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Abstract

The propylene polymerizations with different haf-sandwich metallocene complexes of the general formula,
Me,Si[Me,CpNRITiCl,, result in the formation of polymers with increased isotacticity as compared to atactic polypropy-
lene. This was observed if a sterically demanding aromatic system at the amido-ligand coordinates with the polymerization
active metal center. In this case, the metal center is partly shielded and the steric demand of the ligand is similar to an
ansa-metallocene. The monomer partly coordinates stereospecifically at the metal center. Additionally, the solvent polarity
has a great influence on the microstructure of the produced polymers. Using the complex Me,Si[Me,CpNCHCH ;-
naphthyl]TiCl, in toluene, ortho-dichlorobenzene and hexane polypropylenes of similar microstructures were formed
(mmmm = 45%) whereas in methylene chloride as solvent, the isotacticity of the polypropylene was decreased by 50%.

© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

With respect to the recently developed
constrained geometry catalysts [1] of the IV
subgroup, a new class of substances has been
generated, which, together with MAO as the
cocatalyst, turns into highly active polymeriza-
tion catalysts [2,3]. In the late 1980s, Shapiro et
al. [4,5] synthesized the first complexes with
linked amido-cyclopentadienyl ligands. These
complexes contained scandium as central atom
and were found to be adequate for catalyzing

* Corresponding author. Tel.: +49-208-306-2240; fax: +49-
208-306-2980.
E-mail address: fink@mpi-muelheim.mpg.de (G. Fink).

the polymerization of «-olefins. Following
thereafter, Okuda [6,7] synthesized iron and tita-
nium complexes with linked amido-cyclo-
pentadienyl ligands. Based on these results,
companies such as DOW Chemical and Exxon
Chemical developed such numerous constrained
geometry catalysts to be used for the «-olefin
homo- and copolymerization. The polymeriza-
tion behavior of these catalysts is mainly de-
scribed in the patent literature [8—15].
Polymerization catalysts with linked amido-
cyclopentadienyl ligands usually produce atactic
polymers. In the patent literature, there are only
a few examples which describe the stereospe-
cific propylene polymerization with these types
of catalysts. Shiomura et al. [16] used the cata-
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Fig. 1. Me, Si[Me,CpNCHCH ;naphthyl]TiCl , (A).

lyst system, Me,Si[FIUN'BujZrX, (X =Cl or
NMe,) and obtained, with MAO as the cocata-
lyst, a syndiotactic polypropylene and with
Al'Bu,/Ph,CB(C4F,), as the cocatalyst, an
isotactic polypropylene.

In this paper, we discuss what kind of influ-
ence the substituent at the amido-ligand has on
the stereospecific behavior of the constrained
geometry catalysts during propylene poly-
merization. Therefore, numerous complexes
were synthesized and propylene polymerizations
were carried out under similar reaction condi-
tions with MAO as the cocatalyst.

We further investigated the influence of sol-
vent polarity on the propylene polymerization
reaction catalyzed by Me,Si[Me,CpNCHCH ;-
naphthylJTiCl, (A) and MAO as the cocatalyst.

2. Results and discussion

We have synthesized complex Me,Si[Me,Cp-
NCHCH znaphthyl]TiCl, (A) (Fig. 1) and car-
ried out propylene polymerizations at variable

Table 1

Results of the propylene polymerization with the complex,
Me, Si[Me,CpNCHCH gnaphthylITiCl, (A)

Polymerization conditions: p = 2 bar, [Al]/[Ti]=3000/1, [Ti]=
1.25x 10" *mol /1, solvent = toluene.

Catalyst T, Activity T [°Cl M, M, /M,
[°C] [kg PP/mol Ti h]

A 7 1201 92 87.000 1.8

A 15 1381 91 60.400 1.8

A 28 1269 83 42.300 2.0

A 35 804 70 34200 14

Table 2

Results of the microstructure analysis for the polypropylenes
produced with the complex Me,Si[Me,CpNCHCH ;naphthyl]-
TiCl, (A)

Polymerization conditions: p = 2 bar, [Al]/[Ti]=3000/1, [Ti]=
1.25X 10~* mol /I, solvent = toluene.

