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Abstract

This contribution reports on the olefin polymerization behavior of phenoxy-imine ligated Zr, Ti, and V compié®agith MgCl,/R,, Al-
(OR), systems. Zr complexds4 combined with MgCJ/R,, Al(OR),, display strikingly high ethylene polymerization activities; indeed, they are
some of the highest reported activities for methylalumoxane (MAO)- and borate-free olefin polymerization catalysts (max. 1819 kg-PE/(mmol-
cath), 0.9 MPa ethylene pressure;&). In addition, when Ti complexés-7 are combined with MgGIR,, Al(OR), they exhibit high ethylene
polymerization activities (max. 36.3 kg-PE/(mmol-cat h), 0.9 MPa ethylene pressufe) &3d produce polyethylenes with narrow molecular
weight distributions{,,/M,) and ethylene—propylene copolymers with homogeneous structures, representing the first examples of MAO- and
borate-free, highly active single-site catalyst systems. The activities exhibited by the Zr and Ti complexes WHlRYWIGDR), are superior
or comparable to those obtained with MAO cocatalyst systems. Moreover, V complexekl0 in association with MgGIR,, Al(OR),
demonstrate high activities at elevated temperat®e3%°C, 65.1 kg-PE/(mmol-cath), atmospheric ethylene pressure) and are the first
reported examples of highly active, thermally robust single-site V-based olefin polymerization catalysts. All of the polyethylenes formed from
the MgCL/R,,Al(OR), systems display good polymer morphology, indicating that compl&x&d are heterogenized on the surface of the
MgCl,/R,, Al(OR),. These results suggest that Mg, Al(OR),, not only works as an excellent cocatalyst, but is also a good support for
phenoxy-imine ligated Zr, Ti, and V complexes.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Catalysis; Polymerization; Cocatalyst; Magnesium dichloride; Alkylaluminum; Transition metal complex; FI catalysts

1. Introduction polymerization in industry, they are multi-site catalysts that
produce complex polymer mixtures with widely varying

The discovery of TiG{/alkylaluminum/MgC} catalyst molecular weights Nly) and microstructures. In addition,
systems (MgGl-supported TiCj catalysts) for olefin poly-  their non-uniformity in terms of active sites due to their
merization at Mitsui Petrochemicald] and Montecatini multi-site nature renders any mechanistic study for eluci-
[2] in the late 1960s revolutionized the polyolefin indus- dating the catalysis and/or the rational design of modified
try, due to the increased cost effectiveness stemming fromcatalysts extremely difficult. While extensive and contin-
the simplified production process and the superior material uous efforts have been devoted to developing single-site
properties of the polyolefins producd8]. Remarkably, catalysts based on Mgg&bkupported TiCl, no single-site
these catalysts display two orders of magnitude greater ac-catalysts of this type have been reported so far.
tivities for ethylene polymerization than Ziegler's original Although important properties such as the structure of the
TiCl4/alkylaluminum catalystpt,5]. When we also consider  active site and the mode and mechanism of the catalytic ac-
the control of polymer morphology as well as the extremely tion are still a current research todig—10], kinetic stud-
high productivity described above, then Mg&upported ies have demonstrated that MgGhcreases the rate con-
TiCl, catalysts have contributed significantly to the enor- stant for chain propagation as well as the number of active
mous growth of polyolefin production. Although these sites[4]. These results indicate that MgGhorks not only
catalysts are the most commonly used catalysts for olefinas a supporfl1-13] but also as a good cocatalj$t—16]

for titanium chloride species. Therefore, the development of

mspondmg author. Tel:81-438-64-2317: MgClo-supported TiCj catalysts ?mplies the discoyery of
fax: +81-438-64-2375. an MgCb cocatalyst for the titanium chloride species. We
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by MgCl (i.e., the enhancement of the rate constant for In this contribution, we describe some new catalyst
chain propagation) originates from an electronic interaction systems comprised of Zr-, Ti-, and V-FI catalysts and
between the active Ti chloride species and Mg@lesum- MgCl»-based cocatalysts, which can be used as highly ac-
ably through the Cl attached to the Ti and Mg. tive MAO- and borate-free, supported single-site catalysts
Several transition metal complex catalysts have beenfor olefin polymerization.
developed so far, including group 4 metallocene catalysts
and MgCp, which are often described as Mg&dupported
catalyst systemfl7—22] In general, these catalyst systems 2. Experimental
form polymers with a broad molecular weight distribution
(Mw/Mp) with low efficiency. Significantly, Kissin et al.  2.1. General
[23] have recently reported that a mixture of AJEL or
AlMe,Cl with MgBr, (which results in the formation of All operations were performed under an inert atmosphere
MgCl») can function as an effective cocatalyst for group 4 using standard Schlenk techniques or in a nitrogen-filled
metallocene catalysts to generate single-site catalysts. How-drybox. n-Decane (Mitsui Chemicals, Inc.) and toluene
ever, the activities that they measure are typically lower (Wako Pure Chemical Industries, Ltd.) were dried over ac-
than those observed with MAO cocatalyst systems. There-tivated AbOs, and degassed with high-purity dry,Nrior
fore, the development of highly active, single-site catalysts to use. 2-Ethyl-1-hexanol (Wako Pure Chemical Industries,
based on transition metal complexes with MgCbcata- Ltd.) was dried by bubbling through high-purity dryoN
lysts is a scientific challenge that may provide information Anhydrous MgC} was purchased from Toho Catalyst Co.,
on the catalysis of conventional Mg&supported TiC Ltd. and used as supplied. & Cl, and CpTiCl, were
catalysts. obtained from Wako Pure Chemical Industries, LtdzAtt
In our own efforts to develop high-performance non-met- and i-BuzAl (Tosoh-Akzo Co., Ltd.) were used without
allocene olefin polymerization catalysts, we have inves- further purification. Methylalumoxane was purchased from
tigated well-defined transition metal complexes featuring Albemarle as a 1.2M toluene solution and used as sup-
non-symmetric bidentate and tridentate ligands that possesslied. Polymerization grade ethylene and propylene gases
electronically flexible properties. As a consequence, we were obtained from Sumitomo Seika Co., Ltd., and Mitsui
found new families of transition metal complexes incor- Chemicals, Inc., respectively. A MggP-ethyl-1-hexanol
porating phenoxy-imine, phenoxy-pyridine, phenoxy-ether, adduct solution was prepared as previously describ&l
pyrrolide-imine, indolide-imine, imine-pyridine or phenoxy- Bis(phenoxy-imine) Zr, Ti, and V complexes were syn-
imine-pyridine chelate ligands, which exhibit high catalytic thesized according to slightly modified procedures from
properties upon activation with an appropriate cocatalyst the literature[35,40,44,52,72] All other chemicals were
[24-37] Among them, in particular bis(phenoxy-imine) obtained commercially and used as received.
early transition metal complexes (hamed FI catalysts) dis- Gel permeation chromatography (GPC) was per-
play unique polymerization catalysis. As disclosed in our formed on a Waters 150-C gel permeation chromato-
patent438,39]and in a series of pape#0—69] Fl catalysts graph at 145C using three TSKgel columns (two sets of
with MAO or with ai-BusAl/Ph3CB(CsFs)4 cocatalyst are  TSKgelGMHyr-H(S)HT and TSKgelGMH-HTL) with
capable of producing a variety of distinctive polymers with refractive index detection and calibration versus narrow
high efficiency. These include vinyl-terminated low molec- polystyrene standards. GPC-IR spectra were recorded with
ular weight PEs Mly,: 2000; vinyl selectivity >90%)54], a Nicolet Magna560 FT-IR, using a Millipore GPC-150 gel
exceptionally high molecular weight PEs (viscosity-average permeation chromatograph at 14D equipped with two
molecular weightM, > 5,000,000)44], ethylene&-olefin Plgel-MIXED-A (polystyrene calibration). The propylene
copolymers {y, > 10,000,000)[55] and atactic PPs contents of the ethylene—propylene copolymers were deter-
(My > 8,000,000)[56], monodispers§46,47,51,53,61}0 mined by means of IR analysis using an FT/IR-350 from
controlled multimodal PE$§60] and PP458], stereo- and  JASCO Co.
regioirregular high molecular weight poly(higherolefin)s
(My > 700,000) [43,62] highly syndiotactic {n > 2.2. Ethylene polymerization
150°C) [53,61] to highly isotactic PPsTy, > 160°C) [69]
and various polyolefinic block copolymers from ethylene A representative ethylene polymerization experiment was
anda-olefins[46,48,51] conducted as follows: toluene (500 ml) was introduced un-
Unlike common group 4 metallocene catalysts, FI cata- der ethylene atmospheric pressure into a 1000 ml stainless
lysts possess O and N heteroatoms in the ligands that carsteel reactor equipped with a propeller-like stirrer, and was
interact electronically with MgGl Therefore, we expected heated to 50C with stirring (150 rpm) using a thermostat.
that MgCh could work as a cocatalyst for Fl catalysts. Ac- A 1.0 M i-BuzAl solution in toluene (0.8 ml, 0.8 mmol) and
cordingly, the decision was made to investigate Mg&d a a 0.1 M MgCb/2-ethyl-1-hexanol adduct solution (2.0 ml,
cocatalyst for Fl catalysts in the hope of developing addi- 0.2 mmol as Mg, 0.6 mmol as 2-ethyl-1-hexanol) were then
tional high-performance FI catalyst syste[fi6—73] added (in that order) to the reactor and stirred for 3 min to
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give MgCh/i-Bu,,Al(OR),.. Subsequently, a.68x 10~°M
toluene solution of a Zr complex (0.95 ml, 0.0l6ol) was
added to the reactor. Ethylene was then pumped into the
reactor up to a pressure of 0.9 MPa with vigorous stirring
(350rpm) to initiate polymerization. The ethylene pressure

