
Journal of Organometallic Chemistry 694 (2009) 2581–2596
Contents lists available at ScienceDirect

Journal of Organometallic Chemistry

journal homepage: www.elsevier .com/locate / jorganchem
Synthesis and X-ray structure of novel 2- and 3-heteroatom-substituted
ansa-zirconocene complexes

Jerzy Klosin a,*, William J. Kruper a, Jasson T. Patton a, Khalil A. Abboud b

a Corporate R&D, The Dow Chemical Company, 1776 Building, Midland, MI 48674, United States
b Department of Chemistry, University of Florida, Gainesville, FL 32611, United States

a r t i c l e i n f o a b s t r a c t
Article history:
Received 19 March 2009
Received in revised form 27 March 2009
Accepted 30 March 2009
Available online 12 April 2009

Keywords:
Group 4 metal complexes
Metallocenes
Heteroatom substitution
0022-328X/$ - see front matter � 2009 Elsevier B.V.
doi:10.1016/j.jorganchem.2009.03.049

* Corresponding author. Tel.: +1 9896367435; fax:
E-mail address: jklosin@dow.com (J. Klosin).
New ansa-zirconocene complexes with amino (8–11) and alkoxy (12) substituents attached to the g5-
bonded indenyl fragment have been synthesized by the reaction of ZrCl4 with the appropriate dilithium
salt in toluene. In addition to HRMS, NMR spectroscopy, and elemental analysis, all new metallocenes
have been characterized by single crystal X-ray analysis. Crystallographic analysis showed that hetero-
atom substituents, especially those in the 3-position on the indenyl ligand, have a substantial effect on
the structure of metallocenes leading to an increase in the gap aperture in those complexes. Slippage
of the indenyl fragments toward g3-bonding was found to correlate with the electron donating ability
of the substituent in the 3-position, being larger for amino than alkoxy substituents. Based upon the
amount of slippage, 3-amino-substituted indenyl complexes bear strong resemblance to a fluorenyl
complexes.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Since the initial discovery of iso- [1] and syndiotactic [2] propyl-
ene polymerization by metallocene catalysts, a rapid development
has occurred in this field [3]. A variety of different metallocenes
have been synthesized with the purpose of discovering the factors
that influence their catalytic activity in olefin polymerization and
the molecular weight, and microstructure of the resulting polymer
[3]. It was found that placement of certain substituents in key posi-
tions around indenyl fragments in both C1 and C2 symmetry ansa
metallocenes leads to highly efficient catalytic systems. These
studies have led to the identification of very efficient catalysts
capable of forming highly isotactic polypropylene [4]. More recent
extensions of this work, aimed at further understanding the role of
substituents on polymerization characteristics, involved the use of
heteroatom groups around the cyclopentadienyl and indenyl rings
[5]. A few examples of metallocenes having heteroatom fragments
incorporated into their structures are presented in Fig. 1. The first
early-transition metal based metallocene having heteroatom sub-
stituents attached to Cp (cyclopentadienyl) ligands was (NMe2-
Cp)2TiCl2 (1) [6]. The substitution of the heteroatom directly on
the Cp was extended to ansa indenyl metallocenes upon the report
of complexes 2a–c [7]. In the case of the dimethylsilyl bridged
complex, 2b, the polymerization activity was found to be some-
what less than that observed for the unsubstituted Me2Si-bis(inde-
nyl) analog with the ethylene bridged analog, 2c, being the least
All rights reserved.
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active [8]. An interesting variation of a heteroatom substituted
complex is 3 where the amino groups are incorporated in the
bridge [9]. Complex 3 was reported to be an active catalyst for eth-
ylene polymerization, however, no polymerization details were gi-
ven. Bulky siloxy-substituted zirconocenes such as complexes 5
[10] and 6 [11] have been found to have good activities for the
polymerization of ethylene and propylene [5]. Despite the high
activities, these complexes were shown to be particularly suscepti-
ble to chain transfer to aluminum alkyls present as the coactivator
resulting in lower molecular weight polymers. Complexes with
alkoxy and halogen substituents attached to the six-membered
ring part of ansa bis-indenyl complexes (e.g. 4) [12] and ansa flu-
orenyl based complexes [13] have been investigated and shown
to exhibit reduced activities and molecular weight of the resulting
polymers. Alkoxy [14] and siloxy [15] substituents were also
shown to decrease catalytic activity when applied in syndiotactic
polystyrene catalysts. Other metallocenes with various amino sub-
stituents, including those which are part of heterocyclic ligand
fragment have been reported in recent years [16].

Previously, we discovered that the placement of amino and
alkoxy substituents in the indenyl fragment of constrained geom-
etry complexes (CGC) plays a critical role in forming highly active
polymerization catalysts [17]. Placement of an amino group in the
3-position of the indenyl fragment in CGC complexes dramatically
enhanced the catalytic activity in ethylene polymerization reac-
tions as well as increased the molecular weight of resulting ethyl-
ene–octene copolymers as compared to complexes containing
2-amino groups. Structural studies revealed that heteroatom sub-
stituents (either amino or alkoxy) placed in the 3-position of the
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Fig. 1. Examples of heteroatom substituted ansa metallocene complexes described in the literature.
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indenyl fragment of the CGC ligand greatly influences the bonding
of the ligand to the Ti metal center by shifting coordination from
g5 to g3. These results provoked the question of whether such
an analogous heteroatom effect might be manifested also in struc-
tures and the catalytic behavior of ansa-indenyl complexes. To ad-
dress this question, several amino and alkoxy substituted ansa
complexes were prepared and studied by NMR and crystallo-
graphic methods. In this paper we present the synthesis and crys-
tallographic analysis of several new C1, C2, and CS symmetric
metallocene complexes (8–12) with amino and alkoxy groups at-
tached in the 2- and the 3-positions of the indenyl ligand (Fig. 2).

2. Results and discussion

2.1. Ligand synthesis

The 1-, and 2-amino and alkoxy substituted indenes were syn-
thesized from 1- and 2-indanones respectively. The 2-pyrrolidino
indene was easily prepared by combining 2-indanone and pyrroli-
dine in a methanol solution at room temperature according to the
Si ZrCl2 Si
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S

Me2N

7 8

10

Fig. 2. Heteroatom substituted ansa metallo
literature procedure [18]. On the other hand, preparation of 1-pyrr-
olidino-indene was more difficult and required, in addition to acid
catalysis, reflux temperatures under dehydrating conditions
(Dean-Stark trap) [19]. Even under these forcing conditions reac-
tion times were long (2 days) leading to side reactions (e.g. aldol
condensation of 1-indanone) and low product yields. We found
that this condensation reaction can be improved significantly by
addition of about 20 mol% of P2O5 to the reaction mixture. This
modification resulted in decreased reaction time to 3 h (�10 � rate
increase) and substantially improved product yields [20]. Unlike 2-
amino-indenes, the 1-amino-indenes are hydrolytically unstable
and should be handled under inert gas atmosphere. 1-Dimethyl-
amino-indene was prepared by condensing dimethylamine with
1-indanone using TiCl4 as a reagent according to a modified litera-
ture procedure [21]. 1-Methoxy-indene was prepared by a known
literature procedure [22] involving the reaction of 1-indanone and
trimethylorthoformate under acidic conditions. All indenes were
then reacted with n-BuLi in hexane solution to give the corre-
sponding lithium indenides in good yields. The synthesis of the
octahydrofluorenyl based ligands is presented in Scheme 1.
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Scheme 1. Synthesis of ligands 16, 17 and 20.
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Addition of lithium indenide 13 or lithium 1-pyrrolidino-indenide
14 to chlorodimethyl(9-octahydrofluorenyl)silane 15 [23] gave li-
gands 16 and 17, respectively. The methyl silyl region of the 1H
NMR spectrum of 16 exhibits two peaks of equal intensity and a
separate singlet indicating the presence of two isomers. The two si-
lyl methyl peaks of equal intensity indicate the presence of a chiral
center in the first isomer whose presumed structure is shown in
Scheme 1. The second isomer results, most likely, from double
bond migration in the indenyl portion of the molecule. The pres-
ence of only one silyl methyl peak for this isomer is consistent with
this proposal since migration of the double bond in 16 would result
in formation of an achiral molecule, thus eliminating the diastereo-
topicity of the two silyl methyl groups. For the preparation of li-
gand 20, a reversed approach to couple the indenyl and
octahydrofluorenyl fragments was found to provide a cleaner final
product (Scheme 1). In addition to other resonances, the 1H and
13C{1H} NMR spectra of 20 show two pairs of singlets for the silyl
methyl peaks indicating the presence of two chiral isomers. The
structure of one of the isomers is most likely that as shown in
Scheme 1, whereas the structure of the second isomer differs pre-
sumably by the arrangement of the double bond in the octahydro-
fluorenyl portion of the ligand [24].

Synthesis of the bis-indenyl ligands is presented in Scheme 2.
The mixed ligand 21 was synthesized as a mixture of two racemic
diastereoisomers (1.8:1) by addition of lithium salt 14 to chlorosi-
lane derivative 19 in THF solution. Ligands 24 and 25 were pre-
pared via the dropwise addition of Me2SiCl2 to a solution of 2
equiv. of lithium indenide 22 or 23, respectively. Ligand 24 was ob-
tained as a mixture of racemic and meso diastereoisomers. In addi-
tion to other peaks, the 1H NMR spectrum of 24 exhibits a singlet at
�0.25 pm and a pair of singlets at �0.45 and �0.01 ppm which are
assigned to the racemic and meso isomers, respectively. Ligand 25
was obtained as a white solid also as a mixture of two diastereoi-
somers (rac/meso – 3:1). Slow crystallization of 25 from hexane at
�27 �C, however, afforded pure racemic isomer. Ligands 16, 17, 20,
21, 24, 25 were then treated with 2 equiv. of n-BuLi in hexane solu-
tion to provide the corresponding dianions in good yield.