Pentad T,=7C T,=15C T,=28C T,=35C
mmmm 56.1 545 51.7 47.6
mmmr 13.9 14.8 16.3 16.2
rmmr 0.9 14 1.0 1.3
mmrr 13.0 135 14.8 16.2
mrmm/rrmr 55 45 45 5.8
mrmr 22 21 17 13
rrer 11 14 15 1.8
rrrm 21 21 20 27
mrrm 53 5.9 6.6 7.3

temperatures. This catalyst is, with MAO being
the cocatalyst, the first complex with a linked
amido-cyclopentadienyl ligand, which produces
polypropylene aong with an increased amount
of isotactic units. As can be seen, this complex
contains an asymmetrically substituted carbon
atom at the amido-ligand.

Table 1 presents the results of propylene
polymerizations using catalyst A.

Table 2 depicts the results of the microstruc-
ture analysis of the produced polypropylenes.

It is apparent that the polymers have isotac-
ticities reaching 56%. One possible explanation
for the stereospecific behavior of this complex
might be chiral induction of the asymmetrically
substituted carbon atom at the amido-ligand.
Another explanation might be the stabilization
and shielding of the polymerization active metal
cation through a coordination of the naphthyl
group at the metal center anal ogous to the known
complexes applied by Jordan et al. [17] (Fig. 2).

In order to determine which of the two expla-
nations might be the correct one in the forma-
tion of a polymer with an increased isotacticity,
the following complexes were synthesized (Fig.
3.

CH,Ph [CpFellBPh]  + OQ CHCl, +\@
cp,zil o cp,zrl CpyZre> + THF

CH,Ph THF ,

Fig. 2. Cationic benzyl complex according to Jordan et al. [17].
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Fig. 3. MeZSi[Me4CpNCHCH3C6H11]TiCI2 (B), Me,Si[Me,Cp-
NCHCH4BuU]TICl, (C), Me,Si[Me,CpNCHCH 4(CH ,),-
CH;ITiCl, (D), Me,Si[Me,CoNCHCH ,C¢H ,CsH5ITiCl, (E).

MeSi[Me,CpNCHCH;'Bu] TiCl,

Table 3 summarizes the polymerization re-
sults obtained using the complexes B—E. The
results of the analytical investigations of the
polypropylenes are also listed in Table 3.

All complexes showed a high polymerization
activity during propylene polymerization. Ap-
plying any of the catalysts, sticky, amorphous
polymers were produced. The molecular weight
distribution of al polymers was narrow, as has
been expected. The results of the microstructure

Table 3

analysis are listed in Table 4. The pentad values
as caculated for atactic and hemiisotactic
polypropylene are recorded in Table 4.

As can be seen by comparing the values of
the 10 pentads with the values calculated for an
atactic polypropylene, the complexes Me,Si-
[Me,CpNCHCH ,C4H,,ITiCl, (B), Me,Si[Me,-
CpNCHCHLBUJTICl, (C) and Me,Si[Me,Cp-
NCHCH 4(CH,),C4HITiCl, (D) produced at-
actic polymers.

Only the polymerization behavior of the cata-
lyst, Me,Si[Me,CpNCHCH ,C,H ,CsH]TiCl,
(BE), was different. The polypropylene produced
with this particular complex has an isotacticity
reaching 14.0%.

Two additional catalysts, namely Me,Si-
[Me,CpNCHCH ,C4H]TiCl, (F) [18,31] and
Me,Si[Me,CpNCH ,C4H]TiCl, (G) (Fig. 4),
were synthesized and their polymerization be-
havior was also investigated.

The polymerization results obtained with
these catalysts are summarized in Table 5. The
results of the microstructure analysis are listed
in Table 6.