,N-}[—zmz ,N-\Bf-Zrm2
s >
1-Bu Ph
1 2

was maintained at 0.9 MPa by a continuous ethylene feed. Q\
After 30 min, the polymerization was terminated by the ad- IN}_MZ ~N\f‘ZTC1z
dition of methanol (5ml). The ethylene supply was closed Jégiz Jé(iz
and the reactor was vented. The resulting mixture was added MeO Ph MeO™ =52 py
to acidified methanol (1000 ml containing 5ml of conc. 3 4

HCI). The polymer was collected by filtration, washed with
methanol (2 200 ml) and dried to constant weight overnight
in a vacuum oven at 8CC.

Scheme 1. Structures of bis(phenoxy-imine) Zr complekes

which also contains the results obtained framith EtzAl

as a comparison.
2.3. Ethylene—propylene copolymerization The results showed how the mixture of compleXEtAl

and MgCp} catalyzed the polymerization of ethylene. The

A representative ethylene—propylene polymerization ex- activity observed (3.4 kg-PE/(mmol-cat h)) is very high for

periment was conducted as follows: toluene (400 ml) was 3 non-metallocene catalyst system. By contrast, the mix-
introduced under ethylene at atmospheric pressure to atyre of 1 and EAl was unreactive towards ethylene un-
1000 ml stainless steel reactor equipped with a propeller-like ger the given conditions. These results suggest that MgCl
stirrer at room temperature. Propylene (401) was pumped has a good potential as a cocatalyst for olefin polymeriza-
into the reactor with the aid of a gas flow meter (4.11/min, tion with bis(phenoxy-imine) Zr complexes. The Mg@im-
9.75min) with vigorous stirring (800 rpm). After the so- ployed may work as a Lewis acid to generate a cationic
lution was heated to 50C USing a thermostat, ethylene active Species from the a|ky|ated Comp|ﬁg){75] and be-
was pumped into the reactor up to 0.9 MPa total pressure.come an anionic species functioning as a counter anion to
A 1.0M i-BusAl solution in toluene (4.8ml, 4.8mmol)  the cationic active species. Based on the fact that MGC!
and a 0.1M MgGl/2-ethyl-1-hexanol adduct solution 3 poor cocatalyst for GZrCly/EtzAl under identical condi-
(8.0ml, 0.8 mmol as Mg, 4.8mmol as 2-ethyl-1-hexanol) tjons (<0.1 kg-PE/(mmol-cath)), we postulated that an elec-
were added (in that order) to the reactor and stirred for tronic interaction between the cationic active species derived
3min to give MgC/i-Bu,, Al(OR),. Polymerization was  from zr complexl and MgCp (probably through the O and
initiated by addlng a 0.611M toluene solution of a Ti N heteroatoms in the ||gand and Mg) may be responsib|e
complex (1.64ml, 1.Q.mol) to the reactor. The total pres-  for the high activity observed. Such an interaction might be
sure was maintained at 0.9 MPa by a continuous ethyleneexpected to assist the electron transfer between the ligand
feed. After 30min, the polymerization was quenched by and the metal, reducing the barrier to ethylene insertion.
the addition of methanol (5ml). The reactor was vented
and the resulting mixture was added to acidified methanol 32 Bjg(phenoxy-imine) Zr complex with MgCl,-based
(1500 ml containing 5ml of conc. HCI). The polymer was  cocatalyst systems
isolated by filtration, washed with methanol £2200 ml)

and dried to constant weight in a vacuum oven at 30 Since the de-alcoholysis of a MgtZlcohol adduct with
overnight. alkylaluminum produces highly porous MgGkith a small
particle size (which should be a more suitable cocatalyst
for phenoxy-imine ligated complexes than mechanically-
3. Results and discussion pulverized MgC}), an MgCb-based cocatalyst, Mgéll
R,Al(OR),, was prepared for bis(phenoxy-imine) Zr
3.1. Potential of MgCl, as a cocatalyst for phenoxy-imine

ligated Zr complex 1 Table 1

o ) ) ) ) ] - Ethylene polymerization results using complEEzAl with and without
A preliminary investigation into the suitability of  Mmgcl2

mechanically-pulverized Mggl(vibromill; crystallite size

Entry Complex MgCl Yield  Activity (kg-PE/ My

80A [74]) as a cocatalyst for ethylene polymerization (mmol)  (q) (mmol-cath)) (x1074)
with bis(phenoxy-imine) Zr complexl. (Scheme 1 see 1 1 16 910 34 706
Section 3.2 was conducted (5@C, 0.9 MPa ethylene pres- 2 1 0 Trace - -

sure). E3Al was used as an alkylating agent for complex @ Conditions: 50°C; 0.9MPa ethylene pressure; solvent, 500 ml

