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Abstract

Mono, di and tetranuclear ansa zirconocene complexes have been synthesized and characterized. After activation with
methylalumoxane (MAQO) these catalysts were used for the homogeneous and heterogeneous polymerization of ethylene.
The properties of the catalysts and the produced polymers were compared. The multinuclear catalysts show a different
performance than the corresponding mononuclear derivatives. The tetranuclear catalysts have the lowest activities because of
steric crowding.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ponding fluorenylidene derivativ@ was prepared in
an analogous manner.

Mononuclear metallocene complexes of group IV
metals have established as excellent single site cata- ) )
lysts for the polymerization of ethyler{@—6]. In or- 2.2. Synthesis of the dinuclear complexes
der to investigate the influence of more than one metal
center on the properties of a homogeneous catalyst, di
and tetranuclear ansa metallocene complexes appeare
as excellent model compounds.

Dinuclear silylene bridged metallocene complexes
Yere synthesized by catalytic hydrosilation reac-
tions of w-alkenyl substituted silanes with other
silane derivatives. The reaction of the product with
four equivalents of sodium cyclopentadienide forms
2. Synthesis of the metallocene complexes the ligand precursoB in almost quantitative yield
(Scheme P In the same manner the fluorenyl deriva-
tive 4 was synthesizefll4—16]

Treatment of the ligand precurs@and4 with four
equivalents ofn-butyllithium and two equivalents of
zirconium tetrachloride forms the silylene bridged din-
"+ Corresponding author. Tel+49-921-552555: uclear cqmplexe% anc_16 (Schem_e )3_[12,13]. The cor-
fax: +49-921-552157. responding fluorenylidene derivati®was prepared
E-mail addresshelmut.alt@uni-bayreuth.de (H.G. Alt). in an analogous manner.

2.1. Synthesis of the mononuclear complexes

For comparisons mononuclear complexes were syn-
thesized according t&cheme 1 [7-13]The corres-
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Scheme 1. Synthesis of the mononuclear metallocene compleaed 2.
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Scheme 2. Synthesis of the ligand precursors for dinuclear complexes.

2.3. Synthesis of the tetranuclear complexes the ligand precursor8 and 9. An analogous com-

plexation reaction (se8chemes 1 and)3eads to the

The tetranuclear compounds were synthesized via tetranuclear complexes) and11 (Schemes 5 and)6

the same routeScheme %#[17,18]. [12,13] The fluorenyl derivativ® was prepared in an

The treatment of7 with an eight-fold excess of  analogous manner. The fluorenylidene derivatiie
sodium cyclopentadienide or fluorenyllithium yields was prepared in an analogous manner.
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Scheme 3. Synthesis of the dinuclear metallocene compkxesl 6.
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The analogous fluorenyl derivative 9 was prepared in an analogous manner.
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Scheme 5. Formation of the ligand precurs8rand9.
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Scheme 6. Synthesis of the tetranuclear complédeand 11 [12,13]
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The low SOlUblllty of10 and 11 made the charac- Cyclopentadienyliden Fluorenyliden
terization by NMR spectroscopy difficult. Mass spec- 350 ligands ligands
trometry mainly showed fragments such as*Fand Activity 30 =

. kg(PE)/g(Zr) |
FluZrCh™*; the molecular peak was observed with P

very low intensity.

200 —1

150

3. Polymerization Results 100 1 — [— ﬂ
50 -
i i i i 0 [

The following scheme will elucidate the relation- ' ‘ '

. . 1 5 10 2 6 11
ship between the mono, di and tetra nuclear com- catalyst precursor
plexes. Each of the complexes contains the same o
highlighted basic structural eIemerSc(heme Y Scheme 8. Polymerization activities under homogeneous polymer-

. o . ization conditions.
Thus, a similar polymerization behaviour should be

expected. However, the experimental data showed dif-
ferent results Table 1. The tetranuclear catalysi® and11, however, had

In the homogeneous polymerization runs, the mono a lower activity than both the mono- and the dinuclear
and the dinuclear catalysts showed almost the same acspecies. This becomes obvious in case of the fluorenyl
tivity. This is an indication that in the dinuclear species complex11 [19-23](Scheme R
both metal centers are activated by MAO to the same  Fluorenyl complexes usually show a much higher
extent as the metal in the mononuclear species. catalytic activity in the olefin polymerization than

_ZrCl

/
Sl—
\
L\ZrC12
P L/Sl\
CIZZr\ /Sl

C]2Zl‘
L= C5H4 or C13H3

Scheme 7. Basic structural elements in the mono, di and tetranuclear complexes.