2.2. Synthesis of metal complexes

New metallocenes (7–12) were synthesized by the slow addi-
tion of the appropriate dianionic ligand as a solid to a slurry of
ZrCl4 in toluene at room temperature. All the complexes were char-
acterized by 1H and 13C{1H} NMR spectroscopy, HRMS, elemental
analysis, and single crystal X-ray analysis. Due to their C1 symme-
try, complexes 7–9 were obtained as single isomers, whereas com-
plexes 10–12 were obtained as a mixture of the racemic and meso
isomers. Crystallization of 10 provided a single isomer, but since
both diastereoisomers are chiral and have the same C1 symmetry,
1H and 13C{1H} NMR spectroscopy did not provide the necessary
information to assign the stereochemistry of the product. X-ray
analysis of the product (vide infra) revealed subsequently that the
isolated isomer exists in racemic-like [25] form. All attempts to
separate both diastereoisomers of 11 and 12 by multiple crystalli-
zations were unsuccessful. Slow crystallization of 11 from either
toluene/hexane or methylene chloride/hexane solvent mixtures
provided X-ray quality crystals which still contained both isomers
as shown by 1H NMR. X-ray analysis of those crystals (vide infra)
revealed that both diastereoisomers co-crystallized together and
were present in the unit cell. Slow crystallization of 12 from hot
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Fig. 3. Molecular structure (side and top views) and labeling scheme for 7 with the
thermal ellipsoids shown at 40% probability level. Hydrogen atoms were omitted
for clarity.
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toluene gave X-ray quality red crystals, but again, both isomers
were still present as identified by 1H NMR spectroscopy. In this
case, however, the meso isomer crystallized separately, as shown
by X-ray analysis performed on the red crystals (vide infra) sug-
gesting that failed efforts to separate both isomers by crystalliza-
tion is due to their similar solubility. Attempts to determine the
X-ray crystal structure of the racemic isomer were unsuccessful.

To investigate the effect of 2- and 3-amino indenyl substitution
on structural geometries of these new metallocenes as well as to
confirm the NMR assignments, single-crystal X-ray diffraction
analysis was conducted on complexes 7–12.

2.3. X-ray crystal structure analysis of 7, 8 and 9

Crystallographic data are shown in Table 5 presented in Sec-
tion 4. Thermal ellipsoid drawings [26] are shown in Figs. 3–5
for complexes 7, 8 and 9, respectively, whereas the bond lengths
and angles are provided in Table 1. Key structural parameters of
all three complexes are listed and compared to other selected
metallocenes in Table 4 [27]. Complexes 7 and 8 crystallize in
P�1 space group whereas 9 crystallizes in P2(1)/c space group.
All the complexes possess pseudo-tetrahedral coordination
around the zirconium atom, which is bonded to two chlorine
atoms and to the indenyl (Ind) and octahydrofluorenyl (OHF)
groups which act as g5 ligands. The dimethylsilyl group serves
as a bridge between these two ligand fragments. Pyrrolidine
groups occupy the 2- and 3-position of the indenyl fragment in
complexes 8 and 9, respectively. There are substantial differences
between the pyrrolidine substituents in 8 and 9. First, the sum of
the bond angles around the nitrogen atoms is equal to 338.0� for
8 and 357.5� for 9, indicating different nitrogen hybridization (sp3

vs. sp2) in each case. Second, the pyrrolidine ring is substantially
rotated relative to the indenyl unit. This twist can be described by
the dihedral angle between the planes defined by C1–C2–C3–C8–
C9 and N1–C25–C28. For 8 this value equals 59.0� whereas for 9
it is only 11.5�. This rotation in 8 weakens conjugation between
the nitrogen lone pair and the indenyl fragment which is reflected
in elongation of the C2–N bond (1.416(3) Å) as compared to the
analogous bond in 9 (C3–N1 = 1.351(2) Å). Steric interactions be-
tween the silicon methyl group and the methylene groups (next
to the nitrogen atom) are presumably responsible for the differ-
ence in the pyrrolidine conformation in the complexes. An analo-
gous situation was also observed in the crystal structures of



Fig. 4. Molecular structure (side and top views) and labeling scheme for 8 with the
thermal ellipsoids shown at 40% probability level. Hydrogen atoms were omitted
for clarity.

Fig. 5. Molecular structure (side and top views) and labeling scheme for 9 with the
thermal ellipsoids shown at 40% probability level. Hydrogen atoms were omitted
for clarity.

Table 1
Selected bond lengths (Å) and angles (�) for complexes 7, 8 and 9.

7 8 9

Zr–Cl1 2.4261(6) 2.4415(7) 2.4540(5)
Zr–Cl2 2.4431(6) 2.4225(6) 2.4387(5)
N–C(2/3) – 1.416(3) 1.351(2)
N–C25 – 1.464(4) 1.461(3)
N–C28 – 1.469(3) 1.463(3)
Zr–C1 2.476(2) 2.484(2) 2.422(2)
Zr–C2 2.461(2) 2.563(2) 2.478(2)
Zr–C3 2.560(3) 2.581(2) 2.737(2)
Zr–C8 2.587(2) 2.540(2) 2.533(2)
Zr–C9 2.664(3) 2.618(2) 2.693(2)
Zr–C12 2.463(2) 2.449(2) 2.465(2)
Zr–C21 2.496(2) 2.515(2) 2.505(2)
Zr–C22 2.612(2) 2.646(2) 2.595(2)
Zr–C23 2.507(2) 2.490(2) 2.491(2)
Zr-C24 2.617(2) 2.645(2) 2.598(2)
Zr–Cna (Ind)b 2.242 2.242 2.267
Zr–Cna (OHF)c 2.231 2.244 2.221
Dd (Zr–Ind) 0.22 0.25 0.35
Dd (Zr–OHF) 0.19 0.13 0.17
Cl1–Zr–Cl2 97.45(2) 94.45(2) 94.05(2)
C1–Si–C12 94.6(1) 95.2(1) 95.6(1)
Cn–Zr–Cn 127.9 128.7 129.1

a Cn – centroid.
b Ind – indenyl fragment.
c OHF – octahydrofluorenyl fragment.
d Slip parameter [29].
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rac-SiMe2(2-NMe2-indenyl)2ZrCl2 (2) [7], rac-(2-NMe2-EBI)2ZrCl2

(33) [8a], (2-NMe2-indenyl)2ZrCl2 (33) [7,8a], and (2-morpho-
lino-indenyl)2ZrCl2 [28]. The nitrogen in the dimethylamino sub-
stituents were found to be pyramidized in the first two
complexes (Cind–N = 1.40(2) Å and 1.406(6) Å), but almost planar
in the unbridged complexes (Cind–N = 1.354(7) Å [7,8a] and
1.349/1.381 Å [28]). The indenyl fragments in 7 and 9 are nearly
planar with a maximum deviation from the least-square planes of
0.045 Å (for C2) and 0.05 Å (for C3), respectively. The most pro-
nounced deviation of the indenyl fragment from planarity occurs
in 8 with dihedral angle (fold angle) [29] between planes defined
by C1–C2–C3 and C4–C5–C6–C7–C8–C9 equal to 8.2�. A similar
fold angle was also observed in the ansa metallocenes SiMe2[-
bis(2-NMe2-indenyl)2ZrCl2 (6.3�) and rac-(2-NMe2-EBI)2ZrCl2

(5.4� and 6.2�). For unbridged metallocenes the fold angle values
are even larger [e.g. (2-NMe2-EBI)2ZrCl2 (12.5�) and (2-pyrrolidi-
no-EBI)2ZrCl2 (12.3� and 13.7�)] as a result of full conjugation of
the amino substituent with the indenyl fragment. The relative po-
sition of the metal center with respect to the center of the C5 ring
has previously been described by a slip parameter [29]. Slip
parameters measured for the octahydrofluorenyl unit are similar
(within 0.05 Å) for all the complexes (Table 1). For the indenyl
fragment, however, the slip parameters differ noticeably, being
the largest (0.35 Å) in the case of 9, 0.13 Å and 0.10 Å larger than
those in 7 and 8, respectively. The average bond lengths Zr–C1/
Zr–C2/Zr–C8 and Zr–C3/Zr–C9 for the indenyl unit are 2.478 Å
and 2.715 Å (0.24 Å difference) also reflecting the increased shift
of the Zr atom towards the dimethylsilyl bridge and ‘‘uneven”
coordination of the C5 portion of the indenyl fragment. These
two values in 7 (2.508 Å and 2.612 Å) and 8 (2.526 Å and
2.600 Å) are much closer to one another. The average bond
lengths Zr–C5 (Ind) (2.550 Å for 7, 2.557 Å for 8, 2.573 Å for 9)
and Zr–C5 (OHF) (2.539 Å for 7, 2.549 Å for 8, 2.531 Å for 9) are
similar to one another and are within the range reported for other
metallocene complexes [23,35–38]. One consequence of the large
slip in 9 is a decrease in the angle between the metal–centroid
vector and indenyl C5 ring plane (81.6�) as compared to the anal-
ogous angles in 7 (85.4�) and 8 (85.4�). At the same time, an in-
crease of the dihedral angle between C5 rings in 9 (64.0�) is
observed as compared to those of 7 (61.4�) and 8 (60.9�). From
the ring slippage stand point, 3-amino-indenes resemble fluorenyl
ligands which also tend to slip more than cyclopentadienyl or
indenyl ligands as illustrated by examining the bonding parame-
ters of 27 [30], and 28 [31] (Table 4). The Cl1–Zr–Cl2 fragments
are rotated relative to CH3–Si–CH3 unit, away from the nitro-
gen-substituted site. This rotation can be measured by consider-
ing the dihedral angle between planes defined by C1–Si–C12
and Cn1–Zr–Cn2 (Cn = centroid) and equals 0.8�, 3.0� and 13.7�
for complexes 7, 8 and 9, respectively. Figs. 3–5 show single



Fig. 7. Molecular structure (side and top views) and labeling scheme for 11 with the
thermal ellipsoids shown at 40% probability level. Hydrogen atoms were omitted
for clarity.