1 as well as being a scavenger in the p0|ymeriz_ati0n SYS- toluene; polymerization time, 20min; complek, 8.0umol; EtAl,
tem. The polymerization results are summarizedable 1 0.2mmol.
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complexes1-4 (Scheme ) by the de-alcoholysis of a  with well-defined particles, whereas those with the MAO

MgCl,/2-ethyl-1-hexanol adduct usingBusAl [71]. cocatalyst systems display ill-defined polymer morpholo-
The treatment of MgGlwith 3.0 eq. of 2-ethyl-1-hexanol  gies Fig. 1).
in decane at 140C formed a MgCJ/2-ethyl-1-hexanol These facts indicate that the complex exists on the surface

adduct solution. Subsequent de-alcoholysis with 4.0eq. of a solid MgCb/i-Bu,, Al(OR),, cocatalyst, and that poly-
of i-BuzAl to MgCl, at 50°C vyielded a mixture of merization occurred on the surface. Therefore, the Zr com-
MgCly, i-BugAl, and i-butylaluminum 2-ethyl-1-hexoide, plexes with the MgGl/i-Bu,,Al(OR), cocatalyst systems
i-Bu,, AI(OR),,, which was used as a cocatalyst. X-ray anal- were demonstrated to be Mg&upported catalyst systems.
ysis indicated the formation of Mgglvith a crystallite size Since the morphology of the polymer particle can be con-
of 28 A as determined by the (1 10) reflectify]. trolled by the form of the support that was employed, the
Bis(phenoxy-imine) Zr complexes4 were tested with  systems have the potential for control of the polymer mor-
the above mentioned Mg&l-Bu,Al(OR), as a cocat-  phology.
alyst to determine their suitability as an ethylene poly- The PE arising from complet with the MgCh-based
merization catalyst. Both-BusAl and i-butylaluminum cocatalyst possesses a broad molecular weight distribution
2-ethyl-1-hexoides i{Bu,,Al(OR),) such asi-BuxAl(2- (Mw/Mp: 13.16;M,y: 51,300). This result suggests that sev-
ethyl-1-hexoxide) are expected to act as in situ alkylating eral active species are formed in this catalyst system. How-
agents for the Zr complexes as well as impurity scavengersever, this is not surprising because we often observe multi-
in a polymerization system. All of the polymerizations were modal behavior with Zr-FI catalyst systems, probably due to
performed at 50C under 0.9 MPa pressure of ethylene in the presence of structural isoms$]. In fact, 1 with MAO
toluene. For comparison, we carried out some experimentsproduced a broad molecular weight distribution RE,(Mp:
using MAO as a cocatalyst. The polymerization data are 13.36; My,: 71,000) under the same conditions. We were
collected inTable 2 not able to determine the molecular weight distributions of
As anticipated, all of the MgGli-Bu,, AI(OR), systems the PEs formed with complex&s4 with MgCl»-based co-
are highly active ethylene polymerization catalysts. In con- catalysts due to their exceptionally high molecular weights
trast, the complexes withBu,,AI(OR), are poor catalysts (M, > 4,000,000), which represent some of the highest val-
(0.1 g< polymer yield). The activities obtained with MgCl  ues reported among PEs produced with complex catalysts.
systems were in the range of 245-1819 kg-PE/(mmol-cath), Considering that the supported Zr complexes display
which are some of the highest values for ethylene polymer- extremely high ethylene polymerization activities and that
ization catalysts ever reported. The strikingly high activities the structurally related complexes such as mono(phenoxy-
obtained without using MAO and borate cocatalysts are of imine) Zr complexes and bis(phenoxy) Zr complexes are far
great significance. Notably, the activity displayed by com- less active catalysts than bis(phenoxy-imine) Zr complexes
plex 3 with MgCl,/i-Bu,,Al(OR),, exceeds that obtained for ethylene polymerization, it seems reasonable that the
with the MAO cocatalyst system. These results demon- phenoxy-imine ligand is attached to the Zr metal during the
strated that MgGli-Bu,, AI(OR),, is an excellent cocatalyst polymerization reaction.
for bis(phenoxy-imine) Zr complexes, and MgG$ a cru-
cial component of the cocatalyst, though the possibility 3.3. Bis(phenoxy-imine) Ti complex with MgCl»-based
cannot be ruled out that the combination of MgGind cocatalyst systems
i-Bu,, Al(OR),, results in a unique cocatalytic performance.
Significantly, the PEs arising from the Zr complexes  Ti complexes5-8 (Scheme Pproved to be highly active
1-4/MgCl»/i-Bu,, AI(OR),, systems show morphologies in the presence of Mg@fi-Bu,, AI(OR),, for the polymer-

Table 2

Ethylene polymerization results with complexist using MgCh/i-Bu,,AI(OR),, or MAO as a cocataly8t

Entry Complex Cocatalyst Amount of cocatalyst (mmol) Yield (g) Activity (kg-PE/ My (x10~%)
Mg Al (mmol-cat h))

1 1 MgCly/i-Bu, Al(OR), 0.20 0.80 1.96 245 9.1

2 MAO 0 1.25 10.29 1286 7.4

3 2 MgCl,/i-Bu,, Al(OR), 0.20 0.80 8.67 1084 410.0

4 MAO 0 1.25 6.02 753 213.0

5 3 MgCl,/i-Bu, Al(OR), 0.20 0.80 14.55 1819 509.0

6 MAO 0 1.25 13.14 1643 399.0

7 4 MgCl,/i-Bu, Al(OR),, 0.20 0.80 8.00 1000 460.0

8 MAO 0 1.25 11.91 1489 298.0

a Conditions: 50°C; 0.9 MPa ethylene pressure; solvent, 500 ml toluene; polymerization time, 30 min; coirgle®.016pmol.
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Fig. 1. Photographs of the PEs arising fr@MgCl,/i-Bu,,Al(OR), (A) and 3/MAO (B).

in the range of 2.40-2.67 (MAO cocatalyst: 2.07-2.74),
though that arising fror8 has the relatively broad molecular
weight distribution of 3.51 (MAO cocatalyst: 4.74). These
Scheme 2. Structures of bis(phenoxy-imine) Ti complexe& results suggest that the Mg@upported Ti complexes

5-7 are single-site catalysts. Thus, these Mg&ipported

Ti catalysts behave in a manner similar to that of their
ization of ethylene with a steady uptake of ethylene over the soluble counterparts. These are the first reported ex-
30 min duration of the rufi71]. By contrast, in no instance  amples of MgCl-supported non-metallocene single-site
was any PE obtained usirgs8 in the absence of Mggl catalysts.

