
New stereorigid bridged zirconocene having an indenyl
group and a fluorenyl group as ligand was synthesized and inves-
tigated as an ethylene/1-hydroxy-10-undecene copolymerization
catalyst.  This catalyst using MAO as a cocatalyst promoted poly-
merization to produce copolymers having high molecular weight
(Mw:121000) and high polar monomer content (36.7 mol%), dis-
playing higher polymerization activities at higher temperature.

The development of high performance olefin polymerization
catalysts has been the subject of extensive studies over the last 45
years since specifically designed catalysts are powerful tools for
creating precisely-controlled polymers such as functionalized
polymers, branched polymers, and block copolymers.1

Paramount and challenging among these targets is the controlled
copolymerization of simple olefins with polar monomers,
because the constraint with the poisoning of catalyst components
is still unsolved.  Polar groups exercise control over important
properties such as toughness, adhesion, barrier properties, solvent
resistance, miscibility with other polymers, and rheological prop-
erties.  Promising catalysts containing group 10 transition metals2

or organolantanide3 have recently been described.  Although
Ziegler–Natta catalysts containing group 4 transition metals are
known for their highly oxophilic nature,4 zirconocene/MAO cata-
lysts were successful in copolymerizing ethylene with 1-
hydroxy-10-undecene,5 1-chloro-10-undecene,6 N,N-
bis(trimethylsilyl)-1-amino-10-undecene,7 1-hydroxy-5-hexene8

and an o-heptenylphenol derivative.9 However, higher polar
monomer uptake with high molar mass copolymer produced at
high polymerization temperature have been unsuccessful.
Additionally microstructure of produced copolymer, especially
the analysis of chain end group has not been investigated. 

Recently, we have found, as a result of ligand-oriented cata-
lyst design research, that new stereorigid bridged zirconocenes
having an indenyl and a fluorenyl ligands exhibit high catalytic
performance for olefin polymerization.10 These results prompt-
ed us to conduct further study on metallocene catalysts as poten-
tially viable ethylene–polar monomer polymerization catalysts. 

In this paper, (1)we introduced dimethylsilylene-bridged
zirconocene wherein a specific substituent is introduced at the
specific position of the indenyl and fluorenyl ligands, which
promote an ethylene/1-hydroxy-10-undecene copolymerization
at high temperature, and produced copolymers having high
molecular weight and high polar monomer content with higher
polymerization activities. (2)We characterized the structure of
chain end groups and monomer sequences of this copolymer,
and investigated the mechanism of the chain transfer reaction in
this copolymerization.

A general synthetic route for new zirconocene employed in
this study is shown in Scheme 1.  The indenyl–fluorenyl ligand 4

was prepared in high yield (65% starting from material 1) by the
coupling reaction with 2 and 3.  The dimethylsilylene-bridged zir-
conocene possessing the indenyl and fluorenyl ligand, namely
dimethylsilylene (2-methylbenzo[e]inden-3-yl) (2,7-di-tert-butyl-
9-fluorenyl) zirconium dichloride 5, was obtained as bright orange
powder in moderate yields  (40%) by treatment of ZrCl4 with the
same equiv of the lithium salt of the dimethylsilylene-bridged sub-
stituted indenyl and fluorenyl ligand.11 

Zirconocene 5 was investigated as ethylene/1-hydroxy-10-
undecene polymerization catalysts using MAO as a cocatalyst
in the presence or absence of trialkylaluminum at the atmos-
pheric pressure.  The representative results are summarized in
Table 1.  The polymerization activities obtained were in the
range of 0.1–43 kg / mmol-Zr·h·atm.  In all cases, amorphous or
solid copolymers were obtained having narrow molecular
weight distributions (Mw/Mn: 1.63–2.45).  The melting tempera-
ture (Tm) of the copolymers lies in the range of n.d.–130.4 °C,
suggesting that the polar monomer was certainly introduced to a
polyethylene backbone.  1H NMR analysis revealed that the
polar monomer introduced into polyethylene backbone was
estimated to be up to 36.7 mol%.  Interestingly, the addition of
tri-iso-butylaluminum (TIBA) to the reaction medium contain-
ing polar monomer was effective to display higher catalytic
activity (42.3 kg / mmol-Zr·h·atm) having a comonomer content
of 0.25 mol% (entry 2) in comparison with low catalytic activi-
ty (0.73 kg / mmol-Zr·h·atm) having similar comonomer con-
tent  (0.20 mol%) in the absence of TIBA (entry 1).  This suc-
cess may be due to the reduced Lewis basicity of the polar
monomer by masking with TIBA.

Next, polymerization using zirconocene 5 / MAO in con-
junction with highly excess 1-hydroxy-10-undecene and TIBA
was investigated, and was found to give the copolymer having a
higher comonomer content (36.7 mol%), and a higher Mw:
121000 despite moderate activities (entry 3).  An attempt to
determine the microstructure of this copolymer was unsuccess-
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ful because of its higher Mw. However, the addition of triethyl-
aluminum (TEA) instead of TIBA resulted in an decrease of Mw
(7700) of the copolymer having very narrow Mw/Mn: 1.63.  This
result suggests that TEA plays as chain transfer reagent.  Then,
we investigated the microstructure of the copolymer, and found
following three facts with the help of 13C NMR analysis.  (1)
Both the chain end groups in the copolymer were almost n-
alkyl groups, such as methyl, ethyl, n-Pr, or n-Bu group etc.,
and there were no peaks that were attributable to the carbon of
vinyl (114.4 ppm) or vinylidene (39.1 ppm) group derived from
the chain transfer reaction caused by monomer and/or hydride
β-elimination.  (2) The peak attributable to the methyl carbon of
the undecenol group (19.7 ppm) was hardly found at the poly-
mer chain end.  (3) A sequence analysis of the copolymer
revealed that the incorporated alcohol in a polyethylene back-
bone was almost isolated type: EUE (91%), and the others were
EUU (8%) and UUU (1%).  The results (1) and (2), and the fact
that the copolymer of lower Mw was obtained by adding TEA
confirm that TEA acts as the chain transfer agent at the activat-
ed bond between Zr and ethylene unit, and give rise to n-alkyl
groups at the both polymer chain ends.           

In summary, new zirconocene 5 was prepared and investi-
gated as an ethylene/1-hydroxy-10-undecene copolymerization
catalyst.  This catalyst produced copolymers having high
molecular weight and high polar monomer content with higher
polymerization activities at higher temperature.  A 13C NMR
investigation of a copolymer showed that UU and UUU
sequences existed in a polyethylene backbone, and that the

chain transfer reaction in this copolymerization almost exclu-
sively occurred at the activated bond between Zr and ethylene
unit by TEA.  The influence of substitution groups of the lig-
ands and cocatalysts as well as potential applications of the cat-
alysts are under active investigation.
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