Table 2
Selected bond distances (Å) and angles (deg) for complexes rac-10 and rac-11.

rac-10 rac-11 rac-10 rac-11

Zr–Cl1 2.4447(6) 2.4452(6) Zr–C1 2.430(2) 2.425(2)
Zr–Cl2 2.4244(6) 2.4285(6) Zr–C2 2.474(2) 2.464(2)
N1–C3 1.361(3) 1.368(3) Zr–C3 2.701(2) 2.707(2)
N2–C11 1.362(3) – Zr–C8 2.575(2) 2.541(2)
N2–C12 – 1.395(4) Zr–C9 2.689(2) 2.679(2)
N1–C21 1.473(3) 1.457(3) Zr–C10 2.450(2) 2.450(1)
N1–C24 1.468(3) – Zr–C11 2.586(2) 2.518(4)
N1–C22 – 1.449(3) Zr–C12 2.550(2) 2.705(3)
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enantiomers (1S for 7, 1R for 8, 1S for 9), however, since all the
complexes crystallize in centrosymmetric space groups, both
enantiomers are present in the crystal lattice [32]. These molecu-
lar structures are rare examples of structurally characterized
octahydrofluorenyl complexes [23,33].

2.4. X-ray crystal structure analysis of rac-10 and rac-11

Crystallographic data are shown in Table 5 presented in Section
4. Thermal ellipsoid drawings [26] are shown in Figs. 6 and 7 for 10
and 11, respectively, whereas the bond lengths and angles are pro-
vided in Table 2. Both complexes 10 and 11 crystallize in the cen-
trosymmetric space group P�1. Key structural parameters of both
complexes are listed and compared to selected metallocenes in Ta-
ble 4 [27]. X-ray analysis of 11 revealed that both racemic and meso
diastereoisomers are present in the unit cell in a relative ratio of
0.79:0.21, respectively, as determined by the least squares refine-
ment. One indenyl fragment is shared by both isomers whereas
the second one is disordered between racemic and meso isomers.
The molecular structure of the racemic isomer of 11 will be dis-
cussed in this section whereas that of the meso form of this com-
plex will be described together with the structure of the meso
isomer of 12. The complexes possess pseudo-tetrahedral coordina-
tion around the zirconium atom, which is bonded to two chlorine
atoms and the two indenyl (Ind) groups which act as g5 ligands. In
r-10, the pyrrolidine group is attached to each indenyl fragment,
one in the 2- and the other in the 3-position whereas in the case
of r-11 the dimethylamino group is attached to each indenyl unit
in the 3-position. The dimethylsilyl group serves as a bridge be-
tween these two ligand fragments. Brief inspection of the structure
of complex r-10 reveals that it is very distorted as compared to
other ansa bis-indenyl complexes. For example, the Cl1–Zr–Cl2
fragment is severely rotated relative to the CH3–Si–CH3 unit, away
from the pyrrolidine group in the 3-position, as measured by the
dihedral angle between the planes defined by C1–Si–C10 and
Cn1–Zr–Cn2. This rotation equals 25.8� for r-10 and is the largest
among the racemic metallocene structures we have encountered
[26]. The analogous rotation in r-11 equals 14.9�. The dimethylsilyl
bridge is twisted in such a way that one silyl methyl group (C20) is
0.13 Å above the indene (C10–C18) plane whereas the other
methyl group (C19) is 0.39 Å below that plane. The pyrrolidine
 

Fig. 6. Molecular structure (side and top views) and labeling scheme for 10 with the
thermal ellipsoids shown at 40% probability level. Hydrogen atoms were omitted
for clarity.

N2–C25 1.449(3) – Zr–C17 2.514(2) 2.496(3)
N2–C28 1.476(3) – Zr–C18 2.610(2) 2.695(3)
N2–C23 – 1.449(4) Zr–Si 3.247 3.220
N2–C24 – 1.458(5)
Zr–Cna (Ind1)b 2.267 2.256 Cl1–Zr–Cl2 97.52(2) 96.84(2)
Zr–Cna (Ind2)b 2.227 2.269 C19–Si–C20 105.2(1) 112.2(4)
Dc (Zr–Ind1) 0.32 0.32 C1–Si–C10 95.97(9) 97.3(4)
Dc (Zr–Ind2) 0.14 0.33 Cn–Zr–Cn 128.5 130.8

a Cn – centroid.
b Ind – indenyl fragment.
c Slip parameter [29].
rings are rotated relative to the indenyl unit by 11.4� and 23.0�
for N1 and N2, respectively. As a result of the small twist of the
pyrrolidino substituents, both nitrogen atoms maintain sp2 hybrid-
ization as evidenced by the sum of the bond angles around the
nitrogen atoms of 356.8� and 357.3� for N1 and N2, respectively,
and the similar Cind–N bond lengths for N1 (1.361(3) Å) and N2
(1.362(3) Å). The fold angle of 11.4� is also observed for the indene
bearing N2 which is also consistent with an increased N2–indene
interaction as compared to that in 8. The fact that the nitrogen of
the 2-pyrrolidino substituent is planar in r-10 is unusual since in
all other complexes having 2-amino groups (2a, 8, 33 [8a] and 34
[8b]), the nitrogen atoms are clearly pyramidized. This is believed
to be due to a twist of the dimethylsilyl bridge, as mentioned
above, which increases the distance between the silyl methyl



Fig. 9. Molecular structure (side and top views) and labeling scheme for meso-12
with the thermal ellipsoids shown at 40% probability level. Hydrogen atoms were
omitted for clarity.

Table 3
Selected bond distances (Å) and angles (�) for complexes meso-11 and meso-12.

meso-11 meso-12 meso-11 meso-12

Zr–Cl1 2.4452(6) 2.427(1) Zr–C1 2.424(2) 2.435(3)
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group (C19) and the 2-pyrrolidino group thus lowering their steric
interactions. The dimethylamino groups in r-11 are slightly pyram-
idized (the sum of the bond angles around the nitrogen atoms are
355.3� and 347.7� for N1 and N2, respectively) presumably due to
steric interaction between the hydrogens residing on the amino
methyl groups C21 and C23 and indenyl hydrogens H4 and H13
which disrupts full conjugation between the nitrogen and the inde-
nyl group. Slip parameters differ noticeably between both indenyl
rings in r-10 and are equal to 0.35 Å for Ind1 and 0.14 Å for Ind2

which is in accordance with what was observed in the case of 8
and 9 (vide supra). For r-11, the slip parameters are 0.32 Å for
Ind1 and 0.33 Å for Ind2. The angles between the metal–centroid
vectors and the indenyl C5 ring plane in r-10 also differ for both
indenes and are equal to 81.9� and 84.4� for Ind1 and Ind2, respec-
tively, as a result of different slip parameter values for those two
indenyl groups. The dihedral angle between the indenyl rings in
r-10 (62.9�) is smaller than that in r-11 (65.9�). From the examples
disclosed in this paper, it appears that the incorporation of each of
the amino groups in the 3-position of the indenyl fragment in-
creased the dihedral angle between C5 rings by about 3�. Figs. 6
and 7 show a single enantiomer (1S,1S for rac-10 and rac-11), how-
ever, since both complexes crystallize in the centrosymmetric
space group P�1, both enantiomers are present in the crystal lattice
[32].

2.5. X-ray crystal structure analysis of meso-11 and meso-12

Crystallographic data are shown in Table 5 presented in Section
4. Thermal ellipsoid drawings [26] are shown in Figs. 8 and 9 for
meso-11 and meso-12, respectively, whereas the bond lengths
and angles are provided in Table 3. Complexes meso-11 and
meso-12 crystallize in P�1 and P2(1)/c space groups, respectively.
Key structural parameters of both complexes are listed and com-
pared to selected metallocenes in Table 4 [27]. X-ray analysis of
11 revealed that both racemic and meso diastereoisomers are pres-
Fig. 8. Molecular structure (side and top views) and labeling scheme for meso-11
with the thermal ellipsoids shown at 40% probability level. Hydrogen atoms were
omitted for clarity.

Zr–Cl2 2.4285(6) 2.421(1) Zr–C2 2.464(2) 2.488(4)
N1–C3 1.367(3) – Zr–C3 2.708(2) 2.657(3)
N2–C12 1.41(2) – Zr–C8 2.541(2) 2.543(3)
N1–C21 1.457(3) – Zr–C9 2.679(2) 2.647(3)
N1–C22 1.449(3) – Zr–C10 2.41(2) 2.438(3)
N2–C23 1.42(2) – Zr–C11 2.51(2) 2.484(3)
N2–C24 1.46(2) – Zr–C12 2.70(1) 2.647(4)
O1–C3 – 1.369(4) Zr–C17 2.47(2) 2.539(4)
O1–C21 – 1.437(5) Zr–C18 2.63(1) 2.642(3)
O2–C12 – 1.366(5) Zr–Si 3.398 3.244
O2–C22 – 1.430(5)
Zr–Cna (Ind1)b 2.256 2.247 Cl1–Zr–Cl2 96.84(2) 96.61(4)
Zr–Cna (Ind2)b 2.247 2.244 C19–Si–C20 128(1) 111.7(2)
Dc (Zr–Ind1) 0.32 0.26 C1–Si–C10 88.4(9) 95.9(2)
Dc (Zr–Ind2) 0.32 0.25 Cn–Zr–Cn 127.5 123.4

a Cn – centroid.
b Ind – indenyl fragment.
c Slip parameter [29].
ent in the unit cell in a relative ratio of 0.79:0.21, respectively, as
determined by the least square refinement. One indenyl fragment
is shared by both isomers whereas the second one is disordered be-
tween racemic and meso isomers. The disordered indene was re-
fined isotropically except for C100. The molecular structure of the
racemic isomer of 11 was described in a previous section of this pa-
per. Two independent molecules of meso-12 are present in the unit
cell [34]. The complexes possess pseudo-tetrahedral coordination
around the zirconium atom, which is bonded to two chlorine
atoms and the two indenyl (Ind) groups which act as g5 ligands.
The dimethylsilyl unit serves as a bridge between these two ligand
fragments. Dimethylamino and methoxy groups are attached to
each indenyl fragment in the 3-position in meso-11 and meso-12,
respectively. The dimethylamino groups in meso-11 are slightly



Table 4
Important structural parameters of selected metallocenes [27].

