
Semi-Hydrogenated, Asymmetric Metallocene Catalysts for the
Propylene Polymerization
Martin Schloegla, Carsten Trolla, Ulf Thewaltb, and Bernhard Riegera

a University of Ulm, Department of Materials and Catalysis, Albert-Einstein-Allee 11,
D-89069 Ulm, Germany

b University of Ulm, Section for X-Ray and Electron Diffraction, Albert-Einstein-Allee 11,
D-89069 Ulm, Germany

Reprint requests to Prof. Dr. B. Rieger. E-mail: Bernhard.rieger@chemie.uni-ulm.de.
Fax: +49(0)7315023039

Z. Naturforsch. 58b, 533Ð538 (2003); received February 27, 2003

The hydrogenation of rac-[1-(9-η5-fluorenyl)-2-(5,6-cylopenta-2-methyl-1-η5-indenyl)etha-
ne]metallocene dichlorides (1a: Zr, 1b: Hf) with PtO2¥H2O/H2 is reported. The diastereosel-
ective formation of exclusively rac-[1-(2,3,4,5,6,7,8,9-octahydro-η5-fluorenyl)-2-(2-methyl-
1,4,4a(R;S),5,6,7,7a(S;R),8-octahydro-s-η5-indacenyl)ethane]metallocene dichlorides (2a: Zr,
2b: Hf) was shown by 1H-NMR and by X-ray analysis of 2a. Both compounds were activated
in situ with triisobutylaluminum/PhC+

3[B(C6F5)4]Ð and tested as catalysts in propylene polymer-
ization reactions. Comparison to the non-hydrogenated complexes revealed a decrease in molec-
ular weight of the polymer and in catalyst activity. Experiments at elevated temperatures resulted
in a lower stereospecificity and reduced isotacticity values indicating a polymerization mecha-
nism analogous to C2-symmetric catalysts.
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Introduction

One major advantage of metallocene polymer-
ization catalysis [1] is the possibility to design
polymer microstructures and the corresponding
material properties by variation of the catalyst
structure. This can be performed by various meth-
ods. The nature of the cocatalyst [2Ð4] certainly
plays a decisive role as well as the variation of
the ligand framework [5]. Recently, we published
a series of papers on asymmetric, “dual-side”, cat-
alyst systems bearing bridged fluorenyl/indenyl li-
gand fragments which produce high performance
polypropylene elastomers [6Ð8]. Nevertheless,
there is a high interest in synthetic investigations
concerning their further structural derivatization
and optimization. In the literature, a few compara-
tive studies of metallocene complexes are found,
which comprise catalyst analogs with tetra- or
octahydro-ligand moieties with partially improved
polymerization properties [9Ð11]. Here, the dia-
stereoselective hydrogenation of rac-[1-(9-η5-fluo-
renyl)-2-(5,6-cylopenta-2-methyl-1-η5-indenyl)-
ethane]metallocene dichlorides is reported which
leads to octahydro-fluorenyl/tetrahydro-indenyl
catalyst systems in an easily performed one step
synthesis [12, 13]. This results in a sterically in-
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creased and more flexible ligand framework caus-
ing significant changes in the polymerization and
material properties.

Results and Discussion

Synthesis of the semi-hydrogenated metallocene
precursors

The hydrogenation of rac-[1-(9-η5-fluorenyl)-2-
(5,6-cylopenta-2-methyl-1-η5-indenyl)ethane]-
metallocene dichlorides to the corresponding
semi-hydrogenated species rac-[1-(2,3,4,5,6,7,8,9-
octahydro-η5-fluorenyl)-2-(2-methyl-
1,4,4a(R;S),5,6,7,7a(S;R),8-octahydro-s-η5-inda-
cenyl)ethane]metallocene dichlorides was per-
formed in an autoclave by treatment with 0.1
equivalents of PtO2¥H2O/H2 (“Adams Catalyst”)
[14] in dichloromethane solution (Fig. 1). The opti-
mum conditions for the zirconium compound were
30 bars H2/24 h. Lower pressure as well as reduced
reaction times lead to non-quantitative conver-
sion. Interestingly, the hafnium species shows a
reduced tendency for hydrogenation, so that the
optimum semi-hydrogenation conditions were
35 bars H2 and 24 h. With higher pressures and/or
longer reaction times a complete hydrogenation of
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the ligand system with decomposition of the met-
allocene complexes occurred. The heterogeneous

cis-hydrogenation reaction generates two stereo
centers at the indenyl moiety, which can result in
two diastereoisomers, with the cyclopentyl ring
pointing ether towards the fluorenyl moiety or in
the opposite direction. A single set of peaks in 1H
NMR analysis of the crude product mixture proves
the exclusive formation of only one diastereo-
isomer as a racemic mixture. The assignment of
the stereochemistry was performed by single crys-
tal X-ray analysis.