®

7

O seen with the MAO cocatalyst system, further confirming
P iCly the very high potential of MgGtbased compounds as a
i 2 cocatalyst.
B o As expected, the comple%-8/MgCl,-based cocatalyst
5 6 systems produced well-defined PE patrticles, indicating
® ® that the systems are Mg&supported Ti catalysts. GPC
. . analyses revealed that the PEs formed fiodi/MgCly/i-
Coy " Coy Bu,, AIl(OR),, possess narrow molecular weight distributions
LR L
MeO -Bu
8

(i.e. 58 with i-Bu,, Al(OR),,), showing that the MgGlalso Following on from the unprecedented single-site be-
works as a good cocatalyst for bis(phenoxy-imine) Ti com- havior of the Ti complexes with Mg@lbased cocata-
plexes Table 3. lyst systems, ethylene—propylene copolymerization with

The activities displayed by the Ti complexes with the 7/MgCly/i-Bu,,Al(OR), was carried out at 50C for 30 min
MgCly-based cocatalysts (20.8—-36.3 kg-PE/(mmol-cath)) under 0.9 MPa total pressure. The Ti complex system pro-
are very high for Ti-based catalysts. In fact, they are com- vided an amorphous copolymer with a propylene content
parable to or exceed those seen with theT0pl,/MAO of 29.3mol% (IR analysis) and a narravw/M, of 1.70,
catalyst system. It is highly significant that the activities ob- which exhibited a high activity of 28.2 kg-PE/(mmol-cat h).
tained with MgCp/i-Bu,,Al(OR),, are comparable to those GPC-IR analysis indicated the uniform incorporation of

Table 3
Ethylene polymerization results with complex@s3 using MgCh/i-Bu,,Al(OR),, or MAO as a cocataly3t
Entry Complex Cocatalyst Amount of Yield (g) Activity (kg-PE/ My (x107%) My/MpP
cocatalyst (mmol) (mmol-cat h))
Mg Al
1 5 MgCly/i-Bu, AI(OR), 0.40 2.40 9.07 36.3 50.9 2.66
2 MAO 0 1.25 11.16 44.6 46.4 2.38
3 6 MgCl,/i-Bu,, AI(OR),, 0.40 2.40 5.21 20.8 59.6 2.67
4 MAO 0 1.25 5.35 21.4 62.5 2.74
5 7 MgCl,/i-Bu,, AI(OR),, 0.40 2.40 9.01 36.0 23.1 2.40
6 MAO 0 1.25 24.77 99.1 22.9 2.07
7 8 MgCl2/i-Bu,, AI(OR),, 0.40 2.40 6.54 26.2 117.0 3.51
8 MAO 0 1.25 17.01 68.0 42.2 4.74

a Conditions: 50°C; 0.9 MPa ethylene pressure; solvent, 500 ml toluene; polymerization time, 30 min; coBgle®.5umol.
b Determined by GPC.



146 Y. Nakayama et al./Journal of Molecular Catalysis A: Chemical 213 (2004) 141-150

5B ® O Q_m Sj Q
&5 &

9 10 9 10'

- 30

- 20
Scheme 3. Structures of phenoxy-imine ligated V compleXe$0 and

- 10 their ligands9', 10'.

Propylene Content (mol%
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facts, we expected that a phenoxy-imine ligated V complex
(Scheme Bcould be a high-activity catalyst at elevated tem-
Fig. 2. GPC-IR chart of the ethylene—propylene copolymer produced with peratures, since the fixation of a phenoxy-imine ligated V
7IMgCl2/i-Bu, Al(OR), . complex on the MgGIR,,Al(OR),, surface is expected to
curtail the ligand from leaching and that the phenoxy-imine
ligand may stabilize the higher oxidation state of V.

The MgCb-based cocatalyst employed for V compounds,
MgCl,/Et,, Al(OR),,, was synthesized by the de-alcoholysis
of a MgCh/2-ethyl-1-hexanol adduct with BAl using a

Log M,

propylene Fig. 2), further confirming the chemically ho-
mogeneous catalysis of the system.

To our knowledge, this is the first example of a transition
metal comple_x with & MgQI-_bas_ed _cocatalyst that produ_ces procedure similar to that used for the de-alcoholysis with
a polymer with a narrow distribution of molecular weight 1 o L

. o . i-BusAl.* Bis(phenoxy-imine) V complex9 [102,103]
and chemical composition. Thus, it has been demonstratedWas tested with and without Mg@Et, AI(OR), for ethy-
that MgCh-supported phenoxy-imine ligated Ti complexes 9&JEL, " y

can combine high catalytic activity with the production of Ie_ne polymerization in the presence .OfZEICI and ethyl
> . . trichloroacetat¢104] under atmospheric pressym?]. The

(co)polymers with narrow molecular weight and composi- o

tion distributions polymerization results are collectedTable 4 For compar-

ison, the results for comple%0, which has a structurally
different phenoxy-imine ligand0’, and VOC} under iden-
tical conditions are also included.
A comparison of the activities obtained at 5 (entries
i o 1-6) indicated that though all the V compounds exam-
V-based olefin polymerization catalysts, such as VOCl jneq exhibit somewhat lower activities in the presence of
and V(acaq, in association with alkylaluminum com- e /Et, AI(OR),, the polymerization behavior of the
pounds have been recognized as useful single-site CataIySt%atalyst systems is similar to each other. These results
since the 1960476], though group 4 metallocene cata- suggest that the phenoxy-imine ligane§ 10 and the
lysts and constrained-geometry catalysts (CGC) are morey;qCl,/Et, Al(OR), that were employed have no signifi-

recent examples of high-performance single-site catalystSan¢ influence on catalyst productivity under the conditions
[77-84] In fact, these V-based catalysts are widely used studied (25C; atmospheric pressure).

for the commercial production of ethylene/propylene/diene Complexes9 and 10 with MgCI/Et,Al(OR), pro-

elastomers (EPDM). _ duced well-defined PE particles, whereas those without
While V-based catalysts possess many desirable prop-y;qc,/Et, AI(OR), formed the type of stringy material that

erties as single-site catalysts (e.g. the production of high ;g typically obtained from homogeneous polymerization.

molecular weight polymers, high incorporation ability for These results demonstrate that compleXasd10 are het-

a-olefins and dienes, living polymerization behavior for erogenized on the surface of the solid Mg/(Ek,, Al(OR),
propylene), they show low catalytic activities (particularly ;. the same way as the bis(phenoxy-imine) Zr and Ti com-

at elevated temperatures) because of catalyst deactivationp|exes_ Thus, V complexe8 and 10 in conjunction with

Catalyst deactivation processes often include reduction OfMgCIz-based cocatalysts are Mg@upported V catalysts.
the V metal (typically to V(II)) and ligand migration, which All of the V compounds with MgGIEt,, AI(OR), pro-

are ip(_juced by alkyle_lluminum_gpecies. Due tq this low Pro- vided very high molecular weight PE34( > 5,000,000)
ductivity under practical conditions, a de-ashing process is for which we are unable to determine the molecular weights

inevitably necessary in the polymer production, which ren- 5,4 molecular weight distributions using GPC analyses. The
ders the production process complicated and less environ-

mentally friendly. Therefore, the development of V-based
catalyst systems that display high productivity at high pro- ! Preparation of MgGVEt, Al(OR),: Treatment of anhydrous Mggl
cess temperatures has been urgently requi8sd101] (9.52¢g, 100 mmol) with 3.0eq. of 2-ethyl-1-hexanol (39.07 g, 300 mol)
As already discussed, bis(phenoxy-imine) Zr and Ti com- in decang (48.5ml) at _14’(0: for 4h, followed by the dilution of
the resulting solution with toluene (900ml) at rt, afforded a 0.10M
plexes are s_uppc_;rted ona M_gm'”AI(OR)” surface and the_ MgClz/2-ethyl-1-hexanol adduct solution. The dealcoholysis of this solu-
phenoxy-imine ligand remains attached to the metal during ton (8.00 mi, 0.80 mmol as Mg) with a 1.00 M £l solution in toluene

the course of the polymerization. With a knowledge of these (2.40ml, 2.40 mmol) for 5min with stirring yielded MgglEt,, Al(OR),.