No. Molecule u a c b d Ref.

7

Si Zr Cl 2

94.6 127.9 16.7 61.4 85.4 This work

8

Si ZrCl 2

N

95.2 128.7 15.7 60.9 84.2 This work

9

Si ZrCl2

N

95.6 129.1 19.5 64.0 85.9 This work

26

Si Zr Cl 2

95.0 127.5 17.5 61.3 85.7 [23]

27

Si ZrCl 2

93.3 127.9 10.5 63.2 80.3 [30]

28

Si ZrMe2

96.8 130.3 14.7 65.5 81.1 [31]

rac-10

Si ZrCl 2

N

N 96.0 128.5 21.1 62.9 81.9 This work

rac-11

S i

Me 2 N

NM e2

ZrCl2

96.4 130.7 16.9 65.9 81.8 This work

meso-11

Si ZrCl2

Me 2N

Me 2N 96.4 127.5 16.9 66.7 82.1 This work
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Table 4 (continued)

No. Molecule u a c b d Ref.

2

Si ZrCl2

NMe2

Me2N

95.1 129.1 17.2 59.2 85.0 [7]

29

Si ZrCl2

94.6 127.8 16.5 61.8 85.2 [35]

30

Si ZrCl2

94.4 128.0 16.4 60.2 85.7 [35,36]

31

Si Zr Cl 2

95.7 129.5 19.1 57.8 85.4 [37]

32

S i Zr Cl 2

Ph

Ph
95.2 128.6 17.2 59.1 85.2 [4a]

meso-12

S i Zr Cl 2

Me O

Me O 95.9 128.2 17.7 64.6 83.5 This work

33

ZrCl2

NMe2

Me2N

– 127.2 2.4 57.7 86.0 [8a]

34

ZrCl2

Me 2N

Me 2N
127.5 2.1 57.3 86.1 [8b]

4

ZrCl 2

OSiMe2t-Bu

t-BuMe2SiO

– 125.9 �4.1 61.4 85.8 [10a]

(continued on next page)
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Table 4 (continued)

No. Molecule u a c b d Ref.

35

ZrCl2

t-BuMe2 SiO

OSiMe2t-Bu
– 126.4 �3.4 63.7 85.6 [11b]

36

ZrCl2

t-BuMe2SiO

t-BuMe2SiO
– 126.4 �3.9 64.6 83.7 [11b]

37

ZrCl2

– 125.3 �1.9 60.4 87.2 [38]

38

ZrCl2

– 126.2 �2.7 59.7 86.7 [38]

39

ZrCl 2

NMe 2

Me2N

– 132.8 – 49.6 86.8 [7,8a]

40

ZrCl2

N

N – 133.0 – 50.2 85.9 [9]
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pyramidized suggesting sp2 hybridization of both nitrogen atoms.
The methoxy substituents in meso-12 are coplanar with the inde-
nyl fragments and are rotated away from the six-membered ring
portions of the indenes. The Cl1–Zr–Cl2 fragment is rotated
relative to the CH3–Si–CH3 unit (by 27.4� for meso-11 and 23.6�
for meso-12) away from the dimethylamino and methoxy groups
as measured by considering the dihedral angle between planes de-
fined by C1–Si–C10 and Cn1–Zr–Cn2. The slip parameters for meso-
11 have the same value for both indenes (0.32 Å) whereas for
meso-12 they are 0.26 Å for Ind1 and 0.25 Å for Ind2. The dihedral
angle between the indenyl rings in meso-11 (66.7�) is larger than
that in meso-12 (64.6�) as expected from larger slip parameter val-
ues for meso-11. The analogous trend in dihedral angle values is
also observed in ethylene bridged 3-siloxy-substituted zirconoc-
enes (35, 36) [11] (Table 4). The structures of meso-11 and meso-
12 reveal that methoxy substituents increase the slippage of the
indenyl fragment as compared to unsubstituted zirconocenes but
its magnitude is less than for 3-amino substituted complexes
which suggests that amount of slippage is directly proportional
to the electron donating ability of the substituent in the 3-position
of the ligand. Figs. 8 and 9 present single enantiomers (1R, 1S for
meso-11 and meso-12), however, since both complexes crystallize
in a centrosymmetric space group, both enantiomers are present
in the crystal lattice [32] (see Fig. 10).
3. Conclusion

In conclusion, crystallographic analysis revealed that the struc-
tures of indenyl based zirconocene complexes are impacted signif-
icantly by the presence of heteroatom substituent on the indenyl
ligand fragment. Heteroatom substituents attached to the 3-posi-



Fig. 10. Key structural angles in metallocene complexes.
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tion of the indenyl fragment led to very pronounced slippage of
the indenyl fragment toward g3 coordination compared to analo-
gous complexes with heteroatom substituents at the 2-position of
indenyl ligand or complexes without any substituents. The magni-
tude of slippage is higher for 3-amino groups than 3-alkoxy
groups suggesting that amount of slippage is directly proportional
to the electron donating ability of the substituent in the 3-position
of the ligand.
Table 5
Crystallographic Data for 7, 8, 9, 10, 11 and 12.

Complex 7 8 9

Empirical formula C24H28Cl2SiZr C28H35Cl2NSi
Zr�0.8(C7H8)

C29H36Cl2NSiZ

Formula weight 506.67 649.49 695.15
Temperature (K) 173(2) 173(2) 173(2)
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Monoclinic
Space group P�1 P�1 P2(1)/c

Unit cell dimensions
a (Å) 9.1330(1) 9.1731(2) 16.0894(1)
b (Å) 9.3548(1) 13.0922(3) 20.7223(4)
c (Å) 14.4087(2) 14.7941(2) 9.1163(2)
a (Å) 100.123(1) 103.445(1) 90
b (Å) 97.418(1) 99.381(1) 93.988(1)
c (Å) 113.690(1) 108.250(1) 90

Volume (Å3), Z 1082.15(2), 2 1586.66(5), 2 3032.10(9), 4
Density (calculated)

(Mg/m3)
1.555 1.359 1.523

Absorption coefficient
(mm�1)

0.819 0.576 0.864

F(0 0 0) 520 676 1424
Crystal size (mm) 0.18 � 0.16 � 0.08 0.23 � 0.23 � 0.07 0.38 � 0.15 �
Theta range for data

collection (�)
1.47–27.50 1.72–27.49 1.27–27.50

Reflections collected 7641 10 955 15 945
Independent

reflections
4816 [R(int) = 0.0207] 6929 [R(int) = 0.0227] 6867 [R(int) =

Absorption correction Empirical Empirical Empirical
Max. and min.

transmission
0.949 and 0.826 0.971 and 0.800 0.932 and 0.7

Refinement method Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Full-matrix le
squares on F2

Data/restraints/
parameters

4815/11/264 6929/0/382 6867/140/408

Goodness-of-fit on F2 1.062 1.064 1.019
Final R indices

[I > 2r(I)]
R1 = 0.0332,
wR2 = 0.0829 [4188]

R1 = 0.0372,
wR2 = 0.0922 [5896]

R1 = 0.0281,
wR2 = 0.0666

R indices (all data) R1 = 0.0407,
wR2 = 0.0876

R1 = 0.0477,
wR2 = 0.0989

R1 = 0.0369,
wR2 = 0.0712

Extinction coefficient 0.0055(9) 0.0034(6) 0.0011(2)
Largest diff. peak and

hole (e Å�3)
0.48 and �0.63 0.63 and �0.40 0.43 and �0.5

R1 ¼
P
ðjjFoj � jFcjjÞ=

P
jFoj;wR2 ¼ ½

P
½wðF2

o � F2
c Þ

2�=
P
½wðF22

o Þ�
1=2; S ¼ ½

P
½wðF2

o � F2
c Þ

2�=ðn
4. Experimental

4.1. General considerations

All syntheses and manipulations of air-sensitive materials were
carried out in an inert atmosphere (nitrogen or argon) glove box.
Solvents were first saturated with nitrogen and then dried by pas-
sage through activated alumina and Q-5TM catalyst prior to use [39].
Deuterated NMR solvents were dried over sodium/potassium alloy
and filtered prior to use. NMR spectra were recorded on a Varian
INOVA 300 and Mercury 300 (FT 300 MHz, 1H; 75 MHz, 13C) spec-
trometer. 1H NMR data are reported as follows: chemical shift
(multiplicity (br = broad, s = singlet, d = doublet, t = triplet,
q = quartet, p = pentet, and m = multiplet), integration and assign-
ment). Chemical shifts for 1H NMR data are reported in ppm down-
field from internal tetramethylsilane (TMS, d scale) using residual
protons in the deuterated solvents (C6D6, 7.15 ppm; CDCl3,
7.25 ppm) as references. 13C NMR data were determined with 1H
decoupling and the chemical shifts are reported in ppm vs tetra-
methylsilane (C6D6, 128 ppm; CDCl3, 77 ppm). Coupling constants
are reported in hertz (Hz). Mass spectra (EI) were obtained on
the AutoSpecQFDP. 1-Indanone, pyrrolidine, dimethylamine, ZrCl4,
MeLi, n-BuLi and Me2SiCl2 were purchased from Aldrich Chemical
Co. All compounds were used as received. The following
10 11 12

r C28H32Cl2N2Si Zr C24H28Cl2N2SiZr C22H22Cl2O2SiZr

586.77 534.69 508.61
173(2) 173(2) 173(2)
0.71073 0.71073 0.71073
Triclinic Triclinic Monoclinic
P�1 P�1 P2(1)/c