In both cases, a polypropylene with an in-
creased amount of isotactic units as compared to
atactic polypropylene was obtained at a poly-
merization temperature reaching 30°C. The
half-sandwich complex F produced a polypropy-
lene with an isotacticity of 14.9%. A polypropy-
lene, which was formed using the G complex,
showed an isotacticity reaching 11.8%. These
isotacticities are in the same order of magnitude
as the isotacticities of the polypropylene which

Results of the propylene polymerization obtained with the complexes Me,Si[Me,CpNCHCH;C¢H,,]TiCl, (B), Me,Si[Me,-
CpNCHCH}BU]TICI, (C), Me,Si[Me,CpNCHCH 3(CH,),C4H]TiCl, (D) and Me,Si[Me,CpNCHCH ;CH ,CsHITiCl, (E)

Polymerization conditions: (B) T, = 30°C, [Al]/[Ti] = 2000/1, [Ti] = 35X 10~* mol /I; (C) T, = 30°C, [Al] /[Ti] = 2000/1, [Ti] = 4.9 x
10~° mol /I; (D) T, = 30°C, [AI]/[Ti] =2000/1, [Ti] = 1.3 10~* mol /I; (E) T, = 30°C, [AI]/[Ti] = 2000/1, [Ti]=6.3%x 10"° mol /I.

Catalyst Up X 10° [mol /1 5] Activity [kg PP/mol Ti h] Ty [°Cl M, My /M,
B 344 819 —2.63 76.240 17
C 6.69 6626 —-233 269.100 18
D 0.95 670 —7.46 63.100 13
E 3.79 3907 —4.47 179.200 14
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Table 4

Results of the pentad analysis of the polypropylenes produced with the complexes Me,Si[Me,CpNCHCH;CsH,ITiCl, (B),
Me, Si[Me,CpNCHCHYBUITICI, (C), Me,SilMe,CpNCHCH 4(CH,),C4H;ITiCl, (D) and Me,Si[Me,CONCHCH ;C4H ,CsH;ITiCl, (E)
Polymerization conditions: (B) T, = 30°C, [All/[Ti] = 2000/1, [Ti] = 3.5 X 10~* mol /1; (C) T, =30°C, [Al]/[Ti] = 2000/1, [Ti] = 4.9 X
10~® mol /I; (D) T, = 30°C, [Al]/[Ti] = 2000/1, [Ti]= 1.3 x 10~ * mol /1; (E) T, = 30°C, [Al]/[Ti] = 2000/1, [Ti] = 6.3 x 10~° mol /I.

Pentad Ideal atactic polypropene Ideal hemiisotactic polypropene B C D E

mmmm 6.25 18.75 4.0 6.5 34 14.0
mmmr 12.50 12.50 10.2 13.0 8.2 13.2
rmmr 6.25 6.25 7.1 54 6.2 5.0
mmrr 12.50 25.00 11.9 16.3 11.3 14.2
mrmm,/rrmr 25.00 0.00 233 20.5 25.0 19.0
mrmr 12.50 0.00 16.8 15.2 13.0 10.0
reer 6.25 18.75 6.3 4.6 85 55
rrrm 12.50 12.50 10.6 85 15.6 10.7
mrrm 6.25 6.25 9.8 10.0 8.8 84

was formed with the complex, Me,Si[Me,-
CpNCHCH ,C4H ,C4HITiCl, (E). Noticeable
in this comparison is the fact that the half-
sandwich G complex produced a polypropylene
with increasing amounts of isotactic units al-
though the carbon atom next to the nitrogen
atom in the amido-ligand is not asymmetrically
substituted. In contrast, the polypropylenes
obtained in applying the complexes Me,Si-
[Me,CpNCHCH ,C¢H ,]TiCl, (B), Me,Si-
[Me,CpNCHCH}BuU] TiCl, (C) and Me,Si-
[Me,CpNCHCH 4(CH,),C¢H]TiCl, (D) were
totally atactic although the nitrogen atom next
to the carbon atom in the amido-ligand is asym-
metrically substituted. These results show that
the formation of a polypropylene with an in-
creased amount of isotactic units is not due to
the presence of a chiral component as is the