3.4. Bis(phenoxy-imine) V complex with MgCl,-based
cocatalyst systems
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Table 4
Ethylene polymerization results with complex@s10 and VOC}?
Entry Catalyst Cocatalyst Amount of Temperature°C) Yield (g) Activity (kg-PE/
cocatalyst (mmaol) (mmol-cat h))
Mg EtzAl
1 9 - 0 0 25 5.00 20.0
2 10 - 0 0 25 4.18 16.7
3 VOC13 - 0 0 25 3.15 12.6
4 9 MgCl,/Et,, AI(OR), 0.80 2.40 25 4.68 18.7
5 10 MgCl,/Et,, Al(OR), 0.80 2.40 25 2.83 11.3
6 VOClz MgCl,/Et,, AI(OR), 0.80 2.40 25 2.07 8.3
7 9 - 0 0 50 3.32 13.3
8 10 - 0 0 50 2.22 8.9
9 VOClz - 0 0 50 2.03 8.1
10 9 MgCl,/Et,, Al(OR), 0.80 2.40 50 11.53 46.1
11 10 MgCl,/Et,, AI(OR), 0.80 2.40 50 10.40 41.6
12 VOCk MgCl,/Et,, Al(OR), 0.80 2.40 50 1.67 6.7
13 9 - 0 0 75 1.23 4.9
14 10 - 0 0 75 122 4.9
15 VOCk - 0 0 75 1.39 5.6
16 9 MgCl,/Et,, AI(OR), 0.80 2.40 75 16.28 65.1
17 10 MgCl,/Et,, Al(OR), 0.80 2.40 75 10.94 43.8
18 VOCh MgCly/Et,, AI(OR), 0.80 2.40 75 1.34 5.4

@ Conditions: atmospheric ethylene pressure; solvent, 400 ml toluene; polymerization time, 15min; codndeéxor VOClz, 1.0umol; ELAICI,
0.4mmol; ETA, 0.4 mmol.

PE produced with comple®/MgCly/Et,, Al(OR), using H system. This has been further confirmed by the fact that
(25°C, ethylene/H, 100/(251h)) as a chain transfer agent V(acac} with MgCl./Et,, Al(OR),, displayed much lower
possessed a narrow molecular weight distribution (2.50), activity at 75°C compared with that at 2% (e.g. 25°C:
suggesting that the Mg&ksupported V compleX is a 59.0 kg-PE/(mmol-cath), 75C: 8.6 kg-PE/(mmol-cat h)).
single-site catalyst. The dependence of catalytic activity on These results, as well as the single-site behavior of the
the polymerization temperature (50 and°?) was studied complex9 catalyst system, suggest that a combination of
(Table 4. The data indicated that the activity observed at phenoxy-imine ligand® and an MgCl-based compound
high temperatures is very dependent on the ligand struc-results in a unique V-based catalyst.

ture and the presence or absence of M¢&l),Al(OR),. Taking the above mentioned results into consideration, the
VOCI3 showed considerably diminished activity at higher productivity of complexd with the MgCb/Et,, Al(OR),, cat-
temperatures that was independent of the presence or abalyst system was examined over 5-60 min polymerization
sence of MgGJ/Et, AI(OR),, suggesting that catalyst de- time at 75°C. Notably, a steady rate of ethylene uptake en-
activation is significant at elevated temperatures, which is sued over the 60 min duration of the run, and thus the poly-
probably an intrinsic feature of VOgbased catalysts. Al-  mer yield increased proportionally with the polymerization
though phenoxy-imine ligated complexg@sind 10 without time (Fig. 3.

MgCly/Et, Al(OR),, behaved as thermally-poor catalysts  These results suggest that catalyst deactivation is neg-
that are similar in behavior to VOglcatalysts, those with  ligible, even at 75C and at atmospheric pressure for
MgCl,/Et,, Al(OR),, proved to be remarkably effective cat- with the MgCh-based cocatalyst. Such a thermally robust,
alysts. In the case of compled/MgCl,/Et,,Al(OR),, in- long-lived V-based catalyst is unprecedented. In contrast,
creasing the temperature afforded a corresponding increas&/OCl3 with and without MgC}/Et,,Al(OR), decayed

in activity, though some catalyst deactivation occurred at rapidly and became practically inactive after ca. 15 min.
75°C. Significantly, complex9/MgCl,/Et,,Al(OR), ex- These facts show that the combination of the phenoxy-imine
hibited enhanced activity with increasing temperature and ligand 9 and MgC}/Et,, Al(OR), affords unusual stabil-
displayed a very high activity of 65.1 kg-PE/(mmol-cath) at ity to an otherwise unstable active V center at elevated
75°C with a steady uptake of ethylene. This is of great sig- temperatures. The complé&XMgCl,/Et, Al(OR), catalyst
nificance, because higher activity at elevated temperaturesepresents the first example of a highly-active, thermally
is desired for both process and economic considerationsrobust, long-lived V-based catalyst at technical process
for V-based catalysts. These results clearly demonstratetemperatures.

that the phenoxy-imine ligan@ plays a role of vital im- Considering that V(IV) is readily reduced to the V(II)
portance in realizing a thermally robust V-based catalyst state (which is one of the common deactivation pathways
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Fig. 3. Plot of polymer vyield vs. polymerization time for ethylene
polymerization with compleXd/MgCl,/Et,, AI(OR),, and VOCE. Condi-
tions: 75°C; atmospheric ethylene pressure; solvent, 400—-1600 ml toluene;
(a) complex9, 1.0nmol; MgCly/Et,, AI(OR),,, 0.8 mmol (Mg); EAICI,

0.4 mmol; ETA, 0.4 mmol; (b) VOG| 1.0pmol; ELAICI, 0.4 mmol; ETA,
0.4mmol.

for V-based catalysts) the phenoxy-imine ligeéidnay sta-
bilize the higher oxidation state of the V center. In addition,
MgCl,/Et,, Al(OR),,, which works as a support, probably im-

Y. Nakayama et al./Journal of Molecular Catalysis A: Chemical 213 (2004) 141-150

comonomer distribution is rather unexpected but should
have beneficial effects on material properties.