10.6627(4) 9.7338(4) 24.2170(3)
10.7980(4) 10.3196(4) 9.3987(1)
12.2364(4) 13.0758(5) 19.1407(1)
97.423(1) 83.491(1) 90
112.773(1) 73.736(1) 101.920(1)
91.137(1) 66.105(1) 90

1284.37(8), 2 1152.82(8), 2 4262.63(7), 8
1.517 1.540 1.585

0.703 0.775 0.838

604 548 2064
0.11 0.23 � 0.20 � 0.13 0.16 � 0.14 � 0.13 0.20 � 0.19 � 0.18

1.83–27.50 2.16–27.50 1.72–27.49

9097 7715 30 171
0.0236] 5744 [R(int) = 0.0262] 5116 [R(int) = 0.0133] 9758 [R(int) = 0.0298]

Integration Integration Empirica
69 0.918 and 0.830 0.954 and 0.894 0.888 and 0.77

ast- Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

5744/0/308 5116/6/365 9758/0/506

1.071 1.025 1.157

[5895]
R1 = 0.0295,
wR2 = 0.0799 [4936]

R1 = 0.0256,
wR2 = 0.0628 [4386]

R1 = 0.0480,
wR2 = 0.1031 [8587]

R1 = 0.0357,
wR2 = 0.0819

R1 = 0.0332,
wR2 = 0.0654

R1 = 0.0568,
wR2 = 0.1073

not applied 0.0014(6) 0.00021(9)
4 0.67 and �0.64 0.45 and �0.42 1.04 and �0.68

� pÞ�1=2;w ¼ 1=½r2ðF2
oÞ þ ð0:0370 � pÞ2 þ 0:31 � p�;p ¼ ½maxðF2

o ; 0Þ þ 2 � F2
c �=3.
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compounds were prepared by published procedures: 1-(1H-2-
indenyl)pyrrolidine, 1-(1H-3-indenyl)pyrrolidine, 3-methoxy-
1H-indene, (2,3,4,5,6,7,8,9-octahydro-1H-fluoren-9-yl)-lithium,
chlorodimethyl(9-octahydrofluorenyl)silane, 1H-inden-1-yl-lith-
ium [40].

4.2. Preparation of (2-(1-pyrrolidinyl)-1H-inden-1-yl)lithium

1-(1H-2-Indenyl)pyrrolidine (15.2 g, 82.05 mmol) was dis-
solved in a mixture of 150 mL of toluene and 200 mL of ether.
To this solution n-BuLi (53.84 mL, 86.15 mmol, 1.6 M in hexanes)
was added at room temperature. During the addition white pre-
cipitate appeared. After stirring overnight the white solid was
isolated by filtration, washed with 70 mL of hexane and dried
under reduced pressure. Obtained 15.29 g of the product. Yield
97.5%.

4.3. Preparation of (1-(1-pyrrolidinyl)-1H-indenyl)lithium (14)

In the drybox 3.5 g (18.9 mmol) of 1-(1H-inden-3-yl)pyrrolidine
was combined with 100 mL of hexane. To this solution 9.5 mL
(18.9 mmol) of n-BuLi (1.6 M) was added dropwise. Upon complete
addition of the n-BuLi the solution was stirred overnight. The
resulting precipitate was collected via filtration, washed with hex-
ane and dried under reduced pressure to give 3.61 g of product.
Yield 99%.

4.4. Preparation of (1H-inden-1-yl)(dimethyl)(1,2,3,4,5,6,7,8-
octahydro-9H-fluoren-9-yl)silane (16)

A solution of 1H-inden-1-yl-lithium (2.806 g 10.51 mmol) in
THF (25 mL) was added dropwise to a solution of chlorodi-
methyl(1,2,3,4,5,6,7,8-octahydro-9H-fluoren-9-yl)silane (2.806 g,
10.51 mmol) in THF (50 mL) at 0 �C. This mixture was then allowed
to stir overnight at room temperature. The volatiles were removed
and the residue extracted and filtered using hexane. Removal of
the hexane resulted in the isolation of the desired product as a yel-
low oil (3.507 g, 96.2% yield). The product was a mixture of two
double bond isomers of the indene: isomer a (72.0%) where the sil-
icon is attached to sp3 carbon of indene; isomer b (28.0%) where
silicon is attached to sp2 carbon of indene. 1H NMR (C6D6) (isomer
a): d �0.36 (s, 3 H), �0.09 (s, 3 H), 6.5–6.6 (m, 1H), 6.8–6.9 (m, 1H),
7.47 (d, 2H, 3JH–H = 8.2 Hz); (isomer b): d 0.27 (s, 6H), 6.5–6.6 (m,
1H), 7.60 (d, 1H, 3JH–H = 7.7 Hz); (common/undifferentiable peaks
of both isomers): d 1.4–1.9 (m, 8H), 2.1–2.5 (m, 8H), 2.79 (s, 1H),
3.13 (s, 1H), 3.67 (s, 1H), 7.1–7.4 (m, 4H). 13C{1H} NMR (C6D6) (iso-
mer a): d �5.63, �4.87; (isomer b): d �3.58; (common/undifferen-
tiable peaks of both isomers): d 22.95, 23.27, 23.56, 23.89, 24.01,
24.40, 25.79, 26.92, 27.46, 27.62, 32.00, 40.93, 45.15, 50.92,
51.61, 121.47, 122.64, 123.32, 124.07, 124.15, 124.75, 125.40,
126.46, 129.59, 135.70, 136.50, 136.75, 137.77, 138.20, 144.43,
145.02, 145.63, 148.30. HRMS (EI): calc. for M+: 346.2117, found:
346.2119.

4.5. Preparation of (l-(1H-inden-1-ylidene(dimethylsilylene)-
(1,2,3,4,5,6,7,8-octahydro-9H-fluoren-9-ylidene)))dilithium

A solution of n-BuLi (12.2 mmol, 6.10 mL of 2.0 M solution in
cyclohexane) was added dropwise to (1H-inden-1-yl)(di-
methyl)(1,2,3,4,5,6,7,8-octahydro-9H-fluoren-9-yl)silane (2.105 g,
6.07 mmol) in hexane (100 mL). This mixture was allowed to stir
overnight during which time salts precipitated. After the reaction
period the mixture was filtered resulting in the isolation of the de-
sired product as a pale yellow solid which was used without fur-
ther purification or analysis following washing with hexane and
drying under vacuum (1.916 g, 88.0% yield).
4.6. Preparation of dichloro(g10-(dimethylsilylene)(1H-inden-1-ylide
ne) (1,2,3,4,5,6,7,8-octahydro-9H-fluoren-9-ylidene))zirconium (7)

(l-(1H-Inden-1-ylidene(dimethylsilylene)(1,2,3,4,5,6,7,8-octa-
hydro-9H-fluoren-9-ylidene)))dilithium (1.916 g, 5.345 mmol)
was added slowly as a solid to a slurry of ZrCl4 (1.246 g,
5.345 mmol) in toluene (100 mL). This mixture was then allowed
to stir overnight. The mixture was filtered and the volatiles re-
moved resulting in the isolation of the desired product as a yel-
low-orange microcrystalline solid (1.872 g, 69.1% yield). 1H NMR
(CDCl3): d 0.93 (s, 3H), 1.13 (s, 3H), 1.3–2.7 (m, 16H), 5.95 (d,
1H, 3JH–H = 3.2 Hz), 7.08 (t, 1H, 3JH–H = 7.5 Hz), 7.26 (d, 1H, 3JH–H =
3.3 Hz), 7.36 (t, 1H, 3JH–H = 8.2 Hz), 7.48 (d, 1H 3JH–H = 8.8 Hz),
7.73 (d, 1H, 3JH–H = 8.6 Hz). 13C{1H} NMR (CDCl3): d 0.17 (SiCH3),
0.33 (SiCH3), 21.53 (CH2), 21.77 (CH2), 22.41 (CH2), 22.46 (CH2),
22.75 (CH2), 22.81 (CH2), 26.82 (CH2), 27.02 (CH2), 88.38 (quat.),
96.57 (quat.), 117.07 (CH), 120.43 (CH), 124.75 (CH), 126.17
(CH), 126.43 (CH), 126.65 (CH), 126.72 (quat.), 127.47 (quat.),
131.32 (quat.), 132.86 (quat.), 135.44 (quat.), 135.69 (quat.).
HRMS (EI, M+): calc. 506.0373, found 506.0385. Anal. Calc. for
C24H28Cl2SiZr: C, 56.89; H, 5.57. Found: C, 57.22; H, 5.68%.
4.7. Preparation of chlorodimethyl(2-(1-pyrrolidinyl)-1H-inden-1-yl)-
silane (19)

(2-(1-Pyrrolidinyl)-1H-inden-1-yl)lithium (5.00 g, 26.1 mmol)
in 50 mL of THF was added as a suspension to a 100 mL diethyl
ether solution of Me2SiCl2 (30 mL, 247.0 mmol). During addition
white precipitate appeared. The colorless mixture was stirred for
2 h and then solvent was removed under reduced pressure. The
residue was extracted with 70 mL of hexane followed by filtration.
The hexane solution was concentrated to 50 mL and was placed in
a freezer (�27 �C) for 24 h. The solvent was decanted and the
resulting white crystals were washed twice with 20 mL of cold
hexane and then dried under reduced pressure. Obtained 6.12 g,
84% yield. M.p. = 53–54 �C. 1H (C6D6): d 0.03 (s, 3H), 0.14 (s, 3H),
1.48 (m, 4H), 2.71 (m, 2H), 2.98 (m, 2H), 3.50 (s, 1H), 5.50 (s,
1H), 7.00 (m, 1H), 7.23 (m, 2H), 7.41(d, 1H, 3JH–H = 7.4 Hz).
13C{1H} (C6D6): d �0.50, �0.35, 25.03, 45.12, 50.20, 100.36,
117.97, 120.33, 123.42, 126.62, 136.61, 146.85, 157.00. HRMS
(EI): calc. M+ 277.1054, found 277.1048.
4.8. Preparation of dimethyl(1,2,3,4,5,6,7,8-octahydro-9H-fluoren-9-
yl)(2-(1-pyrrolidinyl)-1H-inden-1-yl)silane (20)