MCl ClMCl Cl
PtO2 x H2O

1 a , b 2 a , b

*

*

Fig. 1. Catalyst synthesis (M: a Zr; b Hf).

Fig. 2. Crystal structure of 2a.

Solid state structure

Complex 2a (Fig. 2) [15] crystallizes in the mo-
noclinic, centro-symmetric space group P21/n (Ta-
ble 1), that indicates a racemic mixture of R and
S enantiomers [16] in the unit cell [17]. The CpFlu

centroidÐZrÐCpInd centroid angle δ is with 126.9∞
in the range of similar non-hydrogenated ethy-
lene-bridged Zr complexes (Ethylene(bisindenyl)-
zirconocene dichloride [18]: 126.9∞; ethylene(bis-
fluorenyl)zirconocene dichloride [19, 20]: 129.0∞).
The ZrÐCpFlu centroid and the ZrÐCpInd centroid
distances (2.231 Å) are equal and without any sig-
nificant changes relative to 1a [6, 7] Also the ap-
pearance of a reduced hapticity towards an η3 co-
ordination, indicated by differences in the ZrÐC
(Cp) distances in the range from 2.479 to 2.602 Å
is conform to non-hydrogenated species (Table 2)
[21]. The ethylene bridge causes a staggered ar-
rangement of both Cp fragments and a δ-back-
ward arrangement of the twisted metallacycle, at
least in the solid state structure [22, 23]. This
means that the gross coordination environment is
not affected by the hydrogenation and the changes
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in polymerization behavior are most probably
based on the increased steric demand of the sp3-
C-atoms. The diastereoselective cis-hydrogenation
of C11 and C7 by the heterogeneous Adams Cata-
lyst leads exclusively to the isomer with the five
membered ring pointing towards the central metal
ion (Fig. 2, S-enantiomer: 4a(R), 7a(S) conforma-
tion). Enhanced repulsive interactions (compared
to the second possible S-diasteromer 4a(S), 7a(R))
with the fluorenyl fragment direct the six-memb-

Table 1. Crystal data and structure refinement for com-
plex 2a.

Empirical formula C28 H36 Cl2 Zr
Formula weight 534.69
Crystal system monoclinic
Space group P21/n
Unit cell dimensions a = 10.106(3) Å; α = 90∞

b = 18.088(3) Å; � = 98.46(2)∞
c = 13.681(4) Å; γ = 90∞

Volume 2473.6(10) Å3

Z 4
Density (calculated) 1.436 g * cmÐ3

Absorption coefficient 0.674 mmÐ1

F(000) 1112
Crystal size 0.50 ¥ 0.20 ¥ 0.01 mm3

Theta range for
data collection 2.25 to 26.06∞

Index ranges Ð12 � h � 12, Ð22 � k � 22,
Ð16 � l � 16

Reflections collected 19376
Independent reflections 4839 [R(int) = 0.0755]
Observed reflections

[I > 2sigma(I)] 2584
Goodness-of-fit on F2 0.954
Final R indices

[I > 2sigma(I)] R1 = 0.0484, wR2 = 0.0831
R Indices (all data) R1 = 0.1010, wR2 = 0.0918
Extinction coefficient 0.00118(18)
Largest diff. peak

and hole 0.608 and Ð0.515 e ·ÅÐ3

Table 2. Selected bond lengths [Å] for complex 2a.