The high cocatalytic performance of Mg&thased com-
pounds for bis(phenoxy-imine) complexes have been de-
scribed so far. It should be pointed out that Mg@ a
poor cocatalyst for group 4 metallocene catalysts. On the
basis of the results introduced herein, as well as the high
cocatalytic performance of Mgglfor MgCl,-supported
TiCl4 catalysts, it seems reasonable that the high cocatalytic
performance of MgGl for bis(phenoxy-imine) complexes
originates from an electronic interaction between the O,
N heteroatoms in the ligands and MgCFrom these re-
sults, MgCh-based compounds are expected to function as
good cocatalysts for transition metal complexes possessing
heteroatom(s) in the ligand (nhon-metallocene complexes)
[24,105-107] In fact, the diimine-pyridine ligated Fe com-
plexes developed by Brookhaft09] and Gibson[108]
in combination with an MgGtbased compound can be
high-activity catalysts for the polymerization of ethylene,

pedes ligand leaching from the V center, as well as bimolec- \yhich will be discussed elsewhere.

ular deactivation of the V cataly§85]. Thus, the combina-
tion of the phenoxy-imine ligan®and MgC}/Et,, Al(OR),

gave rise to an unprecedented V-based olefin polymeriza-

tion catalyst system. A theoretical study is in progress in
order to elucidate the difference in catalytic performance of
9 and 10 catalyst systems, focusing on the steric and elec-
tronic properties of the structurally-different phenoxy-imine

ligands9 and10'.

As an example of an application for this unique catalyst
system (comple®/MgCl,/Et,, Al(OR),), ethylene—propylene
copolymerization was performed at #5. The system
formed an amorphous copolymer with a propylene con-
tent of 21.3mol% ¥3C NMR). The copolymer consists of
randomly distributed monomer units (PPP: 1.75%, PPE:

4, Conclusion

In summary, we have introduced a family of new
olefin polymerization catalyst systems composed of
bis(phenoxy-imine) Zr, Ti or V complexes (Zr-, Ti- or V-FI
catalysts) and MgGtbased cocatalysts. These can be strik-
ingly active (Zr-FI catalysts), highly active single-site (Ti-FI
catalysts) or highly active, thermally robust, single-site
(V-FI catalysts) catalysts for ethylene polymerization. These
new catalyst systems behave as Mg8lipported catalysts
and thus have the potential for control of polymer morphol-
ogy in addition to their unique catalysis properties. The

4.80%, EPE: 14.16%, PEP: 50.81%, EEP: 24.10%, andresults described herein indicate the exceptionally high po-
EEE: 4.38%), and contains a certain amount of propylene tential of MgCb-based compounds as cocatalysts and high-

inverted units (3.4%). GPC analysis showed that the copoly-

mer possesses a very high, of 697,000 with a relatively
broad molecular weight distribution of 4.72. The reason for
the formation of the relatively broad molecular weight dis-
tribution copolymer is unclear at the present time. Remark-
ably, the GPC-IR study revealed that the longer copolymer
chains possess higher comonomer contéig.(4). This

[ o B g
f=3 [=3 f=3 (=}

Propylene Content (mol%)

=

(=}
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Fig. 4. GPC-IR chart of the ethylene—propylene copolymer arising from
9/MgCl,/Et,, Al(OR),,.

light a strategy for developing unique olefin polymerization
catalysts by the combination of transition metal complexes
having heteroatoms in the ligands (hon-metallocene com-
plexes) with MgC}, which is a pivotal component of the
industrially-dominant Ziegler-Natta catalysts. It is expected
that the chemistry of these compounds will provide an
insight into the catalysis of heterogeneous and multi-site
Ziegler-Natta catalysts.

References

[1] N. Kashiwa, H. Fujimura, Y. Tokuzumi, JP 1031698, Filing Date
1 August 1968.

[2] A. Mayr, E. Susa, E. Giachetti, JP 691437, Italy, Filing Date 21
November 1968.

[3] P. Galli, G. Vecellio, Prog. Polym. Sci. 26 (2001) 1287.

[4] N. Kashiwa, J. Yoshitake, Makromol. Chem. Rapid Commun. 4
(1983) 491.

[5] N. Kashiwa, M. Kawasaki, J. Yoshitake, in: T. Keii, K. Soga (Eds.),
Catalytic Polymerization of Olefins, vol. 25, Kodansha-Elsevier,
Tokyo, 1986, p. 43.



Y. Nakayama et al./Journal of Molecular Catalysis A: Chemical 213 (2004) 141-150

[6] M. Toto, G. Morini, G. Guerra, P. Corradini, L. Cavallo, Macro-
molecules 33 (2000) 1134.

[7] B. Liu, H. Matsuoka, M. Terano, Macromol. Rapid Commun. 22
(2001) 1.

[8] M. Seth, P.M. Margl, T. Ziegler, Macromolecules 35 (2002) 7815.

[9] B. Liu, T. Nitta, H. Nakatani, M. Terano, Macromol. Chem. Phys.
204 (2003) 395.

[10] B. Liu, T. Nitta, H. Nakatani, M. Terano, Macromol. Chem. Phys.
204 (2003) 2412.

[11] G.G. Hlatky, Chem. Rev. 100 (2000) 1347.

[12] J.C.W. Chien, Top. Catal. 7 (1999) 23.

[13] M.R. Ribeiro, A. Deffieux, M.F. Portela, Ind. Eng. Chem. Res. 36
(1997) 1224.

[14] E.Y.-X. Chen, T.J. Marks, Chem. Rev. 100 (2000) 1391.

[15] C.A. Reed, Acc. Chem. Res. 31 (1998) 133.

[16] S.H. Strauss, Chem. Rev. 93 (1993) 927.

[17] P. Sobota, K. Przybylak, J. Utko, L.B. Jerzykiewicz, A.J.L.
Pombeiro, M.F.C. Guedes da Silva, K. Szczegot, Chem. Eur. J. 7
(2001) 951.

[18] K. Soga, T. Uozumi, M. Saito, T. Shiono, Macromol. Chem. Phys.
195 (1994) 1503.

[19] K. Soga, M. Kaminaka, Makromol. Chem. 194 (1993) 1745.

[20] K. Soga, Y. Suzuki, T. Uozumi, E. Kaji, J. Polym. Sci. Part A:
Polym. Chem. 35 (1997) 291.

[21] G. Satyanarayana, S. Sivaram, Macromolecules 26 (1993) 4712.

[22] K. Soga, T. Uozumi, M. Saito, T. Shiono, Macromol. Chem. Phys.
195 (1994) 1503.

[23] Y.V. Kissin, T.E. Nowlin, R.l. Mink, A.J. Brandokini, Macro-
molecules 33 (2000) 4599.

[24] Y. Suzuki, H. Terao, T. Fujita, Bull. Chem. Soc. Jpn. 76 (2003)
1493.

[25] M. Mitani, T. Nakano, T. Fujita, Chem. Eur. J. 9 (2003) 2396.
[26] N. Matsukawa, S. Ishii, R. Furuyama, J. Saito, M. Mitani, H. Makio,
H. Tanaka, T. Fujita, e-Polymers (2003) No. O2itfp://www.e-

Polymers.org

[27] H. Makio, N. Kashiwa, T. Fujita, Adv. Synth. Catal. 344 (2002)
477.

[28] Y. Nakayama, M. Mitani, H. Bando, T. Fujita, J. Synth. Org. Chem.
Jpn. (Engl.) 61 (2003) 1124.

[29] R. Furuyama, T. Fujita, S. Fujiyoshi, T. Nobori, T. Nagata, K.
Fujiwara, Catal. Surv. Asia 8 (2004) 61.