To a stirred solution of 1.213 g (6.73 mmol) of chlorodimeth-
yl(2-(1-pyrrolidinyl)-1H-inden-1-yl)silane in 40 mL of THF was
added 1.213 g (6.73 mmol) of lithium (1-(1-pyrrolidinyl)-1H-
indenyl)lithium as a THF suspension (20 mL) within 5 min. The
reaction mixture was stirred overnight and then solvent was re-
moved under reduced pressure. The residue was dissolved in
20 mL of methylene chloride and filtered. Solvent was removed
leaving 2.75 g of very thick light yellow oil as a mixture (2:1 ra-
tio) of two distereoisomers. Yield 98%. 1H (C6D6) (major isomer):
d �0.25 (s, 3H), �0.01 (s, 3H), 3.81 (s, 1H), 5.66 (s, 1H); (minor
isomer): d 0.10 (s, 3H), 0.14 (s, 3H), 5.51 (s, 1H); (common/
undifferentiable peaks of both isomers): 1.35–2.90 (m, 19 H),
3.02 (m, 3H), 3.18 (s, 1H), 3.51 (m, 2H). 13C{1H} (C6D6) (major
isomer): d �6.10, �6.04; (minor isomer): d �0.47, �0.25; (com-
mon/undifferentiable peaks of both isomers): d 23.35, 23.60,
23.69, 24.40, 24.58, 25.08, 25.82, 27.27, 28.14, 29.33, 37.42,
43.18, 45.50, 49.82, 50.27, 67.90, 100.43, 118.02, 120.07,
120.38, 122.74, 123.44, 125.88, 126.64, 136.77, 137.19, 138.09,
138.26, 139.69, 146.81, 156.99, 159.97. HRMS (EI): calc. M+

415.2695, found 415.2690.
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4.9. Preparation of (l-((1,2,3,4,5,6,7,8-octahydro-9H-fluoren-9-
ylidene) (dimethylsilylene)(2-(1-pyrrolidinyl)-1H-inden-1-
ylidene)))dilithium

Dimethyl(1,2,3,4,5,6,7,8-octahydro-9H-fluoren-9-yl)(2-(1-pyr-
rolidinyl)-1H-inden-1-yl)silane (2.635 g, 6.34 mmol) was dis-
solved in a mixture of 20 mL of toluene and 50 mL of hexane. To
this solution was added dropwise 8.7 mL of 1.6 M n-BuLi via syr-
inge over a 5 min period. The reaction mixture was allowed to stir
for 5 h (initially the dianion appeared as a oily, sticky residue.
Eventually the compound solidified and was broken up into fine
powder). After this time the solid was filtered, washed with
60 mL of hexane and allowed to dry in vacuum to afford the de-
sired dianion as an off-white solid (2.22 g) in 82% yield.

4.10. Preparation of dichloro(g10-(dimethylsilylene)(1,2,3,4,5,6,7,8-
octahydro-9H-fluoren-9-ylidene)(2-(1-pyrrolidinyl)-1H-inden-1-
ylidene))zirconium (8)

Zirconium tetrachloride (1.21 g, 5.19 mmol) was mixed
with 2.22 g (5.19 mmol) of (l-((1,2,3,4,5,6,7,8-octahydro-9H-fluo-
ren-9-ylidene)(dimethylsilylene)(2-(1-pyrrolidinyl)-1H-inden-1-
ylidene)))dilithium. To this flask was added 50 mL of toluene and
the mixture was stirred for 22 h. The solution was filtered and the
residue collected on the frit was washed with 50 mL of toluene. Re-
moval of toluene gave 0.92 g of yellow colored product. Yield 31%.
The complex was recrystallized from a toluene/hexane solvent mix-
ture at�27 �C. 1H (C6D6): d 0.79 (s, 3H), 0.82 (s, 3H), 1.15–2.0 (m, 14
H), 2.2 (m, 4H), 2.7–3.1 (m, 6H), 6.57 (s, 1H), 6.82 (t, 1H, 3JH–H =
7.7 Hz), 7.21 (t, 1H, 3JH–H = 7.6 Hz), 7.42 (d, 1H, 3JH–H = 8.6 Hz),
7.48 (d, 1H, 3JH–H = 8.3 Hz). 13C{1H}(C6D6): d 2.21, 3.77, 22.08,
22.36, 22.59, 22.90, 23.11, 24.22, 26.90, 27.47, 54.2 (s, br), 74.70,
93,32, 103.34, 122.07, 124.68, 125.19, 126.11, 129.04, 130.47,
131.53, 135.54, 136.02, 152.21. Anal. Calc. for C28H35Cl2NSiZr�0.6
C7H8: C, 61.28; H, 6.36; N, 2.22. Found: C, 61.2; H, 6.46; N, 2.16%.
HRMS (EI): calc. M+ 575.0953, found 575.0950.

4.11. Preparation of dimethyl(1,2,3,4,5,6,7,8-octahydro-9H-fluoren-9-
yl)(3-(1-pyrrolidinyl)-1H-inden-1-yl)silane (17)

A solution of (1-(1-pyrrolidinyl)-1H-indenyl)lithium (2.785 g,
14.57 mmol) in THF (50 mL) was added dropwise to a solution
of chlorodimethyl(1,2,3,4,5,6,7,8-octahydro-9H-fluoren-9-yl)silane
(3.888 g, 14.57 mmol) in 50 mL of THF. This mixture was then al-
lowed to stir overnight at room temperature. The volatiles were re-
moved under reduced pressure and the residue was extracted with
hexane and filtered. Removal of the hexane resulted in the isola-
tion of the desired product as a red oil (5.850 g, 96.6% yield). 1H
NMR (C6D6): d �0.23 (s, 3H), �0.03 (s, 3H), 1.5–1.7 (m, 8H), 1.7–
1.9 (m, 4H), 2.1–2.5 (m, 8 H), 2.91 (s, 1H), 3.2–3.4 (m, 4H), 6.62
(s, 1H), 5.29 (d, 1H, 3JH–H = 2.2 Hz), 7.1–7.3 (m, 2H), 7.47 (d, 1H,
3JH–H = 7.4 Hz), 7.70 (d, 1H, 3JH–H = 7.7 Hz). 13C{1H} NMR (C6D6): d
�5.60, �4.76, 23.31, 23.62, 24.47, 25.32, 27.53, 27.71, 40.01,
50.70, 51.84, 103.91, 121.02, 123.83, 124.81, 136.78, 137.04,
137.79, 137.87, 141.63, 146.90, 149.47. HRMS (EI, M+): calc.
415.2695, found 415.2686.

4.12. Preparation of (l-(1,2,3,4,5,6,7,8-octahydro-9H-fluoren-9-
ylidene)(dimethylsilylene)(3-(1-pyrrolidinyl)-1H-inden-1-
ylidene)))dilithium

A solution of n-BuLi (30.0 mmol, 15.00 mL of 2.0 M solution in
cyclohexane) was added dropwise to dimethyl(1,2,3,4,5,6,7,8-
octahydro-9H-fluoren-9-yl)(3-(1-pyrrolidinyl)-1H-inden-1-yl)si-
lane (5.850 g, 14.07 mmol) in hexane (100 mL). This mixture was
allowed to stir overnight. Precipitated orange solid was collected
on the frit, washed with hexane and then dried under reduced
pressure. Obtained 3.099 g of product, 51.5% yield.

4.13. Preparation of dichloro(g10-(dimethylsilylene)(1,2,3,4,5,6,7,8-
octahydro-9H-fluoren-9-ylidene) (3-(1-pyrrolidinyl)-1H-inden-1-
ylidene))zirconium (9)

(l-(1,2,3,4,5,6,7,8-octahydro-9H-fluoren-9-ylidene)(dimethylsil-
ylene)(3-(1-pyrrolidinyl)-1H-inden-1-ylidene)))dilithium (3.099 g,
7.249 mmol) was added slowly as a solid to a slurry of ZrCl4

(1.689 g, 7.249 mmol) in toluene (100 mL). This mixture was
then allowed to stir overnight. The mixture was filtered and
the volatiles removed under reduced pressure resulting in the
isolation of the desired product as a purple microcrystalline solid
(1.819 g, 43.6% yield). 1H NMR (CDCl3): d 0.83 (s, 3H), 1.09 (s,
3H), 1.4–2.8 (m, 20H), 3.7 (m, 4H), 4.50 (s, 1H), 6.90 (t, 1H,
3JH–H = 8.0 Hz), 7.08 (t, 1H, 3JH–H = 7.7 Hz), 7.20 (d, 1H, 3JH–H =
8.7 Hz), 7.88 (d, 1H, 3JH–H = 8.8 Hz). 1H NMR (C6D6): d 0.63 (s,
3H), 0.81 (s, 3H), 1.2–2.6 (m, 16H), 2.7–2.9 (m, 2H), 2.9–3.1
(m, 2H), 3.3–3.6 (m, 4H), 4.49 (s, 1H), 6.86 (t, 1H, 3JH–H =
8.0 Hz), 7.06 (t, 1H, 3JH–H = 8.6 Hz), 7.23 (d, 1H, 3JH–H = 8.6 Hz),
7.80 (d, 1H, 3JH–H = 8.8 Hz). 13C{1H} NMR (CDCl3): d 0.37, 1.10,
21.36, 21.93, 22.45, 22.59, 26.09, 26.33, 26.70, 27.52, 50.07,
72.68, 93.71, 94.69, 119.75, 123.77, 125.38, 126.26, 126.44,
126.82, 131.00, 131.64, 133.19, 134.18, 149.10. HRMS (EI): calc.
(M+) 575.0953, found 575.0957. Anal. Calc. for C28H35NSiCl2Zr:
C, 58.41; H, 6.13; N, 2.43. Found: C, 58.80; H, 6.34; N, 2.44%.