Table 1

Results of the homogeneous ethylene polymerization reations

Compound Activity HT-GPC

(9(PE)/g(Znh) M
, (g/mol) Mw (g/mol) M (g/mol) M, (g/mol) D (Mw/M,)

1 109000 95120 266400 851600 217200 2.8
2 320000 413800 1239000 3557000 1053000 3.0
5 103000 ND

6 308000 ND
10 76000 72930 461700 1658000 366500 6.3
11 105000 119700 631200 1938000 527300 5.3

aAt 60°C, 30min, 10bar ethylene pressure, Zr:Al1:2500, pentane solution.
D: polydispersity; ND: not determined.
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Cyclopentadienylidene Fluorenylidene This result emphaSiZeS again that steric CrOWding
450 | derivatives L derivatives |- should be avoided in order to obtain good activities.
Activity 400 = The heterogeneous polymerization of ethylene with
(kg(PE)g(Zr) h] :38 the same catalysts supported on silica gel gave differ-
250 I ent results.
200 - It is well-known that metallocene catalysts can lose
150 —— up to 90% of their original activity when they are
podl T supported on silica gel. One reason could be the fact
04 1 . that OH functions on the surface of the silica provide
I s w2 6 11 Lewis basic centers that poison the activated catalysts
that are strong Lewis acids. In our experiments the
catalyst precursor mononuclear catalysts lost about 20% of their activ-

. . : ; 0
Scheme 9. Polymerization activities under heterogeneous polymer- ity while the d,mUCIear CataIyStS gamEd aPOUt,SO/("
ization conditions. Such a behavior was already observed with dissym-

metric dinuclear complexd®5] and interpreted with
a favorable interaction of the MAO anion and the sup-

the corresponding cyclopentadienyl derivatijed] port providing an easily accessible active center for the
because of their ring slippage potential. The rea- monomer.
son for the rather low activity of the tetranuclekk The polyethylenes produced with the homogeneous

could derive from the “steric stress” of the molecule or heterogeneous catalys¥ables 1 and Phave com-
(molar mass: 2275g/mol) in combination with the paratively narrow molecular weight distribution’d &
MAO counter anions that are formed in the activation 2.3—-3.0) when the mononuclear catalysts were ap-
step. As a consequence, it is hard for the monomer plied. The polydispersity is highei( = 4.6—6.3) for
to reach a metal center for complexation. In addition, the resins that were obtained from the tetranuclear
the growth and the orientation of the polymer chain catalysts. The homogeneous runs produced polyethy-
during the polymerisation process is limited because lene with somewhat higher polydispersities and lower
of these steric conditions. All these disadvantageous molecular weights than the heterogeneous runs. An
parameters compensate the *“fluorenyl bonus” of explanation for this pheneomenon could be the exis-
mononuclear homogeneous catalysts. tence of slightly different active sites in these bulky
The tetranuclear compounds, however, show diver- molecules. On a support the variations of active sites
gent results: in case of the cyclopenta dienylidene could be limited because of steric reasons. The slightly
derivativel0 an increase, in case of the fluorenylidene higher molecular weights could be the consequence of
derivative11, a decrease of activity was observed in a less favored termination reaction of the polymeriza-

comparison to the homogeneous catalyStheme 9 tion process.
Table 2
Results from the heterogeneous ethylene polymerization reattions
Compound Activity HT-GPC
PE)/g(znh
(O(PENg(Znh) M, (g/mol) My (g/mol) M; (g/mol) M, (g/mol) D (Mu/M,)
1 102000 104000 271200 1075000 258900 2.6
2 260000 396000 911500 3854000 826600 23
5 149000 ND
6 391000 ND
10 140000 78270 459900 1623000 369300 5.9
11 97000 164500 755600 2736000 632800 4.6

aAt 60°C, 30min, 10bar ethylene pressure, Zr:Al1:2500, in pentane slurry.
D: polydispersity; ND: not determined.
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4. Experimental

All experimental work was routinely carried out us-
ing Schlenk technique. Dried and purified argon was

H.G. Alt et al./Journal of Molecular Catalysis A: Chemical 191 (2003) 177-185

4.4. Gas chromatography

Gas chromatograms were recorded using a Perkin—
Elmer Auto System gas chromatograph with flame

used as inert gas. Toluene, pentane, diethylether andionization detector (FID) and helium as carrier gas

tetrahydrofuran were purified by distillation over Na/K
alloy. Ether was additionally distilled over lithium
aluminum hydride. Methylene chloride was dried with
Cahb. Deuterated solvents such as chloroforiradd
benzene-¢gl were dried over molecular sieves (300

pm), degassed and stored under inert gas atmosphere.