[30] V. Inoue, T. Nakano, H. Tanaka, N. Kashiwa, T. Fujita, Chem. Lett.
(2001) 1060.

[31] V. Yoshida, S. Matsui, Y. Takagi, M. Mitani, T. Nakano, H. Tanaka,
N. Kashiwa, T. Fujita, Organometallics 20 (2001) 4793.

[32] V. Yoshida, J. Saito, M. Mitani, Y. Takagi, S. Matsui, S. Ishii, T.
Nakano, N. Kashiwa, T. Fujita, Chem. Commun. (2002) 1298.
[33] V. Yoshida, T. Nakano, H. Tanaka, T. Fujita, Israel J. Chem. 42

(2002) 353.

[34] T. Matsugi, S. Matsui, S. Kojoh, Y. Takagi, Y. Inoue, T. Fujita, N.
Kashiwa, Macromolecules 35 (2002) 4880.

[35] Y. Suzuki, N. Kashiwa, T. Fujita, Chem. Lett. (2002) 358.

[36] S. Matsui, T. Fujita, Catal. Today 66 (2001) 63.

[37] Y. Suzuki, Y. Inoue, H. Tanaka, T. Fujita, Macromol. Rapid Com-
mun. 25 (2004) 493.

[38] T. Fujita, Y. Tohi, M. Mitani, S. Matsui, J. Saito, M. Nitabaru, K.
Sugi, H. Makio, T. Tsutsui, Eur. Patent 874005, 1998.

[39] M. Mitani, Y. Yoshida, J. Mohri, K. Tsuru, S. Ishii, S. Kojoh, T.
Matsugi, J. Saito, N. Matsukawa, S. Matsui, T. Nakano, H. Tanaka,
N. Kashiwa, T. Fujita, WO Patent 55231 A1, 2001.

[40] S. Matsui, Y. Tohi, M. Mitani, J. Saito, H. Makio, H. Tanaka, M.
Nitabaru, T. Nakano, T. Fujita, Chem. Lett. (1999) 1065.

[41] S. Matsui, M. Mitani, J. Saito, Y. Tohi, H. Makio, H. Tanaka, T.
Fujita, Chem. Lett. (1999) 1263.

[42] S. Matsui, M. Mitani, J. Saito, N. Matsukawa, H. Tanaka, T. Nakano,
T. Fujita, Chem. Lett. (2000) 554.

149

[43] J. Saito, M. Mitani, S. Matsui, N. Kashiwa, T. Fujita, Macromol.
Rapid Commun. 21 (2000) 1333.

[44] S. Matsui, M. Mitani, J. Saito, Y. Tohi, H. Makio, N. Matsukawa, Y.
Takagi, K. Tsuru, M. Nitabaru, T. Nakano, H. Tanaka, N. Kashiwa,
T. Fujita, J. Am. Chem. Soc. 123 (2001) 6847.

[45] N. Matsukawa, S. Matsui, M. Mitani, J. Saito, K. Tsuru, N. Kashiwa,
T. Fujita, J. Mol. Catal. A 169 (2001) 99.

[46] J. Saito, M. Mitani, Y. Yoshida, S. Matsui, J. Mohri, S. Ishii, S.
Kojoh, N. Kashiwa, T. Fujita, Angew. Chem. Int. Ed. 40 (2001)
2918.

[47] J. Saito, M. Mitani, J. Mohri, S. Ishii, Y. Yoshida, T. Matsugi, S.
Kojoh, N. Kashiwa, T. Fujita, Chem. Lett. (2001) 576.

[48] S. Kojoh, T. Matsugi, J. Saito, M. Mitani, T. Fujita, N. Kashiwa,
Chem. Lett. (2001) 822.

[49] J. Saito, M. Mitani, M. Onda, J. Mohri, S. Ishii, Y. Yoshida, T.
Nakano, H. Tanaka, T. Matsugi, S. Kojoh, N. Kashiwa, T. Fujita,
Macromol. Rapid Commun. 22 (2001) 1072.

[50] S. Ishii, J. Saito, M. Mitani, J. Mohri, N. Matsukawa, Y. Tohi, S.
Matsui, N. Kashiwa, T. Fujita, J. Mol. Catal. A 179 (2002) 11.

[51] M. Mitani, J. Mohri, Y. Yoshida, J. Saito, S. Ishii, K. Tsuru, S.
Matsui, R. Furuyama, T. Nakano, H. Tanaka, S. Kojoh, T. Matsugi,
N. Kashiwa, T. Fujita, J. Am. Chem. Soc. 124 (2002) 3327.

[52] J. Saito, M. Mitani, S. Matsui, Y. Tohi, H. Makio, T. Nakano, H.
Tanaka, N. Kashiwa, T. Fujita, Macromol. Chem. Phys. 203 (2002)
59.

[53] M. Mitani, R. Furuyama, J. Mohri, J. Saito, S. Ishii, H. Terao, N.
Kashiwa, T. Fujita, J. Am. Chem. Soc. 124 (2002) 7888.

[54] S. Ishii, M. Mitani, J. Saito, S. Matsuura, S. Kojoh, N. Kashiwa,
T. Fujita, Chem. Lett. (2002) 740.

[55] S. Ishii, J. Saito, S. Matsuura, Y. Suzuki, R. Furuyama, M. Mitani,
T. Nakano, N. Kashiwa, T. Fujita, Macromol. Rapid Commun. 23
(2002) 693.

[56] J. Saito, M. Onda, S. Matsui, M. Mitani, R. Furuyama, H. Tanaka,
T. Fujita, Macromol. Rapid Commun. 23 (2002) 1118.

[57] S. Ishii, M. Mitani, J. Saito, S. Matsuura, R. Furuyama, T. Fujita,
Stud. Surf. Sci. Catal. 145 (2003) 49.

[58] J. Saito, M. Mitani, M. Onda, J. Mohri, S. Ishii, Y. Yoshida, R.
Furuyama, T. Nakano, N. Kashiwa, T. Fujita, Stud. Surf. Sci. Catal.
145 (2003) 515.

[59] S. Kojoh, S. Matsuo, T. Matsugi, S. Ishii, S. Matsuura, T. Fujita,
N. Kashiwa, Stud. Surf. Sci. Catal. 145 (2003) 519.

[60] Y. Tohi, H. Makio, S. Matsui, M. Onda, T. Fujita, Macromolecules
36 (2003) 523.

[61] M. Mitani, R. Furuyama, J. Mohri, J. Saito, S. Ishii, H. Terao, T.
Nakano, H. Tanaka, T. Fujita, J. Am. Chem. Soc. 125 (2003) 4293.

[62] J. Saito, Y. Suzuki, T. Fujita, Chem. Lett. 32 (2003) 236.

[63] M. Mitani, J. Mohri, R. Furuyama, S. Ishii, T. Fujita, Chem. Lett.
32 (2003) 238.

[64] R. Furuyama, J. Saito, S. Ishii, M. Mitani, S. Matsui, Y. Tohi, H.
Makio, N. Matsukawa, H. Tanaka, T. Fujita, J. Mol. Catal. A 200
(2003) 31.

