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Abstract

Eight zirconocene dichloride complexes are described that contain an alkyl or silylalkyl substituent with a fluorenyl end
group on the cyclopentadienyl ring. Also, a bridged cyclopentadienyl indenyl metallocene complex with a fluorenyl terminated
alkyl substituent is reported. These complexes were activated with methyl aluminoxane (MAQO) and used for catalytic ethylene

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

Metallocene complexes, activated with methyl alu-
minoxane (MAQO), are attractive catalysts for olefin
polymerization. The variation of the aromatic ligands
with substituents can significantly impact the resulting
polymer properties [1-26]. We were interested in zir-
conocene complexes with one alkyl or silyl substituent
on the cyclopentadienyl ligand, the substituents ter-
minated with a fluorenyl end group. The following
guestions were of interest: How strongly do the bulky
fluorenyl groups influence olefin polymerization? If
the five-membered ring of the fluorenyl group can be
aromatized to form a mono anion, can it compete ef-
fectively with otherm-ligands for coordination to the
metal center?

* Corresponding author. Tel#49-921-55-25-55;
fax: +49-921-55-21-57.
E-mail address:hhelmut.alt@uni-bayreuth.de (H.G. Alt).

I Alexander von Humboldt awardee from Jahangirnagar Univer-
sity, Dhaka, Bangladesh.

2. Results and discussion

2.1. Synthesis and characterization of substituted
fluorene derivatives

2.1.1. Synthesis of the (9-fluorenyl)e-bromoalkane
derivativesl-3

The stoichiometric reaction ef,w-dibromoalkanes
with fluorenyllithium [27] leads tax-(9-fluorenyl)«w-
bromoalkane derivatives [28-30]. Solvent selection
is critical for the single substitution reaction be-
cause even weakly polar solvents, e.g. diethylether,
increase the amount of doubly fluorenyl substituted
reaction products. When doubly substituted prod-
ucts are present, purification of the product results in
major yield reductions. Therefore, the synthesis of
the a-(9-fluorenyl)w-bromoalkane derivatives-3 is
conducted im-pentane suspension (Fig. 1).

2.1.2. Synthesis of the-(9-fluorenyl)e-alkene
derivatives4-6

The correspondingx-bromo-w-alkene derivatives
can be directly reacted with fluorenyllithium [27] in
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Fig. 1. Synthesis of the-(9-fluorenyl)w-bromoalkane derivative$-3.

Fig. 2. Synthesis of the-(9-fluorenyl)w-alkene derivativeg—6.

diethylether without changing the solvent, to synthe-
size the a-(9-fluorenyl)w-alkene derivatives4—6

(Fig. 2).

2.1.3. Synthesis of the-(9-fluorenyl)e-
(dimethylchlorosilyl)alkane derivativés-9

Thea-(9-fluorenyl)w-(dimethylchlorosilyl) deriva-
tives 7-9 are synthesized by hydrosilylation of
the «-(9-fluorenyl)w-alkene derivatives4—6 with
dimethylchlorosilane [31]. Hexachloroplatinic acid
serves as catalyst for the hydrosilylation reaction. The
amount of hexachloroplatinic acid used should be
limited (=6 vol.%) to control the highly exothermic
reaction. Excess dimethylchlorosilane, which also
serves as the solvent, is used (Fig. 3).
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Fig. 3. Synthesis of thex-(9-fluorenyl)w-(dimethylchlorosilyl)
derivatives7-9.

2.1.4. Synthesis of the-(9-fluorenyl)e-
(cyclopentadienyl)alkane derivativdéfa,b-124.b

Thea-(9-fluorenyl)w-(cyclopentadienyl)alkane de-
rivatives 10ab-12ab are synthesized by reacting
the corresponding a-(9-fluorenyl)w-bromoalkane
derivatives 1-3 with cyclopentadienyl lithium [28].
Cyclopentadiene is first deprotonated in tetrahy-
drofuran with n-butyllithium. After the formation
of the anion, hexamethylphosphoric triamide and
the desired a-(9-fluorenyl)w-bromoalkane deriva-
tives (1-3) are added to the reaction solution. Hex-
amethylphosphoric triamide complexes the lithium
cation and inhibits the formation of a spiro by-product
(spiro[cycloalkane-1/9luorene]) that results when
cyclopentadienyl lithium reacts with the proton in
position 9 of the fluorenyl group (Fig. 4).

2.1.5. Synthesis of the 1-fluoreryd(dimethylcyclo-
pentadienylsilyl)alkane derivativedsa,b-15a,b
Cyclopentadiene is deprotonated withbutylli-
thium in diethylether and then reacted with the
desired chlorosilaner€9) to give thea-(9-fluorenyl)-
w-(dimethyl-cyclopentadienylsilyl)alkane derivatives
13ab-15ab. Two isomers, differing in the position
of the double bonds in the cyclopentadienyl ring, are
formed during the reaction. In solution, the isomers
are in equilibrium due to metallotropic 1,2-shifts [32]

(Fig. 5).

2.1.6. Synthesis of 1-((9-fluorenyl)isopropylidene)-
3-((1-cyclopentadienyl)isopropylidene)inderd€)16
Fulvenes can be synthesized by base catalyzed con-
densation of cyclopentadiene or indene with ketones
or aldehydes in methanol [33,34]. These fulvenes
can be reacted with the appropriate metal salt to pro-
duce C;i-bridged ligand precursors [35-37]. In this
reaction, the fluorenyl or indenyl anion reacts with
the exocyclic double bonds of pentafulvenes to form
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Fig. 4. Synthesis of the-(9-fluorenyl)w-(cyclopentadienyl)alkane derivativd®ab-12ab.
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Fig. 5. Synthesis of thex-(9-fluorenyl)w-(dimethylcyclopenta-
dienylsilyl)alkane derivatived3ab-15ab.

the desired anion. Ligand precursb® was synthe-
sized via a double fulvene reaction. A substituted in-
denyl anion is formed by reaction of fluorenyllithium
with 6,6-dimethylbenzofulvene [38]. This then reacts
further with 6,6-dimethylfulvene [39,40] in a one-pot
reaction to form ligand precursds6 (Fig. 6).