Zr(1)ÐCl(1) 2.429(0)
Zr(1)ÐCl(2) 2.448(1)
Zr(1)ÐC(16) 2.479(4)
Zr(1)ÐC(2) 2.475(5)
Zr(1)ÐC(1) 2.497(5)
Zr(1)ÐC(17) 2.512(5)
Zr(1)ÐC(28) .518(4)
Zr(1)ÐC(13) 2.541(5)
Zr(1)ÐC(4) 2.539(5)
Zr(1)ÐC(22) 2.579(5)
Zr(1)ÐC(23) 2.588(5)
Zr(1)ÐC(5) 2.601(5)

ered ring of the indenyl moiety in a “quasi”-
chair-conformation.

Propylene polymerizations

The propylene polymerization behavior of com-
plexes 2a (Table 3: run 1Ð4) and 2b (Table 3: run
5Ð8) was tested at various temperatures and
monomer concentrations in toluene solution. Ac-
tivation was performed by in situ treatment
with triisobutylaluminum (TIBA) and subsequent
PhC+

3[B(C6F5)4]Ð addition. Complete alkylation
with TIBA proceeds only after initial heating for 1 h
at 50 ∞C, due to the sterically demanding ligand
framework. The polymerization activities were
nearly doubled by this procedure, compared to ex-
periments without the initial heating period.

Catalyst activities

Both catalyst systems showed a linear activity
increase with rising propylene concentrations at
30 ∞C (Table 3). The activities of the hafnocene
catalyst system 2b/TIBA/PhC+

3[B(C6F5)4]Ð were
slightly higher (10%) compared to 2a which con-
forms to previous studies [8] with the non-hydroge-
nated systems (1a, 1b). Interestingly, polymeriza-
tions at 50 ∞C showed a reduced activity compared
to the corresponding runs at 30 ∞C with equal mono-
mer concentrations (Table 3: run 2 and 4; run 6 and
8). This decrease, for which there is presently no ex-
planation, is not a result of catalyst decomposition
or CH-activation (similar to “(CpMe5)2Zr” [24]) as
the gas uptake was nearly constant over time. Over-
all, the activity values were significantly (up to factor
1000) decreased compared to polymerizations with
1a/1b. The reason can be seen in the increased bulki-
ness of the tetrahydroindenylÐoctahydrofluorenyl
ligands which together with a growing polymer
chain lead to a lower frequency of successive mono-
mer coordination/insertion processes. [25].

Polymer characteristics and mechanistic
considerations

2a and 2b produce polypropylenes having
increased MW values with higher monomer pres-
sures at 30 ∞C. Enhancing the polymerization tem-
perature to 50 ∞C leads to a decrease of molecular
weights, as expected [26]. The hafnocene system
2b/TIBA/PhC+

3[B(C6F5)4]Ð (Table 3: run 5Ð8) gen-
erates PP with approximately double MW compared
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Table 3. Polymerization results with 2a/TIBA/PhC+
3[B(C6F5)4]Ð and 2b/TIBA/PhC+

3[B(C6F5)4]Ð.

Run Cat. Amounta Temp.b Press.c [C3]d Timee Yieldf Mwg D Activityh

1 2a 40 30 3 1.3 0.75 3.38 7700 2.5 90
2 2a 40 30 5 3.0 0.17 4.38 10700 2.0 210
3 2a 40 30 7 5.0 0.20 9.38 12000 2.6 240
4 2a 40 50 6.5 3.0 0.66 9.56 3000 2.0 120
5 2b 40 30 3 1.3 0.40 2.63 19000 3.1 130
6 2b 40 30 5 3.0 0.20 6.38 21000 2.6 270
7 2b 40 30 7 5.0 0.13 7.88 27000 3.5 300
8 2b 40 50 6.5 3.0 0.23 5.53 7100 2.5 200

a [µmol]; b [∞C]; c [bar]; d [mol/l]; e [h]; f [g]; g calibrated against PP standards; h kg PP/mol[cat]*[C3]*h.

to the zirconium analogue (2a). The maximum mo-
lecular weight of 27.000 is reached at 30 ∞C and
7 bars (Table 3: run 7). This behavior completely
conforms to the non-hydrogenated counterparts,
however with Mw-values of about 10% [8].