4.14. Preparation of dimethyl(2-(1-pyrrolidinyl)-1H-inden-1-yl)(3-(1-
pyrrolidinyl)-1H-inden-1-yl)silane (21)

To a stirred solution of 2.76 g (9.93 mmol) of chlorodimeth-
yl(2-(1-pyrrolidinyl)-1H-inden-1-yl)silane in 40 mL of THF a
1.899 g (9.93 mmol) of (1-(1-pyrrolidinyl)-1H-indenyl)lithium
was added in 15 mL of THF within 5 min. The reaction mixture
became red at once. The reaction mixture was stirred overnight
followed by solvent removal under reduced pressure. The resi-
due was dissolved in 30 mL of hexane and filtered. The hexane
was removed leaving 4.21 g of a very thick brown-red oil. Yield
99.5%. Compound exists as a mixture of two diastereoisomers in
a ratio of 1.8:1. 1H (C6D6): d (unique peaks of the major isomer):
�0.30 (s, 3H), �0.15 (s, 3H), 3.74 (s, 2H), 5.33 (s, 1H), 5.65 (s,
1H), 7.49 (d, 1H, 3JH–H = 7.4 Hz), 7.70 (d, 1H, 3JH–H = 7.0 Hz); (un-
ique peaks of the minor isomer): �0.30 (s, 3H), �0.11 (s, 3H),
3.64 (s, 2H), 5.22 (s, 1H), 5.64 (s, 1H), 7.54 (d, 1H, 3JH–H =
7.4 Hz), 7.72 (d, 1H, 3JH–H = 6.0 Hz); (common/undifferentiable
peaks of both isomers): 1.43 (m, 4H), 1.62 (m, 4H), 2.76 (m,
2H), 2.93 (m, 2H), 3.24 (m, 4H), 7.0–7.4 (m, 6H). 13C{1H}(C6D6)
(both isomers): d �7.06, �6.25, �6.05, �5.61, 24.98, 25.31,
39.18, 39.25, 43.31, 44.08, 50.15, 50.67, 99.98, 103.54, 104.06,
118.03, 120.07, 121.11, 121.17, 122.84, 123.84, 123.92, 124.07,
124.13, 124.89, 124.96, 125.84, 139.55, 139.67, 141.53, 141.68,
146.70, 146.85, 149.48, 159.14, 159.23. HRMS (EI): calc. for M+

426.2491, found 426.2479.
4.15. Preparation of (l-((dimethylsilylene)(2-(1-pyrrolidinyl)-1H-
inden-1-ylidene) (3-(1-pyrrolidinyl)-1H-inden-1-ylidene)))dilithium

Dimethyl(2-(1-pyrrolidinyl)-1H-inden-1-yl)(3-(1-pyrrolidinyl)-
1H-inden-1-yl)silane was dissolved in 50 mL of hexane. To this
solution was added 13.66 mL (21.85 mmol) of n-BuLi (1.6 M in
hexane) within 5 min. After stirring overnight the yellow precipi-
tate was collected by filtration, washed twice with 30 mL of hexane
and dried under reduced pressure to give 4.318 g of product. Yield
for the last two steps in this synthesis is 98.7%.
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4.16. Preparation of dichloro(g10-(dimethylsilylene)(2-(1-
pyrrolidinyl)-1H-inden-1-ylidene)(3-(1-pyrrolidinyl)-1H-inden-1-
ylidene))-zirconium, rac/meso stereoisomers (10)

(l-((Dimethylsilylene)(2-(1-pyrrolidinyl)-1H-inden-1-ylidene)
(3-(1-pyrrolidinyl)-1H-inden-1-ylidene)))dilithium (1.789 g, 4.080
mmol) was added slowly as a solid over a 20 min period to a slurry
of ZrCl4 (0.950 g, 4.080 mmol) in toluene (75 mL). This mixture
was allowed to stir overnight. The mixture was filtered and the vol-
atiles were removed resulting in the isolation of a dark residue. This
residue was then redissolved in a hexane:toluene (2:1 v/v) mixture,
filtered, and the filtrate cooled to�15 �C overnight during which time
a red precipitate formed which was isolated via filtration and washed
with cold hexane. This procedure was repeated resulting in the iso-
lation of the desired product as a red solid (1.684 g, 70.4% yield). 1H
NMR (C6D6): d 0.89 (s, 3H), 0.98 (s, 3H), 1.2–1.7 (m, 8H), 2.9–3.2 (m,
8H), 4.81 (s, 1H), 6.04 (s, 1H), 6.74 (t, 1H, 3JH–H = 7.9 Hz), 6.9–7.2 (m,
3H), 7.41 (d, 1H, 3JH–H = 8.7 Hz), 7.48 (d, 1H, 3JH–H = 8.5 Hz), 7.71 (d,
1H, 3JH–H = 8.5 Hz), 7.76 (d, 1H, 3JH–H = 8.7 Hz). 13C{1H} NMR
(C6D6): d 2.42, 3.11, 24.79, 26.20, 49.69, 53.88, 73.27, 73.49, 94.13,
95.17, 120.63, 122.83, 123.29, 124.18, 124.90, 125.77, 125.91,
126.17, 126.47, 131.51, 134.83, 148.96, 156.80. HRMS (EI, M+): calc.
584.0759, found 584.0736. Anal. Calc. for C28H32Cl2N2SiZr: C, 57.31;
H, 5.50; N, 4.77. Found: C, 56.89; H, 5.37; N, 5.11%.

4.17. Preparation of N,N-dimethyl-1H-inden-3-amine

This compound was prepared by a modification of the general
method of Carlson and Nilsson [21]. To a 3-neck 500 mL flask
equipped with an overhead stirrer, septum and maintained under
nitrogen was added 150 mL of dry hexane. The solvent was cooled
to �20 to �30 �C while anhydrous dimethylamine (12.6 g,
280 mmol) was purged into the solvent such that no gas escaped
through the bubbler. To the cooled, well-stirred solution was added
TiCl4 (6.63 g, 35.0 mmol) dropwise such that the pot temperature re-
mained between �30 and �15 �C (caution: a Hershberg stirrer is
advisable due to titanium amide formation). The resulting dark
brown slurry was stirred for 15 minutes and allowed to come to
0 �C before 1-indanone (4.32 g, 32.7 mmol) was added all at once
as a solid. The solution was allowed to come to room temperature,
and then was heated to 60 �C for 5 min whereupon more TiO2 precip-
itated from the slurry and the solution became clear. The slurry was
filtered through a 4 cm pad of oven-dried Celite under a nitrogen
stream and the solvent was removed in vacuo to the product
(3.8 g, 23.8 mmol) in 73% yield as a dark oil which contained no
detectable ketone by NMR analysis. The product assayed at 98 area%
purity by GC analysis. 1H NMR (CDCl3): d 2.83 (s, 6H), 3.31 (s, 2H),
5.46 (s, 1H), 7.21 (d, 1H, J = 7.4 Hz), 7.30 (d, 1H, J = 7.4 Hz), 7.42 (d,
1H, J = 7.4 Hz), 7.49 (d, 1H, J = 7.4 Hz). 13C{1H} NMR (CDCl3): d 35.6,
42.9, 107.8, 119.9, 123.8, 124.3, 125.6, 141.3, 144.6, 153.8.

4.18. Preparation of (1-(dimethylamino)-1H-indenyl)lithium (22)

In the drybox 3.8 g (23.9 mmol) of N,N-dimethyl-1H-inden-3-
amine was combined with 100 mL of hexane. To this solution
15 mL (23.9 mmol) of n-BuLi (1.6 M) was added dropwise. Upon
complete addition of the n-BuLi the solution was stirred overnight.
The resulting precipitate was collected via filtration, washed with
hexane and dried under reduced pressure to give 3.58 g of product.
Yield 91%.

4.19. Preparation of bis(3-dimethylamino-1H-inden-1-
yl)dimethylsilane (24)

A solution of dimethyldichlorosilane (0.199 g, 1.55 mmol) in
THF (20 mL) was added dropwise to a solution of (1-(dimethyl-
amino)-1H-indenyl)lithium (0.510 g, 3.09 mmol) in THF (50 mL)
at 0 �C. This mixture was then allowed to stir overnight at room
temperature. The volatiles were removed under reduced pressure
and the residue was extracted and filtered using hexane. Removal
of the hexane resulted in the isolation of the desired product as a
purple oil (0.525 g, 90.7% yield). 1H NMR (C6D6) (rac isomer): d
�0.25 (s, 6H); (meso isomer): d �0.45 (s, 3H), �0.01 (s, 3H); (com-
mon/undifferentiable peaks of both isomers): d 2.62 (s, 6H), 2.67 (s,
6H), 3.44 (s, 2H), 5.34 (s, 1H), 5.35 (s, 1H), 7.15 (t, 2H, 3JH–H =
7.5 Hz), 7.26 (t, 2H, 3JH–H = 7.8 Hz), 7.39 (d, 2H, 3JH–H = 7.5 Hz),
7.6–7.7 (m, 2H). 13C{1H} NMR (C6D6) (rac isomer): d �5.83; (meso
isomer): d �7.04, �4.40; (common/undifferentiable peaks of both
isomers): d 40.79, 40.84, 43.10, 43.13, 109.96, 120.76, 120.80,
123.80, 123.86, 124.37, 124.45, 124.96, 125.08, 141.38,
141.43146.20, 146.26, 153.17. HRMS (EI): calc. for M+: 374.2178,
found: 374.2182.

4.20. Preparation of (l-((dimethylsilylene)bis(3-dimethylamino-1H-
inden-1-ylidene)))dilithium

To a bis(3-dimethylamino-1H-inden-1-yl)dimethylsilane
(4.324 g, 11.54 mmol) dissolved in toluene/hexane (100 mL, 1/1
v/v) mixture was added dropwise n-BuLi (25.31 mmol, 12.70 mL
of 2.0 M solution). This mixture was allowed to stir overnight dur-
ing which time a precipitate formed. The mixture was filtered
resulting in the isolation of the desired product as a pale yellow so-
lid which was washed with hexane and dried under reduced pres-
sure (4.375 g, 98.1% yield).