2.2. Spectroscopic characterization of compounds
1-16

Compoundsl-16 were characterized byH, 13C
and2%Si NMR spectroscopy. Spectroscopic data are
listed in Table 1. The mass spectroscopy data are found
in Section 3.
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Fig. 6. Synthesis of the ligand precursbs.
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Table 1

1H, 13C and?°Si NMR data for the substituted fluorene and cyclopentadiene derivatives and their preciv&éys(¢nly one isomer is

illustrated)
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"H NMR?
[J(H,H) in Hz]

BC NMRY

29Si
NMR®

7.82 (d, 2H) [7.4], 7.58
(d 2H) [7.4], 7.45 (t,
2H) [7.4], 7,38 (t, 2H)
[7.4], 4.21 (t, 1H) [6.1],
3.37 (t, 2H) [7.0], 2.53
(m, 2H)

(Cy: 146.2,141.4

(CH): 127.7, 127.5, 124.6
120.2, 46.7

(CHy): 37.0, 31.0

>

7.80 (d, 2H) [7.4], 7.56
(d 2H) [7.4], 7.40 (4,
2H) [7.4], 7,35 (t, 2H)
[7.4], 4.08 (t, 1H) [7.4],
3.29 (t, 2H) [7.0], 2.24
(m, 2H), 1.56 (m, 2H)

(C,): 147.1, 1415

(CH): 127.5, 127.4, 124.6
120.2, 47.0

(CH,): 34.6, 31.4, 28.7

>

7.81 (d, 2H) [7.4], 7.55
(d 2H) [7.4], 7.38 (1,
2H) [7.4], 7,35 (t, 2H)
[7.4], 4.06 (t, 1H) [7.3],
3.22 (t, 2H) [7.0], 2.21
(m, 2H), 1.49 (m, 4H)

(C,): 147.0,141.6

(CH): 127.4, 1274, 124.5,
120.2, 47.1
(CH,): 34.6,
25.8

31.2, 26.7

>

7.81 (d, 2H) [6.6], 7.60
(d, 2H) [6.4], 7.43-7.36
(m, 4H), 5.80 (m, 1H),
5.07 (m, 1H), 4.06 (t,
1H) [6.3], 2.78 (m, 2H)

(C,): 146.8,140.9

(CH): 135.5, 127.0, 126.6
124.5,119.8, 46,8

(CH): 32.6

>

7.91 (d, 2H) [6.6], 7.66
(d, 2H) [7.4], 7.52-7.42
(m, 4H), 5.92 (m, 1H),
5.12 (m, 1H), 4.16 (t,
1H) [5.5], 2.28 (m, 2H),
2.10 (m, 2H)

(C,): 147.0, 141.0,

(CH): 138.4, 126.8, 126.7
124.2, 119.7, 46.8

(CH,): 32.2,29.6

B

7.91 (d, 2H) [6.6], 7.66
(d, 2H) [7.1, 7.53-7.42
(m, 4H), 5.88 (m, 1H),
5.12 (m, 1H), 4.14 (t,
1H) [5.7], 2.21 (m, 4H),
1.44 (m, 2H)

(Cy): 147.3,141.0
(CH): 138.4, 126.8,
124.2, 119.7, 47.2
(CHy): 33.9, 32.4, 24.7

126.7

>

7 (n=3)

7.94-7.91 (m, 2H), 7.68-
7.55 (m, 2H), 7.54-7.46
(m, 4H), 4.14 (t, 1H)
[5.0], 2.25-2.16 (m, 2H),
1.68-1.62 (m, 2H),1.05-
0.98 (m, 2H), 0.56 (s,
6H)

(Cy): 147.1, 140.6,

(CH): 126.8, 126.7, 124.2
119.7, 47.0

(CH,): 36.3, 19.5, 18.9
(CH;) 1.5

>

32.0
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(D

L
SiMeCl

8 (n=4)

7.67-7.64 (m, 2H), 7.42-
7.40 (m, 2H), 7.29-7.18
(m4 H), 3.88 (t, 1H)
[5.0], 1.95-1.90 (m, 2H),
1.27-1.12 (m, 4H), 0.66-
0.60 (m, 2H), 0,25 (s,
6H)

(C,): 147.3,141.1,

(CH): 126.8, 126.7, 124.3,
119.7, 47.3

(CHy): 32.7, 29.3, 23.5
18.7

(CH3): 1.5

>

35.8

(A

L
SiMe;Cl

9 (n=5)

7.97-7.95 (m, 2H), 7.71-
7.58 (m, 2H), 7.56-7.52
(m, 4H), 4.18 (1, i)
[5.0] , 225231 (m,
2H), 1.56-1.46 (m, 6H),
0.98-0.92 (m, 2H), 0.55
(s, 6H)

(C,): 1473, 141.0,

(CH): 127.3, 126.7, 124.8,
119.7, 41.3

(CHy): 36.7, 33.1, 32.7
24.9,22.6,18.7

(CH3): 1.5

>

322

7.85 (d, 4H) [7.4], 7.58
(d, 4H) [7.4], 7.43 (m,
4H), 7.38 (m, 8H), 6.43
(m, 3H), 6.29 (m, 1H),
6.17 (m, 1H), 6.01 (m,
1H), 4.11 (m, 2H), 3.05
(m, 2H), 2.83 (m, 2H),
2.59 (m, 2H), 2.34 (m,
2H), 1.98 (m, 2H)