[65] S. Ishii, R. Furuyama, N. Matsukawa, J. Saito, M. Mitani, H.
Tanaka, T. Fujita, Macromol. Rapid Commun. 24 (2003) 452.
[66] H. Makio, Y. Tohi, J. Saito, M. Onda, T. Fujita, Macromol. Rapid

Commun. 24 (2003) 894.

[67] H. Bando, Y. Nakayama, Y. Sonobe, T. Fujita, Macromol. Rapid
Commun. 24 (2003) 732.

[68] H. Makio, T. Fujita, Macromol. Symp., in press.

[69] A.V. Prasad, H. Makio, J. Saito, M. Onda, T. Fujita, Chem. Lett.,
in press.

[70] Y. Nakayama, H. Kaneko, H. Bando, Y. Sonobe, J. Saito, S. Kojoh,
M. Mitani, Y. Suzuki, S. Matsui, N. Kashiwa, T. Fujita, Eur. Patent
1238989, 2002.

[71] Y. Nakayama, H. Bando, Y. Sonobe, H. Kaneko, N. Kashiwa, T.
Fujita, J. Catal. 215 (2003) 171.

[72] Y. Nakayama, H. Bando, Y. Sonobe, Y. Suzuki, T. Fujita, Chem.
Lett. 32 (2003) 766.


http://www.e-Polymers.org

150

[73] Y. Nakayama, H. Bando, Y. Sonobe, T. Fujita, Bull. Chem. Soc.
Jpn., in press.

[74] J.C.W. Chien, J.-C. Wu, C.-I. Kuo, J. Polym. Sci. Polym. Chem.
Ed. 21 (1983) 737.

[75] D. Hedden, T.J. Marks, J. Am. Chem. Soc. 110 (1988) 1647.

[76] G. Natta, I. Pasquon, A. Zambelli, J. Am. Chem. Soc. 84 (1962)
1488.

[77] H.H. Brintzinger, D. Fischer, R. Mulhaupt, B. Rieger, R.M. Way-
mouth, Angew. Chem. Int. Ed. Engl. 34 (1995) 1143.

[78] M. Bochmann, J. Chem. Soc. Dalton Tra($996) 255.

[79] W. Kaminsky, M. Arndt, Adv. Polym. Sci. 127 (1997) 144.

[80] W. Kaminsky, J. Chem. Soc. Dalton Trans. (1998) 1413.

[81] R.F. Jordan, Adv. Organomet. Chem. 32 (1991) 325.

[82] P.C. M6hring, N.J. Coville, J. Organomet. Chem. 479 (1994) 1.

[83] A.L. McKnight, R.M. Waymouth, Chem. Rev. 98 (1998) 2587.

[84] H.G. Alt, A. Koppl, Chem. Rev. 100 (2000) 1205.

[85] M.C.W. Chan, J.M. Cole, V.C. Gibson, J.A.K. Howard, Chem.
Commun. (1997) 2345.

[86] V.J. Murphy, H. Turner, Organometallics 16 (1997) 2495.

[87] Z. Janas, L.B. Jerzykiewicz, S. Przybylak, R.L. Richards, P. Sobota,

Organometallics 19 (2000) 4252.

Y. Nakayama et al./Journal of Molecular Catalysis A: Chemical 213 (2004) 141-150

[93] K. Faghali, D.J. Harding, D. Reardon, S. Gambarotta, G. Yap, Q.
Wang, Organometallics 21 (2002) 968.
[94] H. Hagen, J. Boersma, M. Lutz, A.L. Spek, G. van Koten, Eur. J.
Inorg. Chem. (2001) 117.
[95] K. Nomura, A. Sagara, Y. Imanishi, Macromolecules 35 (2002)
1583.
[96] P.T. Witte, A. Meetsma, B. Hessen, Organometallics 18 (1999)
2944.
[97] MJ.R. Brandsma, E.A.C. Brussee, A. Meetsma, B. Hessen, J.H.
Teuben, Eur. J. Inorg. Chem. (1998) 1867.
[98] S. Scheuner, J. Fischer, J. Kress, Organometallics 14 (1995) 2627.
[99] F.J. Feher, R.L. Blanski, Organometallics 12 (1993) 958.
[100] M.P. Coles, V.C. Gibson, Polym. Bull. (Berlin) 33 (1994) 529.
[101] M.C.W. Chan, K.C. Chew, C.I. Dalby, V.C. Gibson, A. Kohlmann,
I.R. Little, W. Reed, Chem. Commun. (1998) 1673.
[102] M. Pasquali, F. Marchetti, C. Floriani, J. Mulino, J. Chem. Soc.
Dalton Trans. (1977) 139.
[103] F. Milani, U. Casellato, P.A. Vigato, M. Vadali, D.E. Fenton, M.S.
Leal Gonzalez, Inorg. Chim. Acta 103 (1985) 15.
[104] E. Addisson, A. Deffieux, M. Fontanille, K. Bujadoux, J. Polym.
Sci. Part A: Polym. Chem. 32 (1994) 1033.

[88] R.A. Henderson, D.L. Hughes, Z. Janas, R.L. Richards, P. Sobota, [105] G.J.P. Britovsek, V.C. Gibson, D.F. Wass, Angew. Chem. Int. Ed.

S.J. Szafert, J. Organomet. Chem. 554 (1998) 195.
[89] Z. Janas, P. Sobota, M. Klimowicz, S. Szafert, K. Szczegot, L.B.J.
Jerzykiewicz, J. Chem. Soc. Dalton Trans. (1997) 3897.

38 (1999) 428.
[106] S.D. lIttel, L.K. Johnson, M. Brookhart, Chem. Rev. 100 (2000)
1169.

[90] N. Desmangles, S. Gambarotta, C. Bensimon, S. Davis, H.J. Za- [107] V.C. Gibson, S.K. Spitzmesser, Chem. Rev. 103 (2003) 283.

halka, J. Organomet. Chem. 562 (1998) 53.

[91] Y. Ma, D. Reardon, S. Gambarotta, G. Yap, Organometallics 18
(1999) 2773.

[92] D. Reardon, F. Conan, S. Gambarotta, G. Yap, Q. Wang, J. Am.
Chem. Soc. 121 (1999) 9318.

[108] B.L. Small, M. Brookhart, A.M.A. Bennett, J. Am. Chem. Soc. 120
(1998) 4049.

[109] G.J.P. Britovsek, V.C. Gibson, B.S. Kimberley, P.J. Maddox, S.J.
McTavish, G.A. Solan, A.J.P. White, D.J. Williams, Chem. Com-
mun. (1998) 849.



	Olefin polymerization behavior of bis(phenoxy-imine) Zr, Ti, and V complexes with MgCl2-based cocatalysts
	Introduction
	Experimental
	General
	Ethylene polymerization
	Ethylene-propylene copolymerization

	Results and discussion
	Potential of MgCl2 as a cocatalyst for phenoxy-imine ligated Zr complex 1
	Bis(phenoxy-imine) Zr complex with MgCl2-based cocatalyst systems
	Bis(phenoxy-imine) Ti complex with MgCl2-based cocatalyst systems
	Bis(phenoxy-imine) V complex with MgCl2-based cocatalyst systems

	Conclusion
	References