Commercially available indene was distilled and
stored at—28°C. Cyclopentadiene was freshly dis-
tiled from the dimer. Methylalumoxane (MAO;
30% in toluene) was supplied by Witco Company,
Bergkamen. All the other starting materials were
commercially available and were used without further
purification.

4.1. NMR spectroscopy

The spectrometer Bruker ARX 250 was avail-
able for the recording of the NMR spectra. The

organometallic compounds were prepared under inert
gas atmosphere (argon). The spectra were recorded a

25°C. The chemical shifts in thEH NMR spectra are
referred to the residual proton signal of the solvent
(6 = 7.24 ppm for chloroform§ = 7.15 ppm for ben-
zene) and in th&C NMR spectra to the solvent signal
(86 = 77.0 ppm for chloroform-¢, § = 1280 ppm for
benzene-g). Tetramethylsilanes( = 0.0 ppm) was
used as external calibration f6¥Si NMR spectra.

4.2. GC/MS spectroscopy

GC/MS spectra were performed with a HP5971A

(2 ml/min).
Temperature program:

starting phase: 3min at 5C;
heating phase: 8/min (15 min);
plateau phase: 3T (15 min).

4.5. Synthesis of the ligand precursors for the
mononuclear complexes

General procedure: 2.58 g (20 mmol) of dichlorodi-
methylsilane in 200 ml of diethylether and 10 mmol of
sodium cyclopentadienide (or 10 mmol of fluorenyl-
lithium) were mixed at room temperature in a Schlenk
tube. The mixture was stirred for 8h, then filtered
through sodium sulfate and silica gel. The solvent was
removed in vacuo. Yields: ca. 95%.

4.6. Preparation of the mononuclear zirconocene
Pomplexei and2

The 10 mmol of the ligand precursor were dissolved
in 200ml of diethylether. A volume of 12.5ml of
butyllithium solution (1.6 M in hexane; 20 mmol) was
added. The mixture was stirred for at least 8 h at room
temperature. Then the solution was cooled-8°C
and 2.33 g (10 mmol) of zirconium tetrachloride were
added. The mixture was brought to room tempera-
ture within 6 h and stirred for another 6 h. The solvent
was removed in vacuo, the residue was suspended in
methylene chloride and the suspension was filtered

mass detector in combination with a HP5890 gas chro- over sodium sulfate. The solvent of the methylene
matograph. Helium was applied as carrier gas, a 12 m chloride phase was removed in vacuo, the residue was

J&W Fused Silica column (DB 1, film 0.35m) was
used. The measuring program was: 3min afC0
(starting phase); 20C/min (heating phase); variable
time at 210°C (final phase).

4.3. Mass spectroscopy

The mass spectra were recorded with a VARIAN
MAT CH7 instrument, GC/MS with a VARIAN 3700
gas chromatograph in combination with a VARIAN
MAT 312 mass spectrometer.

washed with pentane and diethylether several times
and then crystallized at28°C from methylene chlo-
ride. Yields: 50—-70%. The complexes were character-
ized by NMR spectroscopyTéble 3.

4.7. Preparation of the tetrachlorodisilane
precursor for dinuclear complexes

The 3.1g (20mmol) of allyldichloromethylsilane
and 3.45g (30 mmol) of dichloromethylsilane were
dissolved in 10 ml of pentane. Approximately 50 mg
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NMR dat& of compoundsl-11
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Compound  H NMR (8 in ppm) 13C NMR (8 in ppm) 29Si NMR (5 in ppm)

1 6.88-6.46 (m, 8H, Cp); 0.16 (s, 6H, 129.5, 128.1, 127.2, 125.6 (CH, Cp)4.6 -10.2
Si—CHg) (Si—-CH)