(Cq): 149.1, 147.2, 147.4,
146.5, 141.1

(CH): 134.5, 133.3, 132.5,
130.6, 126.6, 126.6, 126.1,
124.0, 119.6, 47.3

(CH,): 41.3, 43.5, 32.6,
32.9,30.9, 31.1,

11a,b (n=3)

7.83 (d, 4H) [7.4], 7.57
(d, 4H) [7.4], 7.41 (m,
4H), 7.39 (m, 8H), 6.43
(m, 3H), 6.29 (m, 1H),
6.17 (m, 1H), 6.01 (m,
1H), 4.06 (m, 2H), 2.99
(m, 2H), 2.83 (m, 2H),
242 (m, 4H), 2.12 (m,
4H), 1.50 (m, 4H)

(Cq): 1493, 1473, 147.2,
146.6, 141.0

(CH): 134.6, 133.6, 132.3,
130.5, 126.7, 126.6, 126.0,
124.2, 119.7, 47.2

(CHy): 41.1, 43.0, 32.6,
32.5,30.7, 29.9, 25.3, 24.6

7.78 (m, 2H), 7.53 (m,
2H), 7.33 (m,4H), 6.42
(m, 3H), 6.26 (m, 1H),
6.12 (m, 1H), 5.98 (m,
1H), 4.01 (m, 2H), 2.95
(m, 2H), 2.84 (m, 2H),
2.33 (m, 4H), 2.06 ,
4H), 1.55 (m, 4H), 1.20

(m, 4H)

(Cq): 1475, 141.1, 432,
41.2

(CH): 134.7, 133.6, 132.4,
130.4, 126.8, 126.2, 125.8,
124.3, 119.8, 47.4

(CHy): 329, 30.5, 30.1,
29.6,29.1,25.5

13a,b (n=3)

7.94-7.91 (m, 2H), 7.69-
7.66 (m, 2H), 7.57-7.46
(m, 4H), 6.79-6.67 (m,
5H), 4.11 (m, 1H), 2.21-
2.12 (m, 2H), 1.57-1.48
(m, 2H), 0.74-0.68 (m,
2H), 0.08 (s, 3H)

(C,): 147.5,140.9.

(CH): 141.8, 137.7, 132.8,
123.0, 126.8, 126.7, 124.7,
122.0, 119.7, 47.2

(CH,): 36.8, 20.6, 15.6
(CH3): -4.0

7.1

13
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Table 1 Continued

7.67-7.63 (m, 2H), 7.43-[(C,): 147.5, 141.1

7.40 (m,2H), 7.29-7.21|(CH): 141.7, 137.6, 132.8,

(m, 4H), 6.56 (m, 5H),|129.9,126.8, 126.7, 124.2,

3.90-3.86 (m,1H), 1.97-|122.7, 119.7, 47.3 3.7

1.92 (m, 2H), 1.16-1.14 [(CH,): 32.6, 29.3, 27.6,

(m, 4H), 0.51-0.32 (m,|15.9

2H), 0.13 (s, 6H) (CHy): -4.1

7.87 (m, 2H), 7.64 (m,[(C,): 147.4, 141.0

2H), 7.51-7.44 (m, 4H), |(CH): 141.7, 137.5, 132.8,

7.43-6.72 (m, SH), 4.05-129.9, 126.9, 126.9, 124.4,
si 3.55 (m, 1H), 2.11-1.93|122.2, 119.8, 47.6, 3.9

@ (m, 2H), 1.39-1.33 (m,|(CH,): 33.9, 33.0, 253,

6H), 0.06-0.03 (m, 2H), |23.9, 15.6

15a,b (n=5) 0.01 (s, 6H). (CHs): -4.2
8.23 (4, 1H) [7.5], 7.99(C,): 155.3, 151.5, 147.0,
O.Q (t, 2H) [7.6], 7.62-7.11|145.2, 145.1, 144.2, 142.0,

(m, 10H), 6.83 (m, 1H), | 141.8, 40.2, 38.3
o C 6.35 (m, 2H), 5.11 (s,|(CH): 134.0, 132.8, 132.0,
O 1H), 4.02 (s, 1H), 3.32[127.0, 126.8, 126.4, 126.1,
(m, 2H), 1.61 (s, 6H),|125.9, 125.7, 124.9, 124.4,
16 1.38 (s, 6H) 124.2, 124.1, 121.9, 119.4,
119.2, 56.4, 53.2

(CH,): 40.9
(CH): 27.7, 22.7

a25°C, in chloroformel; § [ppm] rel. chloroform (7.24).
b25°C, in chloroformd; & [ppm] rel. chloroformd; (77.0).
€25°C, in chloroforme; § [ppm] rel. TMS: (0.0).

Fig. 7. Synthesis of the bis[2-(9-fluorenyl)ethylidenexP-gyclopentadienyl)] zirconium dichloride compléx.
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Fig. 8. Synthesis of the bis[1-(9-fluorenyl)-1-methylethylidenesi-¢yclopentadienyl)] zirconium dichloride compl&a.

2.3. Synthesis of the metallocene dichloride subsequently with one equivalent of zirconium tetra-
complexed7-25 with w-fluorenylalkyl or silyl chloride (Fig. 10).
substituents The reaction of ligand precursat6 with three

equivalents ofn-butyllithium and subsequently with

The ligand precursors0ab—15ab are lithiated to one equivalent of zirconium tetrachloride led to a mix-
monoanions by reacting them with one equivalent ture of products that could not be isolated. Obviously,
of n-butyllithium. The n-butyllithium must be added the coordination of all threer-ligands to zirconium
dropwise to the ligand precursor in diethylether to was not achieved. Presumably, sterical factors prohibit
achieve selective deprotonation of the stronger acidic the coordination of the fluorenyl group. Metallocene
CH bonds (K5 values [41-44]: cyclopentadiene
15, indene 18, fluorene 21). The corresponding un-
bridged metallocene dichloride complexek/{22)
are obtained by the reaction of two equivalents of the
monolithiated ligand with one equivalent of zirco-
nium tetrachloride. A very similar titanium complex
has been published recently [45] (Fig. 7).