" si Ticl
NS s Ticl,
N NS
N
H,
CH, t i
F G

Me,Si[Me,CpNCHCH;Ph|TiCl, Me,Si[Me,CpNCH,Ph]TiCl,

Fig. 4. Me,Si[Me,CoONCHCHPhITIiCl, (F), Me,SiMe,Cp-
NCH ,PhITiCl, (G).

case with respect to complex Me,Si[Me,CpN-
CHCH ;naphthylTiCl, (A) (mmmm = 51.7% at
polymerization temperatures reaching 28°C).
The presence of an asymmetrically substituted
carbon atom in the amido-ligand and concur-
rently, of a sterically demanding substituent in
the amido-ligand is also not enough to raise the
stereospecificity of a half-sandwich metallocene
complex. Otherwise, the complex Me,Si[Me,-
CpNCHCHLBU]TICI,, (C), would aso produce
a polypropylene with an increased amount of
isotactic units.

While comparing the polymerization be-
havior of the complexes Me,Si[Me,CpNCH-
CH,CH,ITiCl, (B) and Me,Si[Me,CpNCH-
CH,PhITIiCl, (F), it becomes noticesble that
complex B forms a completely atactic polypro-
pylene (mmmm = 4.0%), whereas complex F
produced a polypropylene with isotactic units
amounting to 11.8%. In both cases, the ligand is

Table 5

Results of the propylene polymerization with the complexes
Me,Si[Me,CpNCHCH ;Ph]TiCl, (F) and Me,Si[Me,Cp-
NCH,Ph]TiCl, (G)

Polymerization conditions: (F) p= 2 bar, T, = 35°C, [All/[Ti]=
2400/1, [Ti]=17x10"* mol/I; (G) T,=35°C, p=2 bar,
[Al]/[Ti]=2400/1, [Ti]=1.7x10* mol /I.

Catdlyst  Activity T °Cl M, My, /My
[kg PP/mol Ti h]

F 1025 -6 63200 18

G 235 -5 69.900 15
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Table 6

Results of the microstructure analysis for the polypropylenes produced with the complexes Me,Si[Me,CpNCHCH ;Ph]TiCl, (F) and

Me, Si[Me,CpNCH , PhITiCl, (G)
Polymerization conditions: (F) T, = 35°C, p= 2 bar, [All/[Ti] =
2400/1, [Ti]=17x 1074 moI/I

2400/1, [Ti] = 1.7 x 10~* mol /I; (G) T, = 35°C, p= 2 bar, [Al]/[Ti] =

Pentad Ideal atactic polypropene Ideal hemiisotactic polypropene F G

mmmm 6.25 18.75 14.9 11.8
mmmr 12.50 12.50 15.2 14.7
rmmr 6.25 6.25 5.2 54
mmrr 12.50 25.00 15.9 15.6
mrmm,/rrmr 25.00 0.00 19.0 19.5
mrmr 12.50 0.00 9.0 9.4
rrer 6.25 18.75 53 6.3
rrrm 12.50 12.50 8.9 10.1
mrrm 6.25 6.25 6.6 7.3

nearly the same. The only difference being the
existence of a cyclohexyl ring at the asymmetri-
cally substituted carbon atom in the case of
catalyst B and a phenyl ring in the case of
catalyst F. The different polymerization behav-
ior is incomprehensible from the first point of
view. If the polymerization active metal cation
is stabilized through a complexation of the
phenyl group at the amido-ligand (complex F),
there are, in principle, the same regquirements as
for an ansa-metallocene and the formation of a
polypropylene with higher amounts of isotactic
units is, from this point of view, explainable.

This would also explain the fact that com-
plex, Me,Si[Me,CpNCHCH ,C4H,,]TiCl, (B)
catalyzed the formation of an atactic polypropy-
lene because of the missing aromatic substituent
at the amido-ligand. The increased isotacticity
of the polypropylenes, which were obtained
using complex Me,Si[Me,CpNCHCH ;nap-
hthyl]TiCl, (A), is explainable now, too. Due to
the sterically more demanding aromatic group at
the amido-ligand, the polymerization active
metal center becomes more shielded.

