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Abstract Two new unbridged zirconocenes, bis(2.4.7-trimethy! indenyl)zirconium dichloride (Met-1) and
bis(2-methyl-4,7-diethyl indenyl)zirconium dichloride (Mect-11) were prepared in order to investigate the
steric effects of substituents on the nature of the catalysts for the polymerization of propylene. A mixture of
methy! aluminoxane (MAO) and triisobutylaluminum |Al(iBu);] was vsed as cocatalyst to activate these
catalysts. The decrease in steric bulkiness of substituents at 4 and 7 positions of the indenyl ring resulted in
an increase of both activity and molecular weight as well as the isotacticity.
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INTRODUCTION

Homogeneous metallocene catalysts opened a new era in olefin polymerization and much work has
been done on chiral ansa-metallocene complexes for the synthesis of isotactic polypropylene
(iPP){"- %, Recently, unbridged metallocene complexes have also received considerable attention for
the production of elastomeric polypropylene (PP). As early as 1959, Natta*! synthesized
elastomeric PP using the traditional Ziegler-Natta catalyst and proposed a stereoblock structure for
the material. Later, Chien!"! synthesized elastomeric PP by ansa-titanocene complex and explained
that polymerization occurred alternatively at aspecific and specific coordination sites, which were
interconvertible, due to the facile rotation of indenyl ligand about the metal-ligand bond axis
during polymerization. Waymouth!®! prepared elastomeric PP by bis(2-phenylindenyl)zirconium
dichloride with an isotactic pentad content ranging from 6.3 to 28.1 percent.

In this work, we synthesized two new unbridged metallocenes having alkyl substitution at 2, 4
and 7 positions of the indenyl ring. These catalysts can undergo isomerization between achiral
meso-like and chiral racemic like geometries by rotation of n-ligands during polymerization. The
substituents at 2 and 4 (or 7) positions of the indenyl ring provide steric hindrance, which retard the
rotation of ligand so the resulted polypropylene is amorphous in nature with an isotactic pentad
content ranging from 7.3 to 15 percent.

EXPERIMENTAL

Materials
All operations were carried out under a dry nitrogen atmosphere using standard Schlenck
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techniques. All chemicals used were of analytical grade and were further purified by other methods
as given in the literature. Toluene was purified by refluxing over Na-benzophenone ketyl under
nitrogen atmosphere and distilled prior to use. Methylaluminoxane (10% w/w toluene solution,
Albemarle Co.) was used as received. Triisobutylaluminum (Al(iBu);, Schering Co.) was vacuum
distilled before use. Polymerization grade propylene was further purified by passing over activated
4A molecular sieves.

Synthesis of the Ligand Compounds and Zirconium (IV) Dichloride Complexes

These indanones were prepared following the procedure of Layer and MacGregor'®. Reduction of
the indanones with LiAIH, and dehydration in the presence of acids gave the desired indenes.
Metalation reaction was carried out with butyllithium and the resulted indenyl lithium was used
without further purification. Zirconium (1V) chloride in toluene was added to the indenyl lithium
solution to afford the corresponding metallocenes as yellow precipitate (Scheme 1).
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Polymerization Procedure

Polymerization was carried out in toluene at 1.01 X 10’ Pa pressure in a 250 mL glass reactor
equipped with propylene inlet and magnetic stirrer. Toluene (100 mL) was introduced into the
reactor at controlled temperature and was saturated with propylene of 0.1 MPa pressure. Calculated
amounts of Al(iBu);, MAO and metallocene in toluene were added respectively. Polymerization
was stopped after 1 h by adding acidified ethanol and the product was poured into excess ethanol.
The resulted polymer was separated by filtration, and washed and dried in vacuum until the weight
was constant.

Polymerization Characterization

The molecular weight and molecular weight distribution were measured by GPC (Waters-208) at
25°C using THF as an eluent and calibrated with polystyrene standards. *C-NMR spectra of the
polymer were performed on a Bruker AMX-400 spectrometer at 120°C. The polymer solutions
were prepared by dissolving ca. 50 mg of polymer in 0.5 mL o-dichlorobenzene-D,.
Hexamethyldisiloxane (HMDS) was added as the internal standard.

RESULTS AND DISCUSSION

In the study of unbridged metallocenes, attention has been paid to the effect of substituents on the
five-member ring of the indenyl system'™ 7 but the influence of substituents on the six-member
ring has not been systematically studied. Conferring the situation in ansa-metallocenes with
substituents on the indenyl group® *), we can expect that substituents on the six-member ring will
also,influence unbridged metallocenes in a complex.way. To figure out these effects in a simplified
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way, here we will compare two metallocenes with similar structures, that is, bis(2,4,7-trimethyl
indenyl)zirconium dichloride (Met-1) and bis(2-methyl-4,7-diethyl indenyl)zirconium dichloride
(Met-1I). Both metallocenes have two substituents at positions 4 and 7 (six-member ring) and one
methyl at position 2 (five-member ring) of the indenyl group. The difference between them is only
the size of alkyls at positions 4 and 7: in Met-1I bulkier ethyl groups were introduced as compared
to the methyl groups in Met-1.