The fulvene method [35-37] can also be used to
synthesize unbridged metallocene dichloride com-
plexes containing CH-acidic substituents directly

without isolating the ligand. For example, complexes }; Eﬁ;g ;‘1) ggji
23 and 24 are formed by first quantitatively reacting 19 n=4) 22 n=5)
fluorenyllithium with 6.6-dimethylfulvene [39,40] to
give the substituted cyclopentadienyl anion and then O Q
by further reacting the anion with half an equiva- .
lent of zirconium tetrachloride or one equivalent of H
cyclopentadienyl zirconium trichloride [46] (Fig. 8).

Fig. 9 shows the unbridged zirconocene dichlo- @
ride complexes containing CH-acidic substituents _cl
that were synthesized using one of the two synthesis I35
methods described. @7

The bridged metallocene dichloride complés
was synthesized analogous to the unbridged metal-

locene complexes. The bridged ligand precursér Fig. 9. Overview of the synthesized, unbridged zirconocene dichlo-
was reacted with two equivalentsmwbutyllithium and ride complexesl7-24.

3 24
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group interacts with the catalytically active metal cen-
ter. In a similar manner also terminal phenyl groups
in allyl substituents of bis(cyclopentadienyl)zirconium

dichloride complexes can cause such an effect [48].
The acidic character of the hydrogen in position 9 of
the terminal fluorenyl group may also contribute to the
observed polymerization results. The acidic hydrogen

O‘ C can be abstracted not only witltbutyllithium (see
complex synthesis) but also with MAO. Depending

16 25 on the spacer chain length, the formed fluorenyl an-
ion possibly interacts intramolecularly or intermolec-
ularly with a zirconium center. This could have great
impact on the polymerization behavior of the respec-
tive catalyst and would explain the singular polymer-
ization activities of the metallocene complex@&s-22
and molecular weights of the produced polyethylenes
(700 g/mol for20 and21; 260 g/mol for22).

+2n-Buli +ZiCly

-2n-BuH  -2LiCl

Fig. 10. Synthesis of the bridged zirconocene dichloride complex
25,

complexes with one or even twe-bonded fluorenyl
ligands are known [47]. Such complexes, however,
are unbridged metallocene derivatives.

2.4. Spectroscopic characterization of metallocene
dichloride complexe$7-25 3. Experimental

The metallocene dichloride complex&s-25 were
characterized byH, 13C and?°Si NMR spectroscopy.
The spectroscopic data are listed in Table 2. The mass
spectral data are found in Section 3.

3.1. NMR spectroscopy

The Bruker NMR instruments ARX 250, AC 300
and DRX 500 were available for recording of the NMR
spectra. The organometallic samples were placed in
the NMR tubes under argon and measured &C25

) ) The chemical shifts ifH NMR spectra were referred
The synthesized metallocene complexes, activatedq the residual proton signal of the solvedt={.24

with MAO, were used for homogeneous ethylene poly- ppm for chloroform=7.15 ppm for benzene) and in

merization. The complexes were activated by adding a 13¢ NvR spectra to the solvent signal=£77.0 ppm
3000-fold molar excess of MAO. The formation of an g5 chioroforms;, §=128.0 ppm for benzends).

active catalyst system was indicated by a color change.
In the following paragraphs, the polymerization re-
sults for metallocene dichloride complex2@-22 are
discussed as representative examples of the catalysts
formed from all the substituted zirconocene complexes _ ) ;
presented in this paper. The polymerization activities YARIAN MAT CH7 instrument (direct inlet, elec-
of the activated metallocene complexes, the molecular (0N IMpact ionization 70 eV). GC/IMS spectra were
weightsM,), the fusion enthalpieaHn, the melting recorded using a VARIAN 3700 gas chromatograph
temperature3, and the degrees of crystallinity, of in combination with a VARIAN MAT 312 mass
the resulting polymers are listed in Table 3. spectrometer.
For the metallocene dichloride complex28-22,
no correlation was found between ethylene polymer- 3.3. Gas chromatography
ization activity and the length of the silylenalkylidene
bridge (spacer) (Fig. 11). Organic compounds were analyzed with a Carlo-
The steric influence of the bulky fluorenyl group is Erba HRGC gas chromatograph with flame ionization
apparently not the only way in which the fluorenyl detector. The J&W fused silica column was 30 m long,

2.5. Polymerization of ethylene

3.2. Mass spectroscopy

Routine measurements were performed using a



Table 2

1H, 13C and2°Si NMR data of the metallocene dichloride compleX&s25 containing CH-acidic substituents
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'H NMR?
[J(H,H) in Hz]

BC NMRY

29 Sl
NMR®

7.67 (d, 4H) [6.9], 7.42
(d, 4H) [6.9], 7.29 (m,
8H), 6.03 (m, 4H), 5.94
(m, 4H), 3.95 (t, 2H)
[6.1], 2.40 (m, 4H), 2.19
(m, 4H)

(Cy): 146.6, 141.1, 134.2

(CH):127.1, 126.9, 124.4,

119.8, 116.1, 112.1, 47.0
(CH): 32.6, 25.9

7.65 (d, 4H)[7.7], 7.39
(d, 4H) [7.5], 7.30-7.16
(m, 8H), 6.04 (m, 4H),
5.92 (m, 4H), 3.92 (m,
2H), 2.47-2.40 (m,4H),
2.03-1.96 (m, 4H), 1.22-
1.16 (m, 4H)