2 7.89-7.15 (m, 16H, Flu);-0.10 (s, 6H, 1443, 144.1 (G, Flu), 129.9, 127.2, 125.4, -11.0
Si-CHg) 124.0, 121.5 (CH, Flu)~5.1 (Si-CH)

3 6.56-6.45 (m, 16H, ar H, Cp), 2.99-2.94 143.4, 138.2, 132.7, 132.6, 132.3, 130.6, 6.0, -5.0
(m, 8H, al H, Cp), 0.58-0.26 (m, 6H, 130.4, 129.6 (CH, ar, Cp), 45.9, 43.7, 43.1
bridge), —0.24, —0.01, —0.28 (s, 6H, (CHp, al, Cp), 26.3, 6.3, 6.6, 6.3, 6.1
Si—ChHp) (CHy, bridge), —6.9, —7.3, —7.4 (Si—CH)

4 7.38-6.63 (m, 32H, Flu), 3.57 (s, 4H, al H, 143.8, 142.9, 142.1, 140.1 4CFlu), 128.3, -5.8
Flu), 1.34—1.19 (m, 6H, bridge), 0.13 127.1, 126.1, 124.7, 120.4 (CH, Flu), 38.3
(s, 6H, Si-CH) (CH, al, Flu), 27.3, 26.8, 22.1 (GH

bridge), —0.2 (Si-CH)

5 6.80-5.79 (m, 16H, Cp), 2.11-1.37 129.3, 128.0, 115.1, 114.1 (CH, Cp), 108.1 -12.9

(m, 6H, bridge), 0.72 (s, 6H, Si-GH (Cq, Cp), 16.7, 15.5 (CH} bridge),—7.0
(Si-Ch)

6 7.79-7.55, 7.40-7.19, 7.03-6.64 (m, 32H, 145.4, 141.0, 131.7 ({ Flu), 127.5, 126.1, -12.3
Flu), 1.25-0.23 (m, 6H, bridge);0.26 125.7, 125.3, 124.6, 124.2, 120.2, 120.0
(s, 6H, Si-CH) (CH, Flu), 33.3, 12.4 (Cli bridge),—7.1

(Si-Ch)

7 1.22-0.70 (m, 16H, bridges), 0.74, 0.73 14.2, 4.5 (Si-CH), 2.7, 2.2 (CH, bridges) 33.4, 32.8 (CI-Si),
(s, 12H, Si-CH) 1.28 (alkyl-Si)

8 6.61-6.02 (m, 32H, ar H), 3.77-3.72 142.3, 132.9, 131.1 (CH, ar, Cp), 47.1 5.9 (alkyl-Si), —5.3,
(m, 8H, al H, Cp), 1.28-0.27 (m, 16H, (CHy, al, Cp), 24.4, 24.3 (CH bridges), —5.8 (Cp-Si)
bridges),—0.16, —0.20 (s, 12H, Si-Ch) —7.8 (Si-CH)

9 7.96-7.34 (m, 64H, ar H, Flu), 4.33-4.31 144.3, 143.9 (g, Flu), 132.4, 130.1, 129.7, 5.3 (alkyl-Si), —6.4,
(8H, al H, Flu), 1.35-0.44 (m, 16H, 126.4, 122.1 (CH, ar, Flu), 39.6 (CH, al, —6.7 (Flu-Si)
bridges),—0.02, —0.19 (s, 12H, Si-Ch) Flu), 25.5, 16.4 (CH, bridges),—7.5

(Si-Chg)

10 7.15-6.87 (m, 16H, Cp), 5.90-5.82 135.4, 131.7, 129.1 (CH, Cp), 42.1, 22.6  —11.4 (Cp-Si) 0.7
(m, 16H, Cp), 1.39-0.65 (m, 16H, (CHy, bridges),—7.5 (Si-CH) (alkyl-Si)
bridges), 1.14 (s, 12H, Si—-GH

11 7.70-6.98 (m, 64H, Flu), 1.51-0.34 146.1, 140.9 (G, Flu), 129.2, 128.3, 127.5, —12.1 (Flu-Si) 0.8

(m, 16H, bridges), 0.95 (s, 12H, Si-GH

125.1, 120.0 (CH, Flu), 26.8, 22.5 (GH
bridges),—7.2 (Si-Ch)

(alkyl-Si)

2In CDClg, at 25°C.

of hexachloroplatinic acid hydrate were added. The
mixture was stirred at room temperature for 40 h, then
filtered through sodium sulfate. The solvent and the
excess silane were removed in vacuo. Yield: 95%.