An investigation concerning the behavior of
the half-sandwich complex Me,Si[Me,CpNCH-
CH4(CH,),C¢H]TiCl, (D) during the process
of propylene polymerization resulted into yet
another interesting aspect. Although this com-
plex contains an aromatic system at the amido-
ligand, a totally atactic polypropylene was

formed. Obviously, the two methyl groups relat-
ing to the phenyl ring prevent a possible interac-
tion between the aromatic system and the meta
cation.

Altogether, it can be concluded that polypro-
pylenes with increased stereospecificity are only
formed if the half-sandwich metallocene com-
plexes contain a sterically demanding aromatic
system at the amido-ligand which can interact
with the polymerization active metal cation (Fig.
5). Only in this case the active center is shielded
and the steric demand of the ligand similar to an
ansa-metallocene.

Using the haf-sandwich complex Me,Si-
[Me,CpNCHCH znaphthyl]TiCl, (A), in which
these conditions have mostly been fulfilled,
propylene polymerizations were carried out in
hexane, ortho-dichlorobenzene, methylene chlo-
ride, and toluene under identical polymerization
conditions. All polymerization results are sum-

'

CH
+ MAO
+ MAO

Fig. 5. Interaction of an aromatic system with a half-sandwich
metallocene cation in toluene as solvent (schematic).
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Results of the propylene polymerization with the complex Me, SilMe,CpNCHCH gnaphthyl] TiCl, (A)
Polymerization conditions: ppqpene = 2.0 bar, [Al]/[Ti] =2000/1, [Ti] = 4.6 X 10° mol /I and T,=25°C.

Solvent g1 el v,/IMIX10*[1/s]*  Activity [kg PP/mol Ti h] T, [°C] My, M,,/M,
ortho-Dichloro benzene 9.93% 8.70 746 835 108.010 39
Methylene chloride 9.08%° 1.70 637 79.8 18.800 5.0
Toluene 2.38% 3.88 544 84.2 66.810 21
n-Hexane 1.89%° 0.95 311 85.9 114.900 48

@For comparison, the polymerization rate vy, is standardized to the propylene concentration.

marized in Table 7 together with the dielectric
constants of the solvents [19] and the analytical
results of the polymers.

With an increasing polarity of the solvent, the
polymerization activity aso increases — the
reason being a separation of the contact ion pair
between the polymerization active metal cation
and the MAO anion with an increasing polarity
of the solvent. The formation of a solvent-sep-
arated ion pair results inevitably into an in-
creased activity [20-23]. The low polymeriza-
tion activity of the half-sandwich complex in
hexane is partly due to the small solubility of
the MAOQ in this solvent. The dependency of the
molecular weights and the molecular weight
distribution of the formed polypropylenes on the
polarity of the solvents is not clear at this point.

Table 8 shows the results of the microstruc-
ture analysis of the obtained polymers.

The polypropylenes, which where formed in
ortho-dichlorobenzene, toluene, and hexane,

Table 8

have nearly the same microstructure. The isotac-
ticities of the polymers are between 45.0%
(hexane) and 46.3% (toluene). The similar mi-
crostructures of the polypropylenes, which were
formed in hexane and toluene, are conceivable
because these solvents have a small difference
in polarity. Surprising is the fact that in the
much more polar solvent ortho-dichlorobe-
nzene, the formed polypropylene has a similar
isotacticity of 46.2% too. The equilibration be-
tween contact ion pair and solvent-separated ion
pair should be in the polar solvent on the side of
the separated ion pair and, as a consequence, the
stereospecificity of the complex should decrease
in a more polar solvent. It has been known that
metallocene cations coordinate m°® with six-
membered aromatic rings [17,24-30]. Fig. 6
shows an example of a half-sandwich metal-
locene complex.