(Cy): 147.0, 141.1, 134.3

(CH):126.9, 126.9, 124.3,

119.8, 116.5, 112.4, 47.1
(CH,): 32.4, 30.3, 26.3

7.74-7.71 (d, 4H) [7.5]
7.47-7.45 (m, 4H), 7.39-
7.22 (m, 8H), 6.19-5.96
(m, 8H), 3.97-3.95 (m,
2H), 2.11-2.05 (m, 4H),
1.49-1.42 (m, 4H), 1.
24-1.18 (m, 8H)

(Cy: 1473, 141.1, 134.2

(CH): 126.8, 126.0, 124.3,

119.8, 116.5, 112.2, 47.3

(CHy): 32.6, 30.8, 29.8,

25.2

7.75 (d, 4H), [7.17], 7.4
(m, 4H), 7.34-7.27 (m,
8H), 6.57-6.44 (m, SH),
3.95 (t, 2H), [5.0], 2.00-
1.91 (m, 4H), 1.30-0.71
(m, 8H), 0.26 (s, 6H)

(Cy):147.6, 141.0, 134.4

(CH):126.8, 126.7, 125.8,

124.4,119.8, 115.9, 47.3
(CH,): 37.0, 20.5, 16.9
(CH3)I -2.1

7.69(d, 4H) [6,5], 7.42
(m, 4H), 7.30-7.21 (m,
8H), 6.50-6.36 (m, 8H),
3.92-388 (m, 2H),
1.95-1.89 (m, 4H), 1.21-
111(m, 12H), -0.21 (s,
6H)

(Cy): 147.5,141.1, 134.4

(CH): 126.9, 126.8, 125.7,

124.3,119.7, 115.8, 47.3,

(CHy): 32.6, 29.4, 243,

16.2
(CHs): -0.1, -2.6

7.77 (d, 4H) [6.7], 7.53
(d, 4H), [7.5], 7.38-7.32
(m, 8H), 6.61-6.43 (m,
8H), 4.00-3.91 (m, 2H),
2.01-1.97(m, 4H), 1.35-
1.21(m, 4H), 0,28 (s,
3H), 0.12-0.03 (m, 4H)

(Cy): 147.5, 141.0, 134.5

(CH): 126.8, 126.7, 125.7,

124.3,119.7, 115.8, 47.4

(CH,): 33.7, 32.9, 254,

234, 16.6
(CHs): -2.2

7.59 (d, 4H) [7.4], 7.28
(m, 4H), 7.10 (m, 4H),
6.90 (d, 4H) [7.4], 6.23
(s, 8H), 3.89 (s, 2H),
1.42 (s, 12H)

(C,): 1447, 142.1, 140.9,

40.8

(CH): 127.3, 126.4, 125.9,

119.3, 118.8, 110.0, 61.3
(CHs): 25.0

17
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Table 2 Continued

7.63 (d, 2H) [7.4], 7.36[(C,): 144.7, 142.1, 140.9,
O‘Q (m, 2H), 7.16 (m, 2H), |40.8
6.95 (d, 2H) [7.4], 6.94 |(CH): 127.3, 126.7, 126.3,

e, (m, 2H),6.30 (m, 2H),|120.4, 119.4, 118.7, 118.0,
- 6.28 (s, SH), 3.94 (s,|111.8,111.0,61.2
” @/ 1H), 1.46 (s, 6H) (CH;): 25.0
8.16 (d, 1H) [4.5], 7.87[(C,): 144.8, 1443, 1423,
O.Q (d, 1H) [4.5], 7.64 (d,|141.9, 132.8, 130.3, 119.9,
1H) [4.5], 7.56 (d, 1H)|118.3, 98.6, 41.1, 38.6
C@ [4.5], 7.49 (d, 1H) [4.5], | (CH): 127.2, 127.0, 126.5,
7.28 (t, 1H) [4.5], 7.23|126.2, 126.0, 125.9, 125.8,
#Ch t, 1H) [4.5], 7.16 (t,]125.2, 124.3, 121.4, 120.9,
©) 1H) [4.5], 7.09 (d, 1H)|119.5, 118.9, 114.1, 107.5,
35 [4.5], 6.96 (t, 1H) [4.5],]102.3, 57.9

6.72 (t, 1H) [4.5], 6.33|(CHs): 27.5, 26.6
(m, 2H), 5.78 (m, 1H),|19.3

551 (s, 1H), 5.44 (m,
1H), 5.13 (d, 1H) [4.5],
221 (s, 3H), 2.14 (s,
3H), 1.67 (s, 3H), 0.57
(s, 3H)

a25°C, in chloroforme; § [ppm] rel. chloroform (7.24).
b25°C, in chloroforme; & [ppm] rel. chloroformd; (77.0).
€25°C, in chloroforme; § [ppm] rel. TMS: (0.0).

. 26.0,

had a diameter of 0.32 mm and had a film thickness of 3.5. General synthesis procedure for the
0.25pm. Helium served as carrier gas. The following w-alkenylfluorene derivative$-6
temperature program was used:

Starting phase: 3 min at 5G Fluorene, 6.0 g (36.1 mmol), was dissolved in 150
Heating phase:®/min (15 min) ml diethylether and slowly mixed with 22.6 ml (36.1
Plateau phase: 31Q (15 min) mmol) n-butyllithium (1.6 M in n-hexane) at room
temperature. The reaction mixture was stirred for 4
3.4. General synthesis procedure for the h at room temperature. An equivalent amount of the
1-bromow-(9-fluorenyl)alkaned—3 respectivew-alkenyl bromide derivative was added

at —78C. Subsequently, the reaction mixture was

Fluorenyllithium, 10.4 g (60.2 mmol), was added stirred overnight at room temperature and hydrolyzed
in portions to 100.0 mmol of the corresponding Wwith 50 ml water. The organic phase was dried over
a,w-dibromoalkane in 200 mh-pentane, and the sodium sulfate, and the solvent evaporated in vacuo.
reaction mixture was stirred for 24 h at room temper- The residue was dissolved mpentane, the solution
ature. Subsequently, the reaction mixture was filtered filtered over silica gel and the solvent evaporated.
over sodium sulfate and crystallized aR0°C. The The respectiven-alkenyl substituted fluorene deriva-
products precipitated as colorless, crystalline solids in tives were obtained as colorless oils. The yields were
40-50% vyields. MS1: m/e=272 (M"), 2: m/e=286 85-95%. MS:4: m/e=206 (M"), 5: m/e=220 (M"),
(M), 3: m/e=301 (Mt); GC: 1: 1880 s,2: 2100's, 6 m/e=234 (M'); GC: 4: 1647 s,5: 1838 s,6:
3: 2214 s. 1970 s.
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Table 3
Overview of the polymerization experimeftand polymer analytic results