4.8. Preparation of the ligand precursofsand 4
for the dinuclear complexes

The 2.7g (10mmol) of 2,2,7,7-tetrachloro-2,7-
disila-heptane were dissolved in 200 ml of diethylether
at room temperature. Then 40 mmol of sodium cy-
clopentadienide (or fluorenyllithium) were added.
The mixture was stirred for 8h, then filtered over

sodium sulfate and silica gel. The solvent was re-
moved in vacuo. The crude products were crystallized
from pentane at-28°C. Yields: 85-90%. The com-
pounds were characterized by NMR spectroscopy
(Table 3.

4.9. Synthesis of the dinuclear complekeand 6

The 5mmol of the fluorenyl or cyclopentadienyl
substituted ligand precursor were dissolved in 400 ml
of diethylether and 25 ml (40 mmol) efbutyllithium
(1.6 M in hexane) were added. The reaction mixture
was stirred for a minimum of 8 h at room temperature.
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The solution was cooled te-78°C. Then 2.33g reaction mixture was stirred for a minimum of 8 h at
(20 mmol) of zirconium tetrachloride were added. The room temperature.
reaction mixture was brought to room temperature  The solution was cooled te-78°C. Then 4.66¢
within 6 h and stirred for another 6 h. The solvent was (20 mmol) of zirconium tetrachloride were added. The
removed in vacuo, the residue suspended in methy-reaction mixture was brought to room temperature
lene chloride and the solution filtered over J$&). within 6 h and stirred for another 6 h. The solvent was
The solvent of the methylene chloride phase was removed in vacuo, the residue suspended in methy-
again removed in vacuo, the residue was washed with lene chloride and the suspension filtered through
pentane and the product crystallized from methy- NaSO4. The methylene chloride was removed in
lene chloride/pentane. Yield: 60-70%. The com- vacuo, the residue washed with pentane and the prod-
plexes were characterized by NMR spectroscopy uct crystallized from methylene chloride/pentane.
(Table 3. Yield: 40-80%. The complexes were characterized

by NMR spectroscopyTable 3.

4.10. Synthesis of tetrakis(1-(3,3-dichloro-
3-sila-butyl))-silane 7) 4.13. Polymerization reactions

The 1.36g (10 mmol) of tetravinylsilane in 10 ml An amount of 20—25 mg of the corresponding com-
of pentane and approximately 50 mg of hexachloro- plex was dissolved in 50 ml of toluene. A volume of
platinic acid hydrate were given to a Schlenk ves- the solution containing 1-2 mg of complex was taken
sel at room temperature. The 4.6g (40mmol) of and activated with MAO (30% in toluene; Al:Z&
methyldichlorosilane were added and the mixture was 2500:1).
stirred for 40 h, then filtered through M&O, and the For heterogeneous polymerization, silica gel was
solvent was removed in vacuo. Yield: 95%. Com- added (1g Si@umol(Zr)) to this solution and stirred
pound 7 was characterized by NMR spectroscopy for 3min. Both for homogeneous and heterogeneous

(Table 3. polymerization reactions the catalyst suspension was
added to 250 ml of pentane and charged to a 11 Biichi

4.11. Synthesis of tetrakis(1-(3,3- laboratory autoclave thermostated at®60 An ethy-

bis(cyclopentadienyl)-3-sila-butyl))-silan8)(and lene pressure of 10 bar was applied to the reactor and

tetrakis(1-(3,3-bis(fluorenyl)-3-sila-butyl))-silang)(  the polymerization was conducted for 30min at 60
(£3)°C. The obtained polymer was dried in air for at
The 24 mmol of cyclopentadienylsodium (resp. flu- least 60 h. The polymerization results are presented in
orenyllithium) in 10 ml of thf (resp. diethylether) were Tables 1 and 2
added to 2 g (6 mmol) of 1,1,5,5-tetrachloro-1-phenyl-
1,5-disilahexane in 100 ml of ether. The mixture was
stirred at room temperature for 6 h. The solvent was
removed in vacuo, the residue taken up in ether, the
suspension filtered through b&0O, and SiQ and the
solvent removed in vacuo. Yield: 90-95%. The com-
pounds8 and 9 were characterized by NMR spec-
troscopy {able 3.
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