by a method to that used
scanning calorimeterthermogravimetric analysis (DS GA) was for preparing DF-BPBI. Melting point: 151°C; *H NMR (500
studied under nitrogen by Setsys 16/18 (SETRAM) instrument and MHz, CDCL): 6 7.84 (d, 1H); 7.53 (m, 1H); 7.51 (m, 1H); 7.25

the DSC data was studied under nitrogen up to 300with a 7.17 (m, 4H); 7.03 (t, 1H); 6.93 (d, 1H); 6.81 (d, 1H); 6.75 (t, 1H);
heating rate of 10C/min by NETZSCH DSC-204F1. Molecular  6.69 (dd, 1H); 5.23 (s, 2H); 3.76 (s, 3H); 3.56 (s, 3HC NMR
weight and molecular weight distribution of polynorbornene were (500 MHz, CDC}): ¢ 157.6, 156.5, 143.3, 135.5, 132.4, 131.4,
measured by gel permentation chromatography (GPC) (PL-GPC128.4,127.7,124.5,122.5,121.9, 120.8, 120.4, 119.8, 119.8, 110.9,
220) at 160°C using 1,2,4-trichlorobenzene as solvent and 110.6, 109.9, 55.1, 55.2, 55.1, 43.5 ppm.

calibrated by polystyrene standards. Elemental analysis was inves-  Synthesis of Bis[2-(2,6-difluorophenyl)-H-benzimidazole]-
tigated by Faison’s elemental analyzer-1110. The melting points nickel(ll) Dibromide (1). A well-stirred solution of 0.51 g (2.2

of ligands and complexes were measured by electrical apparatusmmol) of DF—PBI in anhydrous dichloromethane (10 mL) was

with Mettler Toledo FP90 Control Processor. added dropwise to a solution of nickel(Il) bromide ethylene glycol
SynthesesAll the ligand and complex syntheses were carried dimethyl ether complex (0.31 g, 1.0 mmol) in anhydrous dichlo-

out under nitrogen atmosphere. romethane (20 mL), under inert atmosphere. A color change from
Synthesis of2-(2,6-Difluorophenyl)-H-benzimidazole (DF—PBI). faint orange to a deep blue was observed which yield blue

The 2,6-difluorobenzoyl chloride (1.94 g, 11.0 mmol) was dissolved precipitate after stirring for nés6 h atroom temperature and filtered

in dichloromethane (20 mL), and was added dropwise dvie to through a glass filter and the filtrate was evaporated in vacuo to

a solution of 1,2-diaminobenzene (1.08 g, 10.0 mmol) and triethy- yield the title complex as blue solid. Dark blue crystals were
lamine (1.9 mL, 13.5 mmol) in dichloromethane (100 mL) at obtained in acetonitrile. Yield: 76% (0.52 g). Anal. Calcd for
0 °C. The reaction mixture was stirred at°Q for 1 h, then the CaeH16BraF4NyNi: C, 46.00; H, 2.38; N, 8.25. Found: C, 45.92;

temperature was set to room temperature while stirring continued H, 2.43; N, 8.36.

over the next 3 h, the volatiles were removed in vacuum to produce Synthesis of Bis[1-(2,6-difluorobenzyl)-2-(2,6-difluorophenyl)-

a pale yellow solid. The solid was dissolved in glacial acetic acid 1H-benzimidazole]nickel(Il) Dibromide (2). A procedure similar
(50 mL), sodium acetate (0.90 g, 11.0 mmol) was added, and theq 1 \yas employed for the synthesis of the compleeg. A blue
mixture was refluxed for 21 h. The reaction mixture was cooled t0 ¢4|iq was yielded as the sole product in 72% (0.52 g) yield.