Activity” M, DSC
Tn [°C]
kg PE/g Zrh [kg/mol] AH,, [J/g]
a[%]?
138.3

162.0 540 122.0

42.1

142.5

213.0 290 146.1

50.4

139.1

208.0 700 146.0

50.3

134.8

50.1 700 141.3

48.7

137.1

768.2 260 143.9

49.6

20.1 not determined not
determined

@ 25

8Tp,=60°C; solvent: 500 min-pentane; 10 bar ethylene pressure.

b M]/[AI] =1:300.

CIntrinsic viscosity.

d Degree of crystallinity relative to the melting enthalpy of 100% crystalline polyethylene.
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Activity [kg PE/g Zr - h]”

B M, [kg/mol]
800 T
700 +
600 +
500 -+
400 +
300 +
200 +
100 -+

700
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7682

700

Fig. 11. Comparison of the polymerization activities for the metallocene dichloride com@éx28 and the molecular weights of the
obtained polyethylenes. (a) Homogeneous ethylene polymerization after the activation with MAG=ZBB00), inn-pentane, at 6CC.

3.6. General synthesis procedure for the
1-fluorenyle-(dimethylchlorosilyl)alkaneg-9

20.0 mmol of the corresponding-alkenyl flu-
orene was dissolved in 15.00 ml (139.5 mmol)

room temperature and mixed with 20 ml hexamethyl
phosphoric triamide. At-78°C, 33.0 mmol of the
corresponding 1-brome-fluorenyl alkane was added
in small portions and stirred for additior&h atroom
temperature. The reaction mixture was hydrolyzed

chlorodimethylsilane at room temperature and mixed with a 5% ammonium chloride solution, extracted

with approx. 1 ml hexachloroplatinic acid. The re-
action mixture was stirred overnight at room tem-

with diethylether and the organic phase dried over
sodium sulfate. The solvent was evaporated in vacuo,

perature and the solvent evaporated in vacuo. Thethe residue dissolved in-pentane and the solution

1-fluorenylw-(dimethylchlorosilyl)alkanes-9 were
formed quantitatively as colorless, crystalline solids.
MS: 7: m/e=250 (M), 8 m/e=264 (M"), 9
m/e=278 (M™).

3.7. General synthesis procedure for the
1-fluorenyle-cyclopentadienyl alkanei0a,b-12a,b

Cyclopentadiene, 1.7 ml (33.0 mmol), was dis-
solved in 100 ml tetrahydrofuran and mixed with 20.6
ml (33.0 mmol) n-butyllithium (1.6 M in n-hexane)
at —78°C. The reaction mixture was stirredrfé h at

filtered over silica gel. The products crystallized at
—20°C as colorless crystals in 70-80% yields. MS:
10ab: m/e=242 (M*), 11ab: m/e=256 (M"), 12ab:
m/e=270 (M*); GC: 10ab: 2196 s,11ab: 2331 s,
12ab: 2393 s.

3.8. General synthesis procedure for the 1-fluorenyl-
w-(dimethylcyclopentadienylsilyl)alkanes
13.,b15,b

Cyclopentadiene, 1.7 ml (33.0 mmol), was dis-
solved in 100 ml diethylether at-78°C, mixed
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with 20.6 ml (33.0 mmol)n-butyllithium (1.6 M in
n-hexane) and the reaction mixture stirred fbh at
room temperature. A+78°C, 33.0 mmol of the cor-
responding 1-fluorenybs-(dimethylchlorosilyl)alkane
was added and the reaction mixture stirred for 3 h

at room temperature. Subsequently, the mixture was

hydrolyzed with 50 ml water and the organic phase
dried over sodium sulfate. The solvent was evapo-
rated in vacuo, the residue dissolved rirpentane
and the solution filtered over silica gel. The products
were obtained as colorless oils in 85-95% yields.
MS: 13ab: m/e=304 (M*), 14ab: m/e=318 (M™),
15ab: m/e=332 (M"); GC: 13ab: 2531 s,14ab:
2632 s,15ab: 2730 s.

3.9. 1-((9-fluorenyl)isopropylidene)-3-((1-cyclopen-
tadienyl)isopropylidene)indend ) 6

Fluorene, 3.3 g (20.0 mmol), was dissolved in
100 ml diethylether and mixed with 12.5 ml (20.0
mmol) n-butyllithium (1.6 M in n-hexane) at room
temperature. The reaction mixture was stirred for 6
h, then 3.1 g (20.0 mmol) 6,6-dimethylbenzofulvene
was added at-78°C and the mixture was stirred for
8 h at room temperature. Then, 2.4 ml (20.0 mmol)
6,6-dimethylfulvene was added at78°C, the reac-
tion mixture was stirred fo4 h atroom temperature
and then hydrolyzed with 50 ml water. The organic

phase was dried over sodium sulfate and the solvent

evaporated in vacuo. The residue was dissolved in
n-pentane, filtered over silica gel and crystallized
at —20°C. The yields were 60%. GC: 3320 s; MS:

m/e=429 (M").