The effect of temperature on polymerization is shown in Table 1. Evidently, the
polymerization activities of the two catalysts are influenced by temperature in different ways. In
the Met-1 system, the activity sharply decreases as the polymerization temperature increases.
Similar phenomenon was observed by Waymouth, et al.*’! in studying propylene polymerization by
[2-Ph Ind],ZrClyMAO. This can be rationally explained by taking into consideration the hindered
rotation of the indenyl group around the Ind-Zr axis as illustrated in Fig. 1. During the rotation of
both indenyl groups around the Ind-Zr bonds, steric hindrance would increase when a “meso-like”
conformer is reached. Methyl at position 2 of one indenyl may also “meet” the methy! at position 4
or 7 of the other indeny! and hinder the rotation (Fig. I).

Table 1. Effect of reaction temperature (7,) on the polymerization of propylene using Met- I and Met-I1
Sample  T,('C)  Activity’ (x107) M, (x10™ MJM,  [mmmm]® (%) [m]° (%)

PP1* -15 67.7 54.2 2.1 15.0 63.7
PP2? 0 36.8 18.7 2.48 13.6 62.4
PP3* 25 2.27 1.36 2.01 - -¢

PP4* 50 0.89 - - -

PP5* -15 3.27 25.1 2.35 8.18 52.0
PP6* 0 9.87 17.1 2.52 7.33 50.7

a) Samples PP1-PP4 were synthesized by Met-1 and samples PP5-PP6 by Met-11. Polymerization conditions:

[Zr] : [MAO] : [Al(iBu);] =1 : 1000 : 600, |Zr] = 20 zmol/L; b) activity unit: g PP/mol Zr « h * atm;

¢) determined by GPC versus polystyrene: d) determined by PC-NMR spectroscopy: €) not measured
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Fig. 1 Oscillating structures of metallocene during polymerization

In the case of Met-I, where the biggest substituent is methyl, the steric hindrance is not
expected to be very large and higher temperatures would provide enough energy to overcome the
rotation barrier. High rotation rate of the ligands may disturb the coordination of monomer on Zr,
and thus cause a lower polymerization rate at higher temperatures.

In the case of Met-11, however, catalyst activity is higher when temperature increases, just as
with the behaviors of most rigid metallocenes (e.g., bridged metallocenes)., We believe that in, Met-
11 the bulky ethyl substituents at 4 and 7 may cause much stronger steric hindrance than in Met-I.
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This means that the ligand rotation may be greatly retarded when temperature is increased from -
15to 0°C. In other words Met-II is a relatively rigid catalyst in the tested temperature range (-15
to 0°C), and behaves like the other rigid metallocenes. Because of the steric hindrance by the bulky
ethyl group, its conformation may have been restricted to a form which is unfavorable for monomer
coordination. This may be the reason why Met-l1 shows lower polymerization activity than Met-I
at the same temperature.

The molecular weight of the polymer obtained by Met-I and Met-II are high and increases
with decreasing temperature. This behavior can be explained by the slower chain transfer reaction
and higher solubility of propylene in toluene at lower temperatures. The values of molecular weight
distribution are low (M,,/M, < 2.6) which is typical of metallocene-catalyzed olefin polymerization.
The difference in polymer M, between the two metallocenes may be caused by the different
substituent bulkiness of their ligands.

BC-NMR spectra of polypropylene synthesized by the two metallocenes are shown in Fig. 2.
Met-I gives a polymer with higher isotactic pentad content [mmmm]} than Met-I. As shown in Fig,
1, when the bulkiness of the substituents on indeny! group decreases, the "racemic-like” conformer
would become more favorable, and more isotactic sequences are formed. For polypropylene
synthesized at -15°C by Met-I, [mmmm] as high as 15% was measured. This means that the
polymer has a stereoblock structure with short isotactic blocks and atactic blocks alternately
distributed along the chain. However, the polymer is still a type of amorphous elastomer, as DSC
revealed no melting point.
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Fig. 2 Methyl region of the "C-NMR spectra of polypropylene synthesized by metatlocene/MAO+
Al(/Bu);at -15°C
Met-1, b) Met-l11

As shown in Table 1, in both systems the [mmmm] of polymer decreases as polymerization
temperature increases. This is also a tendency in other metallocene catalysts. High temperatures
provide energy for ligand rotation or distortion, and thus reduce the lifetime of the “racemic-like”
conformer that can produce isotactic sequences.

In conclusion, by comparing the catalyst behaviors of Met-1 and Met-II, we are able to find
some of the steric effects of substituents at positions 4 and 7 of the indenyl group. Changing the
substituents from methyl to ethyl can strongly influence the polymerization behaviors of unbridged
bisindenyl metallocenes. Substituents bulkier than methyl at 4 and 7- positions of the indenyl ring
are harmful to the highly active isospecific propagation of propyiene.
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