room temperature, evaporated in vacuum, and partitioned betweencysiallized acetonitrile/acetone (1:1) binary solvent system. Melt-
dichloromethane and water. The biphasic mixture was cooled in ing point: 252°C. Anal. Calcd for GeHasBroFgNaNi: C, 51.60:

an ice bath, and neutralized with solid potassium carbonate with H. 2.60: N. 6.02. Found: C. 51.83: H. 2.46: N. 6.04.

vigorous stirring. The phases were separated, and the extraction ' Lo ’ - C
was completed with additional portions of dichloromethane. The
combined organic extracts were dried with,8@y, and evaporated

in vacuum. Purification by column chromatography (silica gel,
n-hexane/ethyl acetate, 10/1) produced thePBI compound

Synthesis of Bis[2-methyl-H-benzimidazole]nickel(ll) Di-
bromide (3). A violet crystalline solid was obtained in 65%
(0.60 g) yield. Anal. Calcd for GH;6Br.NsNi: C, 39.80, H, 3.34;
N, 11.60. Found: C, 39.89; H, 3.30; N, 11.66.

(1.9 g, 82%) as a white solid. Melting point 262; H NMR (500 Synthesis of Bis[1-(2-methoxybenzyl)-2-(2-methoxyphenyl)-

MHz, CDCL): 6 10.16 (br, 1H), 7.90 (br, 2H), 7.50 (m, 1H), 7:39 1H-benzimidazole] nickel(ll) Dibromide (4). A sky blue crystal-

7.31 (m, 2H), 7.06 (m, 2H)C NMR (500 MHz, DMSO#€k): & line solid was obtained with 68% (0.33 g) yield. Melting point

109, 112, 118, 122, 132134, 141-143, 159, 161 ppm. 289°C. Anal. Calcd for G4H40BroNsNiO4: C, 58.25, H, 4.44; N,
Synthesis of 1-(2,6-Difluorobenzyl)-2-(2,6-difluorophenyl)-H- 6.18. Found: C, 58.27; H, 4.48; N, 6.47.

1,3-benzimidazole (DFBPBI). To the solution of 1,2-diami- X-ray Crystallography. The X-ray structure analyses data were

nobenzene (1.08 g, 10.0 mmol) and stoichiometric sodium acetatecollected using a Bruker SMART Apex Il X-ray diffractometer,

in glacial acetic acid (30 mL) was added dropwise 2,6-difluoroben- and the structure solution and refinement were performed by using
zaldehyde (2.98 g, 21.0 mmol) in glacial acetic acid (50 mL). After the SHELXS program?

complete addition at room temperature, the resultant mixture was Polymerization of Norbornene.The polymerization runs were
set to reflux for 21 h. Further treatment similar to (BFBI), gave performed in 100 mL glass reactors using 2,6-dichlorobenzene (
the title compound in 54% (1.92 g) yield along with 21% (0.48 g) DCB) as the solvent at ambient temperatures. In a typical
DF-PBI. Melting point: 145°C.'H NMR (500 MHz, CDC}): o polymerization (run 12, Table 1), 0/@mol of precatalys# was
7.84 (m, 1H), 7.50 (m, 1H), 7.48 (m, 1H), 7.29 (m, 2H), 7.21 (m, dissolved ino-DCB (11.0 mL) under nitrogen atmosphere, and 12.8
1H), 7.06 (m, 2H), 6.80 (m, 2H), 5.36 (s, 2HJC NMR (500 MHz, mmol (2.7 mL) solution of norbornene mDCB was added. The
CDCl): 6 143.2,143.1,134.7, 132.3, 130.7, 130.6, 123.4, 122.5. polymerization was initiated by adding a toluene solution of MAO
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Scheme 1. Synthetic Routes for Nonchelated Precatalysts-4

(DME)NiBr,
_
N N N N—NiBr:
Y Y
R4 — R4 -2
Complex 1-4

Complex 1. R;= 2.6-difluorophenyl, R,= H
Complex 2. R;= 2,6-difluorophenyl, R,= 2,6-difluorobenzyl
Complex 3. Ri=CH;, R,.=H

Complex 4. R;= 2-methoxyphenyl, R,=2-methoxybenzyl

(0.6 mL, 0.9 mmol). The highly viscous mass of polymer was
observed immediately after the MAO addition. The polymerization
was terminated within 15 s by adding acidified methanol (20 mL,
5% HCI). The polymer was isolated by filtration, washed with
methanol and dried in vacuum at 180 for 24 h. Unless otherwise
stated, the total volume was 15 mL, which was achieved by
variation of amount ob-DCB when necessary. All the polymers
were characterized by IR and NMR and were found exclusively to
be vinyl-type polynorbornene.