3.10. General synthesis procedure for the unbridged
metallocene dichloride complex&$-22

The corresponding cyclopentadiene derivative, 10.0
mmol, was dissolved in 100 ml diethylether and a so-
lution of 6.3 ml (10.0 mmol)n-butyllithium (1.6 M
in n-hexane) in 100 ml diethylether was added drop-
wise at 0C. After the n-butyllithium addition was
completed, the mixture was stirred for 2 h. Then,
1.2 g (5.0 mmol) zirconium tetrachloride was added
to the reaction mixture a+78°C, and it was stirred
overnight at room temperature. The solvent was eva-
porated in vacuo, and the residue washed twice with
50 ml n-pentane. The colorless-to-yellow solids were

21

extracted with dichloromethane. The solution was fil-
tered over sodium sulfate and the solvent evaporated.
The yields were 70-80%. MSL7: m/e=676 (M™),

18 m/e=704 (M*), 19: m/e=734 (M™), 20: m/e=820
(MT), 21: m/e=848,22 m/e=876 (M").

3.11. General synthesis procedure for the unbridged
metallocene dichloride complex28and 24

Fluorene, 1.7 g (10.0 mmol), was dissolved in
100 ml diethylether and mixed with 6.3 ml (10.0
mmol) n-butyllithium (1.6 M in n-hexane) at room
temperature (indene at78°C). The reaction mix-
ture was stirred for 6 h. Then, 1.2 ml (10.0 mmol)
6,6-dimethylfulvene was added a78°C, and the re-
action mixture was stirred fal h atroom temperature.

At —78°C, 1.2 g (5.0 mmol) zirconium tetrachloride
or 2.3 g (10.0 mmol) cyclopentadienyl zirconium
trichloride was added to the reaction mixture, and it
was stirred overnight at room temperature. The sol-
vent was evaporated in vacuo and the residue washed
twice with 50 mln-pentane. The colorless solid was
extracted with dichloromethane, the solution filtered
over sodium sulfate and the solvent evaporated. The
yields were 70-80%. MS23: m/e=732 (M"); 24
m/e=499 (M*).

3.12. Synthesis of the bridged metallocene dichloride
complex2Z%

Ligand precursof6, 10.0 mmol, was dissolved in
150 ml diethylether, and a solution of 12.5 ml (20.0
mmol) n-butyllithium (1.6 M in n-hexane) in 150 ml
diethylether was added dropwise &atQ) After the
n-butyllithium addition was completed, the mixture
was stirred for 2 h. Then, 2.3 g (10.0 mmol) zirco-
nium tetrachloride was added to the reaction mix-
ture at—78°C, and the reaction mixture was stirred
overnight at room temperature. The solvent was eva-
porated in vacuo and the residue washed twice with 50
ml n-pentane. The colorless residue was extracted with
dichloromethane, the solution filtered over sodium
sulfate and the solvent evaporated. The yields were
approx. 80%. MS25: m/e=565 (M™).

3.13. Activation of the metallocene complexes with
MAO

The metallocene complex, 10-15 mg, was activated
with MAO (30% in toluene) (metal/Ak1:3000). A
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catalyst solution that contained 0.5-1.5 mg metal-
locene complex was used withil h for homopoly-
merization.

3.14. Homopolymerization of ethylene

500 mln-pentane was placed in a 1-I Blchi labo-
ratory autoclave, mixed with the catalyst solution and
the autoclave thermostated af@0 An ethylene pres-
sure (99.98% ethylene) of 10 bars was applied after
an inside temperature of 50 was reached (to com-
pensate in part the highly exothermic polymerization
reaction). The mixture was stirredrfd h at 60¢2)°C

and the reaction terminated by releasing the pressure [3] H-H. Brintzinger, D. Fischer, R. Mulhaupt,

in the reactor. The obtained polymer was dried in
vacuo.

3.15. Characterization of the polyethylene samples

3.15.1. Differential scanning calorimetry (DSC)
The polymer samples were investigated for phase
transitions with DSC using a Pyris DSC 7 instrument.

For the measurements, 5-12 mg dried polymer was

fused into standard aluminum pams T mm) and mea-
sured under nitrogen using the following temperature
program.

First heating phase from 26 to 200C (heating
rate 40 K/min), isothermal phase (3 min), cool-
ing phase from 200 to —40°C (cooling rate
20°C/min). Second heating phase from40°C to
200°C (heating rate 2GC/min). Melting points and

E.H. Licht et al./Journal of Molecular Catalysis A: Chemical 164 (2000) 9-23

Acknowledgements

We thank Deutsche Forschungsgemeinschaft (DFG)
and Alexander von Humboldt-Foundation (M.M.K.),
as well as Phillips Petroleum (Bartlesville, OK, USA)
for the financial support and Witco for the supply of
MAO.

References

[1] D.T. Mallin, M.D. Rausch, Y.-G. Lin, S. Dong, J.C.W. Chien,
J. Am. Chem. Soc. 112 (1990) 2030.

[2] M. Bochmann, J. Chem. Soc., Dalton Trans. (1996) 255.

B. Rieger, R.
Waymouth, Angew. Chem. 107 (1995) 1255.

[4] H.-H. Brintzinger, D. Fischer, R. Mulhaupt, B. Rieger, R.
Waymouth, Angew. Chem., Int. Ed. Engl. 34 (1995) 1143.

[5] M. Kaulbach, F. Kiber, ChemieUnserer Zeit 28 (1994) 197.

[6] P.C. M6hring, N.J. Coville, J. Mol. Catal. 96 (1995) 181.

[7] P.C. Mbhring, N. Vlachakis, N.E. Grimmer, N.J. Coville, J.
Organomet. Chem. 483 (1994) 159.

[8] R. Choukroun, F. Dahan, Organometallics 13 (1994) 2097.