4.21. Preparation of dichloro(bis((1,2,3,3a,7a-)-3-(dimethylamino)-
1H-inden-1-ylidene) (dimethylsilylene))zirconium (11)

(l-((Dimethylsilylene)bis(3-dimethylamino-1H-inden-1-yli-
dene))) dilithium (4.375 g, 11.31 mmol) was added slowly as a so-
lid to a slurry of ZrCl4 (2.638 g, 11.31 mmol) in toluene (75 mL).
This mixture was then allowed to stir overnight. The mixture
was filtered and the volatiles were removed under reduced pres-
sure resulting in the isolation of the desired product as a purple
microcrystalline solid. This solid was dissolved in warm toluene,
filtered and then placed in a freezer (�15 �C) overnight during
which time large purple crystals formed. These crystals were iso-
lated by decanting away the supernatant and drying under reduced
pressure (3.108 g, 51.3% yield). The recrystallization improved the
original 39:61 rac:meso ratio obtained in the unrecrystallized frac-
tion to a 46:54 rac:meso ratio. 1H NMR (C6D6) (rac isomer): d 0.74
(s, 6H), 2.88 (s, 12H), 5.14 (s, 2H), 7.64 (d, 2H, 3JH–H = 8.9 Hz); (meso
isomer): d 0.56 (s, 3H), 0.97 (s, 3H), 3.04 (s, 12H), 4.98 (s, 2H), 7.63
(d, 2H, 3JH–H = 8.8 Hz); (common/undifferentiable peaks of both
isomers): d 6.7–7.1 (m, 8 H), 7.29 (t, 4H, 3JH–H = 9.1 Hz). 13C{1H}
NMR (C6D6) (rac isomer): d �0.85; (meso isomer): d �2.24,
�0.23; (common/undifferentiable peaks of both isomers): d
42.37, 42.56, 74.08, 76.27, 98.53, 98.93, 121.81, 121.94, 124.51,
124.56, 125.57, 125.84, 126.07, 129.28, 129.96,147.99, 148.08.
HRMS (EI): calc. for M+: 534.0434, found 534.0436. Anal. Calc. for
C24H28Cl2N2SiZr: C, 53.91; H, 5.28; N, 5.24. Found: C, 54.2; H,
5.37; N, 5.16%.

4.22. Preparation of (3-methoxy-1H-indenyl)lithium (23)

3-Methoxy-1H-indene (9.65 g, 66.04 mmol) was dissolved in
150 mL of hexane. To this solution 50 mL of a 1.6 M solution of
n-BuLi was added (80 mmol) within 10 min. After 20 h of stirring
the off-white solid was collected on a medium-size frit, washed
with hexane (3 � 30 mL) and dried under reduced pressure to give
9.72 g of product. Yield 97%.
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4.23. Preparation of bis(3-methoxy-1H-inden-1-yl)dimethylsilane
(25)

(3-Methoxy-1H-indenyl)lithium (5.668 g, 37.3 mmol) in 40 mL
of THF was added a stirred solution of 2.32 g (18.1 mmol) of dim-
ethyldichlorosilane in 60 mL of THF. The reaction mixture was
stirred at room temperature overnight. The solvent was removed
under reduced pressure. The residue was extracted with 40 mL of
methylene chloride and solution was filtered. The solvent was re-
moved leaving greenish residue. The residue was washed with
50 mL of hexane leaving 1.2 g of white powder (pure rac isomer).
The greenish solution was placed in a freezer. After 24 h solvent
was decanted and the solid residue was washed with cold hexane
and then dried under reduced pressure to give 1.0 g of product
(this sample contained a rac and meso isomer mixture in the ratio
of 3:1. Combined yield was 34%. 1H (C6D6) (rac isomer): d 0.25 (s,
6H), 3.35 (s, 2H), 3.49 (s, 6H), 5.21 (d, 2H, 3JH–H = 2.0 Hz), 7.15 (t,
2H, 3JH–H = 7.3 Hz), 7.25 (t, 2H, 3JH–H = 7.3 Hz), 7.34 (d, 2H, 3JH–H =
7.4 Hz), 7.81 (d, 2H, 3JH–H = 7.5 Hz). (meso isomer): d �0.43 (s,
3H), �0.01 (s, 3H), 3.46 (s, 6H), 3.34 (s, 2H), 5.05 (s, 2H).
13C{1H}(C6D6) (rac isomer): d �5.73, 39.05, 56.35, 99.87, 118.94,
123.50, 125.37, 125.53, 139.24, 144.45, 158.25. HRMS (EI): calc.
for M+: 348.1546, found 348.1552. Anal. Calc. for C22H24O2Si: C,
75.82; H, 6.94. Found: C, 75.5; H, 6.98%.

4.24. Preparation of (l-((dimethylsilylene)bis(3-methoxy-1H-inden-
1-ylidene)))dilithium

Bis(3-dimethoxy-1H-inden-1-yl)dimethylsilane (2.00, 5.7 mmol)
of was dissolved in a mixture of 20 mL of toluene and 60 mL of
hexane. To this solution 7.9 mL (12.6 mmol) of n-BuLi (1.6 M)
was added within 3 min. After stirring overnight the yellow
precipitate was collected by filtration, washed twice with 30 mL
of hexane and dried under reduced pressure to give 2.07 g of
product. Yield 100%.

4.25. Preparation of dichloro((dimethylsilylene)bis((1,2,3,3a,7a-)-3-
methoxy-1H-inden-1-ylidene)) zirconium, rac/meso stereoisomers
(12)

Zirconium tetrachloride (1.338 g, 5.7 mmol) was mixed with
2.07 g (5.7 mmol) of (l-((dimethylsilylene)bis(3-methoxy-1H-in-
den-1-ylidene)))dilithium. To this flask 50 mL of toluene was
added and the mixture was stirred for 20 h. The solution was fil-
tered and the residue was washed with 50 mL of toluene. Removal
of toluene gave 0.41 g of two isomeric zirconium complexes
(rac:meso = �5:4). The solid residue that remained after filtration
was soxhlet extracted with 150 mL of toluene for 6 h to give after
cooling of the toluene solution 0.721 g of product as a mixture of
isomers (rac:meso = 3:2). Overall yield was 39%. 1H (C6D6) (meso
isomer): d 0.92 (s, 3H), 1.34 (s, 3H), 3.93 (s, 6H), 5.34 (s, 2H),
7.12 (d, 2H, 3JH–H = 7.4 Hz); (rac isomer): d 1.12 (s, 6H), 3.84 (s,
6H), 5.48 (s, 2H), 7.22 (d, 2H, 3JH–H = 7.4 Hz), 7.49 (d, 2H, 3JH–

H = 8.7 Hz); (common/undifferentiable peaks of both isomers): d
6.97 (m, 2H), 7.34 (m, 2H). 13C{1H}(C6D6) (rac isomer): d �0.97;
(meso isomer): d �1.19, �0.75; (common/undifferentiable peaks
of both isomers): 57.97, 74.43, 75.63, 95.46, 97.61, 119.85,
121.18, 123.08, 124.65, 125.41, 125.68, 125.74, 125.84, 127.15,
127.88, 129.45, 153.83, 155.28. HRMS (EI): calc. for M+:
505.9813, found 505.9801. Anal. Calc. for C22H22Cl2O2SiZr: C,
51.95; H, 4.36. Found: C, 52.50; H, 4.37%.

4.26. Crystal structure determination

Data were collected at 173 K on a Siemens SMART PLATFORM
equipped with a CCD area detector and a graphite monochromator
utilizing Mo Ka radiation (k = 0.71073 Å). Cell parameters of all
crystals were refined using up to 8192 reflections. A hemisphere
of data (1381 frames) was collected for each structure using the
x-scan method (0.3� frame width). The first 50 frames were
remeasured at the end of data collection to monitor instrument
and crystal stability (maximum correction on I was <1%). Absorp-
tion corrections were applied to all data sets using integration
according to measured crystal faces for 11 and 10, and empirical
absorption corrections for the rest of the structures. All structures
were solved by the Direct Methods in SHELXTL5, and refined using
full-matrix least squares. In general, the non-H atoms were treated
anisotropically, whereas the hydrogen atoms were calculated in
ideal positions riding on their respective carbon atoms. Specifi-
cally, 7 has a CH2 unit (C19 and C190) disordered and refined in
two parts with their geometries constrained to be equivalent. Their
occupation factors refined to 0.83(1) for the major part and conse-
quently 0.17(1) for the minor part. Structure 8 has a disordered
80% toluene and was refined in three parts with occupation factors
of 30%, 30% and 20%. Atom C33 was common to the first two parts
and atoms C34 and C35 were common to all three parts. All C
atoms of the toluene molecule were refined with isotropic thermal
parameters. Structure 9 has a disordered chloroform molecule and
was refined in three positions with occupation factors of 40%, 30%
and 30%. A CH2CH2 unit (C26–C27) was disordered in two parts
and their occupation factors refined to 0.73(1) and 0.27(1), respec-
tively. Both parts’ geometries were constrained to remain equiva-
lent during least squares refinement. Structures 10 and 12 have
no disorders while 11 has the entire indene disordered in the rac
and meso positions. The rac ligand was refined with anisotropic
thermal parameters and has a site occupation factor of 0.79(1)
and consequently that of the meso ligand is 0.21(1) and was refined
with isotropic thermal parameters; C10 was found to be common
to both parts of the disorder. The methyl H atoms of C19, C20,
C21 and C22 were not located in the ideal position but were ob-
tained from a difference Fourier map and refined without con-
straints. All refinements were done using F2.

Appendix A. Supplementary material

CCDC 721738, 721739, 721740, 721741, 721742 and 721743
contain the supplementary crystallographic data for 7, 8, 9, 10,
11 and 12. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/
j.jorganchem.2009.03.049.
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