Results and Discussion

Synthesis of Precatalysts 4+-4. The monodentate ligands
used in this study are 2-(2,6-difluorophenyhbenzimidazole
(DF—PBI), 1-(2,6-difluorobenzyl)-2-(2,6-difluorophenyl}-t
benzimidazole (DFBPBI), 2-methyl-H-benzimidazole (M-

Bl) and 1-(2-methoxybenzyl)-2-(2-methoxyphenyh-benz-
imidazole (MO-BPBI). The synthesis and biological activities
of these aryl-substituted benzimidazole ligands are well
documented?214The DF-BPI ligand similar to its analogolf§

can be easily prepared by reacting 2,6-difluorobenzyl chloride
with 1,2-diaminobenzene in high yield. The benzyl substituted
ligands (DFBPBI and MO-BPBI) were prepared using
thermal procedur&*® by refluxing a proper benzaldehyde with
1,2-diaminobenzene. The neutral precatalysts [Ni{PBI),Br;]

(1), [Ni(DF—=BPBI),Brz] (2), [Ni(M —BI)2Br;] (3), and [Ni-
(MO—BPBI):Br;] (4) were prepared by the reaction of dibro-
mide nickel precursor with the corresponding benzimidazole
in stoichiometric proportion (Scheme 1).

Structural Features of Precatalysts 4. We developed
precatalystl with phenyl substitution on benzimidazole carbon
and precatalys with phenyl substitution on benzimidazole

carbon and benzyl substitution on amido benzimidazole nitrogen.

Additionally, we synthesized precataly3twithout both the

phenyl and benzyl substitution in benzimidazole, in order to
see the steric and electronic contribution, if any, from the benzyl
and phenyl substitution on polymerization performance. The
coordination of the alkoxy oxygen to the neutral nickel(ll) center
where the norbornene vinyl polymerization activity increases
with bulkiness of the alkoxy group has been repoffe8uch

Macromolecules, Vol. 40, No. 23, 2007

Figure 1. X-ray structure of complex along with selected bond
lengths (A) and angles (deg). Hydrogen atoms are omitted for clarity:
Ni—N(9) 1.993, Ni-N(39) 2.028, Ni-Br(1) 2.3900, Ni-Br(2) 2.3651;
N(9)—Ni—N(39) 108.4, N(9-Ni—Br(1) 103.57, N(9-Ni—Br(2)
115.49, N(39)-Ni—Br(1) 104.01, N(39)-Ni—Br(2) 100.21, Br(1y
Ni—Br(2) 123.80.

onset decomposition at 19C, which is the lowest among the
series.

Vinyl Polymerization of Norbornene Using Precatalysts
1-4.1n an attempt to homopolymerize norbornene using a high-
throughput screening technique as reported by Cho &t ak,
observed catalystt/MAO to be highly active, producing
exclusively vinyl-type polynorbornene. The exceptionally high
activity of catalystl/MAO (Table 1) enabled us to establish
tentatively the precatalyst structure activity correlation and
investigate the factors which originate such an extremely high
activity. The addition of MAO to the precatalyst/norbornene
solution immediately turned to a highly viscous mass which
was unable to stir further even for very high norbornene to nickel
ratio (1 x 10°) and hence a short period of 15 s polymerization
experiments were carried. Stop-flow polymerization techriitjue
has been successfully applied for a very short period polym-
erization and the present system can be an efficient candidate
for such technique.