[9] H. Sitzmann, P. Zhou, G. Wolmershauser, Chem. Ber. 127
(1994) 3.

[10] R.D. Rogers, M.M. Benning, L.K. Kurihara, K.J. Moriarty,
M.D. Rausch, J. Organomet. Chem. 293 (1985) 51.

[11] G. Schmid, U. Thewalt, M. Polasek, K. Mach, P. Sedmera,
J. Organomet. Chem. 482 (1994) 231.

[12] M.A. Schmid, H.G. Alt, W. Milius, J. Organomet. Chem. 501
(1995) 101.

[13] A. Razavi, J. Ferrara, J. Organomet. Chem. 435 (1992) 299.

[14] J.A. Ewen, R.L. Jones, A. Razavi, J. Ferrara, J. Am. Chem.
Soc. 110 (1988) 6255.

[15] J.A. Ewen, A. Razavi, Eur. Pat. Appl.
(17 January).

(1990) EP 351,392

fusion enthalpies were taken from the second heat- [16] J.A. Ewen, A. Razavi, Chem. Abstr. 112 (1990) 199346.

ing phase. The temperature was linearly corrected
relative to indium (Mp. 429.78 K). The fusion en-
thalpy of indium Hn=28.45 J/g) was used for
calibration.

3.15.2. Viscosimetry
The viscosity average molecular weight of the

polyethylene samples was determined using an Ubbe-

lohde precision capillary viscometer gis/trans de-
calin at 135:0.1°C. For the measurements, 50 mg
polymer was completely dissolved in 45.0 ml decalin
at 130C within 3—4 h and insoluble ingredients fil-
tered over glass woolM, was determined using a
calibration curve that was available for the selected
concentration.

[17] A. Razavi, J. Ferrara, J. Organomet. Chem. 459 (1993) 117.

[18] W. Kaminsky, O. Rabe, A.-M. Schauwienold, G.U. Schupfer,
J. Hanss, J. Kopf, J. Organomet. Chem. 497 (1995) 181.

[19] J.A. Ewen, Macromol. Symp. 89 (1995) 181.

[20] Y.-X. Chen, M.D. Rausch, J.C.W. Chien, J. Organomet. Chem.
497 (1995) 1.

[21] K. Patsidis, H.G. Alt, J. Organomet. Chem. 501 (1995) 31.

[22] H.G. Alt, R. Zenk, J. Organomet. Chem. 512 (1996) 51.

[23] H.G. Alt, R. Zenk, W. Milius, J. Organomet. Chem. 514
(1996) 257.

[24] G.S. Hermann, H.G. Alt, M.D. Rausch, J. Organomet. Chem.
401 (1991) C5.

[25] H.G. Alt, J. Chem. Soc., Dalton Trans. (1999) 1703.

[26] R. Fierro, Z. Yu, M.D. Rausch, S. Dong, D. Alvares, J.C.W.
Chien, J. Polym. Sci., Part A 32 (1994) 661.

[27] J.J. Brooks, W. Rhine, G. Stucky, J. Am. Chem. Soc. 94
(1972) 7339.

[28] S.J. Palackal, Dissertation, University of Bayreuth, (1991).



E.H. Licht et al./Journal of Molecular Catalysis A: Chemical 164 (2000) 9-23 23

[29] K. Patsidis, S.J. Palackal, H.G. Alt, Eur. Pat. Appl.
Phillips Petroleum, EP 512,554 (11 November).

[30] K. Patsidis, S.J. Palackal, H.G. Alt, Chem. Abstr. 118 (1993)
101677m.

[31] P. Schertl, Dissertation, University of Bayreuth (1996).

[32] C. Elschenbroich, A. Salzer, in: Organometallchemie, 3rd
edn., Stuttgart, 1993, p. 123.

[33] K.J. Stone, R.D. Little, J. Org. Chem. 49 (1984) 1849.

(1991)

[34] G. Kresze, S. Rau, G. Sabelus, H. Goetz, Liebigs Ann. Chem.

648 (1961) 57.

[35] A. Razavi, J.D. Ferrara, J. Organomet. Chem. 435 (1992)
299.

[36] A. Winter, J. Rohrmann, M. Antberg, V. Dolle, W. Spaleck,
Ger. Offen. (1991) GE 3,907,965.

[37] A. Winter, J. Rohrmann, M. Antberg, V. Dolle, W. Spaleck,
Chem. Abstr. 114 (1991) 165103w.

[38] E.D. Bergmann, Prog. Org. Chem. 3 (1955) 81.

[39] S. Hinig, G. Markl, J. Sauer, in: Integriertes Organisches
Praktikum, VCH, Weinheim, 1979, p. 389.

[40] J. Thiele, Ber. Dtsch. Chem. Ges. 33 (1900) 666.

[41] R. Kuhn, H. Fischer, F.A. Neugebauer, Justus Liebigs Ann.
Chem. 654 (1962) 64.

[42] R. Kuhn, D. Rewicki, Angew. Chem. 79 (1967) 648.

[43] R. Kuhn, D. Rewicki, Angew. Chem., Int. Ed. Engl. 6 (1967)
635.

[44] H.F. Ebel, in: 4th edn., Methoden der Organischen Chemie
(Houben/Weyl) 13/1 (1970) 64.

[45] I. Dorado, J.C. Flores, M. Galakhov, P. Gomez Sal, A. Martin,
P. Royo, J. Organomet. Chem. 563 (1998) 7.

[46] G. Erker, K. Berg, L. Treschanke, K. Engel, Inorg. Chem. 21
(1982) 1277.

[47] M. Schmid, H.G. Alt, J. Organomet. Chem. 541 (1997) 3.

[48] E.H. Licht, H.G. Alt, M.M. Karim, J. Organomet. Chem. 599
(2000) 275.