The polymerization mechanism is in clear con-
trast to 1a/1b which follow the “back-skip” protocol
proposed earlier [6]. This is particularly obvious
from the PP microstructures (Table 4): Higher
monomer concentrations enforce a slightly higher
amount of [mmmm] sequences, therefore, at 30 ∞C,
polypropylenes with maximum isotacticities are pro-
duced at a pressure of 7 bars (Table 4: run 3 and 7).
Thus, no experimental evidence for a back-skip of
the growing polymer chain to a less hindered, en-
antiofacial side [27] can be detected, where higher
isotacticities would be produced at lower pressures,
due to an enhanced back-skip probability. Gen-
erally, the isotacticity values obtained with 2a at
30 ∞C are higher (32Ð49%) than those produced
with the hafnium analogue 2b (14Ð30%) and in the
range of PP synthesized with 1a/1b [8]. However,
the [mmmm] concentration at 50 ∞C is significantly
reduced, which can be explained by a lower rigidity
of the sp3-C atoms under these conditions leading

Table 4. Pentad distribution in [%].

Run [mmmm] [mmmr] [rmmr] [mmrr] [mmrm] + [rmrm] [rrrr] [rrrm] [mrrm]
[rrmr]

1 32 18 3 18 9 4 2 5 9
2 44 17 1 17 7 2 1 3 8
3 49 16 2 15 5 2 1 2 8
4 20 17 4 17 14 6 5 8 9
5 14 14 4 15 18 9 7 11 8
6 24 17 3 17 13 6 4 7 9
7 30 17 3 17 11 5 3 6 8
8 14 15 5 16 17 8 6 11 8

to completely non-stereoselective catalyst centers
(Table 4: run 4 and 8). A similar observation was
made by Chien et al. [9] for C1 symmetric complexes
bearing octahydro- or tetrahydro-fluorenyl frag-
ments, where isotacticity also decreases at elevated
temperatures. This behavior, antithetic to 1a/1b,
where higher temperatures favor the chain back-
skip and lead to higher isotactic PP, might be ex-
plained by a mechanism analogous to the C2-sym-
metric catalysts [28, 29]. In this case, both coordina-
tion sites are stereoselective and stereoerrors result
from a wrong enantiofacial insertion having an en-
hanced probability at elevated temperatures. The
hypothesis of enantiomorphic site control is also
supported by the obtained pentad distribution
([mmmr]:[mmrr]:[mrrm] � 2:2:1, Table 4) at 30 ∞C
and by a significant appearance of the [rmrm]
pentad, which would be absent in polymerizations
following the “back-skip” mechanism.

Conclusion

Semi-hydrogenation of metallocene complexes
1a and 2a leads to a new class of sterically crowded
zirconocene- and hafnocene dichlorides. The dia-
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stereoselective, exclusive formation of one dia-
stereoisomer has been proved by NMR and single
crystal X-ray analysis. The increased bulkiness and
flexibility of the ligand framework has significant
influence on the polymerization behavior and
leads to reduced activities and molecular weights.
The high steric demand of the ligand system af-
fords even a change in the stereoerror formation
mechanism from back-skip to alternating mono-
mer insertions on two coordination sites of dif-
ferent enantioselectivity.

Experimental Section

General remarks

The rac-[1-(9-η5-fluorenyl)-2-(5,6-ccylopenta-2-
methyl-1-η5-indenyl)ethane]metallocene dichlori-
des (1a, 1b) [6] and PhC+

3[B(C6F5)4]Ð [30] were syn-
thesized according to literature methods. All syn-
thetical work was done with standard Schlenk
techniques under argon atmosphere. Triisobutyl-
aluminum (1 M solution in hexane) was purchased
from Crompton, PtO2¥H2O from ABCR Ltd. To-
luene p.a. for propylene polymerizations, hexane
and dichloromethane were purchased from Merck
and dried by distillation over LiAlH4 or CaH2
(CH2Cl2). Compounds 2a and 2b were analyzed by
1H NMR with a Bruker AMX 400 spectrometer at
ambient temperatures and referenced to TMS. Ele-
mental analysis was determined by the Microanalyt-
ical Laboratory of the University of Ulm. PP analy-
sis: 13C NMR spectra were recorded on a Bruker
AMX 500 spectrometer (C2D2Cl4, 90 ∞C, 125 MHz,
5 mm probe) in the inverse gated decoupling mode
with a 3 s pulse delay and a 45∞ pulse to attain con-
ditions close to the maximum signal-to-noise ratio.
Molecular weights and molecular weight distribu-
tions were determined by gel permeation chroma-
tography (GPC, Waters 2000, 140 ∞C in 1,2,4-trichlo-
robenzene) relative to polypropylene standards.