Effect of Precatalyst Structure on Polymerization Per-
formance. The catalytic trials (Table 1) show that upon
activation with MAO, all the catalysts are extremely active for
vinyl polymerization of norbornene. Similar to late-transition
metal complexes as catalysts for ethylene polymerizafitime
electronic and steric effects of individual ligands affect the
catalytic performance and the molecular mass of the resultant
polynorbornene. In the case of precatalyisfsuns 1-5) and2
(runs 6-10), the activity is not affected considerably but the
molecular weight decreased almost by one-third for precatalyst
2. Such resemblance of molecular weight can also be seen for
precatalystsl and4. In addition, comparing the performance
of precatalystd (runs 1-5) and3 (run 11); the absence of the
phenyl group irBdecreased not only the activity almost by one-
third but also the molecular weight. The lower catalytic
performance of precataly8tlies in its sterically and electroni-
cally poor nature. The decreased molecular weight for precata-
lysts 2 (runs 6-8), 3 (run 11), and4 (runs 12-14), compared
to precatalysf (runs 1-3) indicates a higher rate of insertion/
propagation for precataly4t

Among the series, precatalydt(runs 12-17) showed the

coordination by methoxy oxygen was not observed in the case highest activity for vinyl polymerization of norbornene. The

of complex4 (Figure 1), which we developed in order to see

any effect from the heteroatom. All these complexes are diimine-

maximum activity of 1.68x 10° g of PNbmoly~1-h~! was
reached with high (91%) conversion and very high norbornene

type with a pseudotetrahedral geometry. These complexes areo nickel ratio of 1x 10° in a 15 s polymerization run (run 15).
found to be stable at high temperature. The TGA analyses showsThe activity of precatalyst is higher than the activity reported
that the first onset decomposition temperature is 331, 335, andfor any catalytic system until daté°It is interesting to note

280°C for complexed—3 which are higher than those reported
for cobalt and copper complexeéd.The complex4 shows first

that similar high activity value for precataly& which is
coordinated with a simple ligand having neither any electronic
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nor steric substitution reveals the significance of nonchelation Table 2. Temperature and Toluene Effect on Norbornene

in this catalyst series. The DFT stuflyor ethylene polymer- Polymerization by 4/MAG?

ization suggests that more open structure for these catalysts temp yields My

lowers the transition state barrier compared to less openun catalyst (°C)  solvent  (g) activit [x10°] Mu/Mp

structured catalysts. Hence the high activity bf4 is the 1 4 0 oDCB 1.30 104 5.47 3.3

combined result of a nonchelated and an open structure (N 2 4 60 o-DCB 115 9.20 3.04 2.3

Ni—N = 123.80 for 4 and 118.3 for 1) around the nickel 3~ 4 ~ 8 oDCB = 099 792 242 25
" Lo 4 4 25 0o-DCB:Tol 0.41 0.08 1.30 2.6

center, and for precatalydtthe additional contribution is from 5 4 25 o-DCBTol 0.14 0.03 0.48 25

the heteroator®? which can protect the active site and termina- - )
a Conditions: nickel precatalyst (08nol); MAO (0.9 mmol) 10 wt %

tion reaction. solution in toluene; norbornene (20 mmol); solvedDCB; t, = 15 s;

In the case of norbornene/ethylene copolymerizatitina total volume= 15 mL." Activity in 10® g of PNbmolyi~*-h™%. ¢In 1:1
very high rate of chain termination is observed in the sterically toluene6-DCB, t, = 10 min.<In 5:1 toluened-DCB, t, = 10 min.
hindered catalysts. During the propagation step, norbornene . - . .
forms crowdeo?l environmgnt arc?unz t%e metal Fz:enter which ¢oncentration decreased the activity and this could be explained
results in insertion of ethylene instead of norbornene followed on 'ghe basis otf .dea;t'(\)/at'.r;ﬁ tlﬂteraitlon of fr?e trimethylalu-
by chain termination vig-hydride elimination. The high chain minium present in wi € active compiex.