Compared to the propylene polymerization in
various solvents using the catayst Me,Si-

Results of the pentad analysis of the polypropylenes produced with the complexes Me, Si[Me,CpNCHCH znaphthyl]TiCl, (A) in different

solvents

Polymerization conditions: Pygpene = 2.0 bar, [Al]/[Ti]=2000/1, [Ti] = 4.6 X 10~° mol /I and T, = 25°C.

Pentad n-Hexane (& = 1.89) Toluene (& = 2.38) Methylenechlorid (& = 9.08) ortho-Dichloro benzene (& = 9.93)
mmmm 45.0 46.3 24.8 46.2
mmmr 15.6 15.7 13.7 14.8
rmmr 2.3 2.3 4.8 2.7
mmrr 13.8 14.1 14.0 136
mrmm/rrmr 7.3 7.1 13.7 73
mrmr 2.8 2.8 8.1 25
rrer 2.2 2.0 43 22
rrrm 3.6 2.8 8.8 3.0
mrrm 74 6.9 7.7 7.7
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)
+ PhCH,BAr3

Fig. 6. Interaction of an aromatic system with a half-sandwich
metallocene cation [30].

[Me,CpNCHCH ;naphthyl]TiCl, (A), the group
PhCH ,BAr; conforms to the solvent and the
CH ,Ph group conforms to the substituent at the
amido-ligand (CHCH ;naphthyl). On one hand
of this comparison, the equilibrium now makes
an explanation of the observed results possible.
In hexane, the equilibrium lies partly on the left
side and the naphthyl group coordinates at the
metal cation. During a polymerization in toluene
and ortho-dichlorobenzene, the naphthyl group
coordinates also at the metal center. This results
in the formation of polypropylenes with similar
microstructures in any of these solvents. A
polymerization in methylene chloride results in
the formation of a polypropylene with a de-
creased isotacticity. In this case, a solvent
molecule coordinates at the active metal center,
resulting into a reduced shielding of the active
center (Fig. 7).

Due to the small steric demand of the solvent
molecule, the isotacticity of the resulting poly-
mer is nearly decreased by 50%.

3. Experimental
3.1. Materials

All half-sandwich complexes were synthe-
sized by following the genera route described
in literature [2,15,31] and characterized by nu-
clear magnetic resonance (NMR) and mass
spectroscopy.

All solvents and air-sensitive compounds
were handled under argon using standard
Schlenk technique.

The propylene gas was purified by being
passed through a series of columns filled with

NaAI(Et), to remove residual traces of moisture
and oxygen.

The toluene used for polymerization was pu-
rified by distillation under argon over NaAl(Et),.
MAO (10 wt.% solution in toluene) was ob-
tained from Witco.

3.2. Polymerizations

All polymerizations were carried out in a
0.25 dm?® glass autoclave at 2.0 bar propylene
pressure. The glass autoclave was filled with
solvent and MAO, thermostated, and saturated
with propylene gas. A stirrer was used at 1200
rpm to stir the mixture. The preactivated metal-
locene was injected in the reactor with an argon
pressure of 4.0 bar. In all experiments, the total
volume of the liquid phase was 110 ml. The
monomer consumption was detected by mass
flow meters. The reaction was stopped through
addition of methanol. The precipitated polymer
was stirred in a mixture of methanol and hydro-
chloric acid. The polymer was filtered, washed
with methanol, and dried via vacuum.

3.3. ®C NMR spectroscopy

The *C NMR spectra of the polymers were
measured on Bruker AMX300 spectrometer at
75.5 MHz at a temperature of 120°C.

Therefore, 300 mg of the polymer was solved
in 3 ml of a 1:3 mixture of 1,1,2,2-tetrachloro-
ethane-d, and 1,2,4-trichlorobenzene. The mea-
surements were taken in 10 mm NMR tubes for
normally 90 min.

p
/P
..... \\CHz methy\enech\ond , @ WCH
o e
4_ -
\N/ CH,Cl,
CH ‘ \CH
-

CH, +mao®

ma0® OO

Fig. 7. Interaction of an aromatic system with a half-sandwich
metallocene cation in methylene chloride as solvent (schematic).
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