X-ray structure determination of 2a

A crystal of the air-stable compound was mount-
ed on a glass fiber. X-ray data were collected on a
STOE IPDS instrument using graphite monochro-
mated Mo-Kα radiation (λ = 0.71073 Å). Crystal
data are listed in Table 1 together with refinement
details. An absorption correction was not applied.
The structure was solved by the Patterson method
[31]. The atomic coordinates and thermal parame-
ters of the non-hydrogen atoms were refined using
F2 data [32]. Hydrogen atoms were included in the
final refinement cycles in a riding mode [15].

Synthesis of 2a

522 mg (1.00 mmol) of 1a was dissolved in 40 ml
of CH2Cl2. The solution was transferred to a
100 ml steel pressure autoclave under argon atmo-
sphere and 23 mg (0.10 mmol) of PtO2¥H2O was
added. The autoclave was charged with 30 bars H2
and stirred for 24 h at 25 ∞C. The resulting black
suspension was filtered over celite and the color-
less solution obtained was evaporated to dryness.
Recrystallisation of the white solid from 30 ml of
hexane/dichloromethane (5:1) gave colorless, nee-
dlelike crystals. Yield: 390 mg (0.73 mmol, 73%).
1H NMR (400 MHz, CDCl3): δ = 1.35Ð1.55 (m,
6 H, ring system), 1.69Ð1.98 (m, 10 H, ring sys-
tem), 2.20 (s, 3 H, methyl group), 2.27Ð2.60 (m,
6 H, ring system), 2.65Ð2.89 (m, 6 H, ring system),
3.06Ð3.23 (m, 4 H, bridge CH2), 6.09 (s, 1 H,
aromatic indenyl proton). Ð EA: C28H36Cl2Zr
(534.4): calcd. C 62.29, H 6.74; found C 62.65
H 6.73.

Synthesis of 2b

610 mg (1.0 mmol) of 1b was dissolved in 40 ml
of CH2Cl2. The solution was transferred to a
100 ml steel pressure autoclave under argon atmo-
sphere and 23 mg (0.10 mmol) of PtO2¥H2O was
added. The autoclave was charged with 35 bars H2
and stirred for 24 h at 30 ∞C. The resulting black
suspension was filtered over celite and the brown
solution obtained was evaporated to dryness.
Recrystallisation from 30 ml of hexane/dichloro-
methane (5:1) gave a white solid. Yield: 367 mg
(0.59 mmol, 59%). 1H NMR (400 MHz, CDCl3):
δ = 1.31Ð1.65 (m, 6 H, ring system), 1.75Ð2.01 (m,
10 H, ring system), 2.24 (s, 3 H, methyl group),
2.39Ð2.98 (m, 12 H, ring system), 3.10Ð3.29 (m,
4 H, bridge CH2), 6.00 (s, 1 H, aromatic indenyl
proton). Ð EA: C28H36Cl2Hf (621.7): calcd.
C 54.09, H 5.79; found C 54.60 H 5.81.

Propene polymerization reactions

All reactions were performed in a 0.5 l Büchi
steel reactor at constant pressure (ð0.1 bar) and
temperature (ð1 ∞C). First the desired amount of
dichloro-zirconocene precursor was dissolved in
10 ml of dry toluene under argon atmosphere
in a Schlenk flask and 100 equivalents of TIBA
were added. This solution was injected into the
autoclave, which was charged with 200 ml of
toluene. After stirring at 50 ∞C for 1 h, the poly-
merization temperature was adjusted and the
reactor was floated with propene up to the de-
sired partial pressure. The polymerizations were
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started by injecting the appropriate amount of
PhC+

3[B(C6F5)4]Ð (10 mmol/ml in toluene) via a
pressure burette. The monomer consumption was
measured by a calibrated gas flow meter (Bronk-
horst F-111C-HA-33P), and the pressure was kept
constant during the entire polymerization period
(Bronkhorst pressure controller P-602C-EA-33P).
Pressure, temperature and consumption of propene
were monitored and recorded online. The polymer-
ization reactions were quenched by injecting 1 ml
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