termination rate for bulky monomer such as norbornene can beP IEffect_ Oft_ Te?ae/rMa/tAl\Jcr)e E?fndt Tf°|L}f]ene on Nlorbor_ne?e
avoided in the case of nonchelated catalysts which can easily olymerization by - Elfect of change In polymerization

insert the bulky norbornene to active nickel center due to temperature (Table_2) for precatalyssuggests that maximum
nonchelated geometry, which is rather difficult in the case of ‘;,Ct'r:"tyt canl be Iachle\_/er(]jt at Zf (Tafl]a_le 1& r;m }I_B)t;lhozwever
the chelated complexes. It is noteworthy that this activity is \ghest molecular weight can be achieve CqTa €2, run
related to the high turn over number of 4980 which is being 1) which decre_ase with increase in temperature. '_I'he in situ NMR
reminiscent of enzymic catalysis. It means that the insertion/ Iﬁr 2/dMAOt(Ft|gure f3f) sho_l\_/vl\zpt\hat with '“(;:fe"’;f]e n tetmpeﬁture
propagation rate is very high which is due to the nonchelation .e_f"r?ce” ra |onf gM/rAee ith t |ncre?se Q;Ir\]/IA((; syshetn;. ence
bonding of metal with monodentate ligands which can adopt similar Increase o with temperature might have

“Jock and key” type geometry with incoming norbornene in caused the activity fall at higher temperature. Alt et al. in the
transition state as observed in enzymatic catalysis. case of cobalt catalysts reportéthat very small amounts of

. toluene can strongly inhibit the norbornene polymerization
Effect of Norbornene and MAO Concentration. The activity. We observed that in the case4sMAO the polymer-
polymerization data confirms that increase in norbornene jzation activity in o-DCB/toluene dropped drastically, which
concentration increased the molecular weight. Hence chain ,qyes the strong inhibition effect of toluene in this system too.
transfer to norbornene did not occur, which is rather difficult The probable reason may be the formation of tight or contact
due sterically hindered propagation chain end and the bulky o pair of the active species in nonpolar solvent as the solvated
norbornene monomer. Moreover due to the bicyclic structure o pair formation is dominant in polar solvent. However it will
of norbornene, one MC—C—H unit of the LnM(polynorn- ¢ e realistic to assert that such high activity is originated
bornyl) species can not achieve the planar conformation that is yye to solvent effect a-DCB, as reports are available for low
normally required foy3-H elimination, and the other contains  4ivity catalysts in highly polar solvents, and hence, there is a
bridgehead carbon, sothat tBeH elimination would generate significant contribution from nonchelation.
a bridgehead olefin, which is very unst_able and henc_:e unfavor- - “Nature of Active SpeciesSimilar to metallocene catalysts,
able. After the first norbornene insertion, propagation ensues |ate transition metal catalysts also show cation-like species in
and molecular weights increases to very large values. Among polymerization system. Talsi et #lobserved that upon activa-
the series, the highest molecular weight of value 5330° tion with high excess MAO (Al/metal>500) “cation-like”
g-mol~twith an activity of value 9.2 1®g of PNomoly;~1-h~1 species, [LFa(-Me);AlMe;]* [Me—MAO]~ (L = bis(imino)-
was observed fot (run 3). The molecular weight is one of the  ,yridine ligand) was dominant in polymerization system during
highest reported for homogeneous polymerization catalysts, gihylene polymerization by iron/MAO systems. Recent theoreti-
which ultimately suggests that a very little chain termination study by Zurek et &8¢ also supports such ion pair
occurs in polymerization carried out Hy Hence a little chain dominance. In the case of catalysts4/MAO, the fairly narrow
termination to aluminum was occurring in the polymerization molecular weight distribution\l,/M, = 2.5-3.1), comparable
carried by this catalyst system. Moreover, the rate of polym- catalytic performance, and the similar catalytic behavior toward
erization increases with norbornene concentration but does notypja0 and norbornene concentration reveal that upon activation
increased by first order with respect to the norbornene concen-iip MAO, a common type of active species is generated in
tration, which suggests that the monomer diffusion through this series. During the in situ NMR study for activation of
reaction medium to the active center can most probably be theprecatalystz with dMAO, we observed that the addition of
rate-determining step in this catalyst system. dMAO to the precatalys? in deuteratecb-DCB changed the
The high activity catalysts reported earlier are hampered by color from light blue to clear dark brown, indicating the
the high amount of MAO necessary for activation. It is still formation of active species. TH&l NMR of 2/dMAQO at Al/
necessary to have a low MAO concentration to reduce industrial Ni-800 is shown in Figure 2 recorded at different time intervals.
operating costs and the amount of cocatalyst residues in theThe spectra show that the ligand is an integral part of active
polymer, which are more advantages for the prospective optical species, moreover the active species is long-lived and formed
applications of polynorborneréab The activation of all the polynorbornene upon addition of norbornene solutioo-DCB.
precatalystdl—4, requires optimal MAO concentration of 1.5  Hence the difference in activity is indeed being associated with
mmol (Al/Ni = 5000) which generates maximum active sites the change in ligand. The shoulder peak to MAG-&6 ppm
as seen from its highest activity. This MAO concentration is which is assigned ag-Me peak by Talsi and co-workégin
6-fold less than the high active catalyst reported for vinyl the case of zirconocene catalysts can also be seen. The variable
polymerization of norbornen@2A further increase inthe MAO  temperaturéH NMR of 2/dMAO at Al/Ni-200 (Figure 3) show
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Figure 2. H NMR analyses o2/dMAQ (Al/Ni-800) in o-DCB-ds: (a) within 2 h; (b) after 1 week; (c) after 4 weeks.

0-DCB

ol

MAO

CH,-benzyl

Al-Me (c)

M

CH,-benzyl l s j MAO (b)

e, . N
j MAO (a)
T T T T T T T T T T T T T T T T T T T T T
9 8 7 B 5 4 3 2 1 D -1 -2 -3

Figure 3. *H NMR analyses o2/dMAO (Al/Ni-200) in o-DCB-ds: (a) dMAO in CDC} at 25°C; (b) 2/dMAO at 25°C; (c) 2/dMAO at 50°C;
(d) 2/dMAO at 100°C.

neither u-Me peak nor the free TMA peak at 2% which 0-DCB and the high activity is the result of an open and
indicate that at lower Al/Ni cationic Ni/MAO anion pair like  nonchelated structure of the active species.

[LoNi" (u-Me)(u-Cl)AlMe ;] '[Me—MAO] ~ is formed. It is ob- Polynorbornene Characteristics. Attempts have been made
served that with increase in temperature a new peak appear ato establish the polymer microstructure on the basis of earlier
—0.79 ppm and is assigned as free TMA peak, which might reportd21925and the spectroscopic analyses fior4, which
have caused the deactivation of active species, resulting inconfirm the formation of vinyl-type polynorbornene. The IR
decrease of polymerization activity at increased temperature.bands at 730 and 960 crhare attributed to theis andtrans
Hence it is reasonable to conclude that a cationic Ni/MAO anion forms of double bonds in ring opening metathesis polymerization
pair like [LoNi"(u-Me)(u-Cl)AlMe,] " [Me—MAOQO] ~ is formed and which are absent in IR spectra for polynorbornene obtained
at Al/Ni-200 and the [LNi(u-Me),AlMe ;] "[Me—MAQ] ~ spe- by catalystsl—4, and hence, no trace of ROMP was observed.
cies is formed at Al/Ni-800 i1—4 upon activation of MAO in Moreover the absence of any signal at-2@ ppm in al*C
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