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b Departamento de Quı́mica Inorgánica, Orgánica y Bioquı́mica, Universidad de Castilla-La Mancha, Facultad de Quı́micas,
Campus Universitario, 13071 Ciudad Real, Spain

Received 21 December 2004; accepted 13 May 2005
Available online 11 July 2005

Contents

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
2. ansa-Metallocene complexes without ring substituents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

2.1. Carbon atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
2.2. Silicon atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

0

2
2
3

2.3. Germanium atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
2.4. Tin atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3. ansa-Metallocene complexes with symmetric ring mono-substitution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
3.1. Carbon atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
3.2. Silicon atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
3.3. Germanium atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

4. ansa-Metallocene complexes with symmetric ring di-substitution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
4.1. Carbon atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
4.2. Silicon atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

5. ansa-Metallocene complexes with symmetric ring tri-substitution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6. ansa-Metallocene complexes with symmetric ring tetra-substitution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.1. Silicon atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.2. Germanium atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

7. ansa-Metallocene mixed ring complexes withCs symmetry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
7.1. Silicon atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
7.2. Germanium atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

8. ansa-Metallocene mixed ring complexes containing a chiral bridging atom. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
8.1. Carbon atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
8.2. Silicon atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

9. ansa-Metallocene mixed ring complexes withC1 symmetry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
9.1. Silicon atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
9.2. Germanium atomansa-bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

10. Structural influence of the catalyst in the stereoselective polymerization of�-olefins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
11. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Acknowledgments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

∗ Corresponding author. Tel.: +34 926 295 326; fax: +34 926 295 318.
E-mail address: antonio.otero@uclm.es (A. Otero).

0010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2005.05.017



134 S. Prashar et al. / Coordination Chemistry Reviews 250 (2006) 133–154

Abstract

This review describes the different synthetic strategies employed in the preparation of group 4 and 5ansa-bis(cyclopentadienyl) complexes
containing a group 14 single-atom bridge. The general preparative routes can be summarized in: (i) metathesis reactions using alkali-metal
ansa-ligand precursors; (ii) transmetalation with tin substituted cyclopentadiene compounds; (iii) reaction of the metal amide derivatives with
ansa-bis(cyclopentadiene) compounds. Excluding fused ring systems, such as indenyl or fluorenyl, from this study, it is still nevertheless
evident the wide variety of complexes that have been reported. Substituents can be varied in nature, position and/or number at the C5 ring
and/or at the single-atomansa-bridge. Functional groups have also been introduced into theansa-ligand framework and their reactivity in,
for example, hydroboration or hydrosilylation is described in this review.
© 2005 Elsevier B.V. All rights reserved.

Keywords: ansa-Metallocene; Titanium; Zirconium; Hafnium; Vanadium; Niobium; Tantalum

1. Introduction

The synthesis in 1951 of the first metallocene complex,
ferrocene, by Pauson and Miller[1] and the subsequent prepa-
ration, by Wilkinson, of the transition metal and lanthanide
analogues[2], firmly put metallocenes at the forefront of
organometallic chemistry. The discovery that early transition
metallocene complexes are catalytically active in the poly-
merization of olefins[3] only increased even more rapidly
the development in the chemistry of these compounds[4].
Catalytic activity, molecular weight, microstructure or co-

the inclusion of anansa-bridge in the metallocene complex
alters its chemical behaviour with respect to its unbridged
analogue (the so called “ansa-effect”) [5].
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in 1991, anansa-vanadocene complex[14] and in 1996 the
firstansa-niobocene complexes were described by Herrmann
et al. and by our research group[15]. Recently, Bercaw and
co-workers have usedansa-niobocene complexes as models
to study the mechanism in olefin insertion processes[16].

The majority of the compounds reported in this survey
contain a siliconansa-bridge. This can be explained by the
fact that the ligand precursors are readily prepared from
the corresponding dichlorosilane and the cyclopentadiene
reagent. The wide variety of silane compounds, which are
either commercially available or easily prepared, accounts
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Apart from changing the group 14 bridging heteroatom,
theansa-bis(cyclopentadienyl) system can be varied by sub-
stitution at the Cring or the bridging atom. This substitution
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Although the principal application of these comple
s that of catalyst precursors in olefin polymerization, t
se as reagents in organic synthesis[6] and in the dehydro
oupling of hydrosilanes to form polysilanes[7] is also of
mportance.

The first group 4ansa-metallocene complex, [Ti{H2C(�5-
5H4)2}Cl2], was prepared by Katz and Acton in 19

8] and initially for theansa-bis(cyclopentadienyl) system
here were only isolated reports from Köpf and co-worker
9], Brintzinger and co-workers[10], Petersen and c
orkers[11] and Jutzi and Dickbreder[12]. It was not unti
rintzinger and co-workers published, in 1989, the syn
is of substituted group 4ansa-metallocene complexes[13]
hat a wider interest in this field was initiated. Group 5ansa-
etallocene complexes were at first ignored due to thei
r zero catalytic activity in polymerization. Klouras report
5
an be designed to modify electronic and/or steric ef
hich may influence catalytic activity and selectivity.
For the purpose of this review, we have considered asansa-

etallocene complexes only those that contain theansa-
igand chelating the group 4 or 5 metal centre which in
s linked to the cyclopentadienyl moieties in an�5:�5 fash-
on. We have excluded from this survey fused ring syst
uch as indenyl and fluorenyl derivatives and double-bri
omplexes. For the group 4ansa-metallocene complexe
ur study is concentrated on the initially formed dichlo
pecies. The derivativization (generally alkylation) of th
ompounds at the ancillary ligands is not normally discus
he number ofansa-metallocene complexes of the grou
lements is greatly inferior to those reported for their gro
ounterparts and for this reason the survey will, in additio
he halide complexes, include imido and hydride derivat
monomer content and distribution of the polymers produced
can, in many cases, be directly related to the geometric and
electronic characteristics of the metallocene catalyst. The
main emphasis therefore in this research field has been con-
centrated towards the design and synthesis of novel com-
plexes capable of directing the catalytic process towards
polymers with specific physical properties.

The termansa (Latin for bent handle attached at both ends)
was applied to describe bridged metallocene complexes and
it was quickly acknowledged that the use of these rigid group
4 ansa-bis(cyclopentadienyl) systems greatly improved cat-
alytic activity and selectivity. It is now also well known that

for the numerous modifications that have been made to
ansa-bridge. Carbonansa-bridge ligands are normally pre
pared from fulvene precursors and the ease or difficulty in
synthesis of these reagents directly dictates the viability
the synthesis of theansa-metallocene complex. Germanium
ansa-bridge ligands are prepared in a similar manner to th
silicon analogues, although far fewer complexes have b
reported most probably due to the higher economic cos
the dichlorogermane precursors compared with their sila
counterparts. Due to the fragile nature of the SnC bond, tin
bridgedansa-complexes are unknown except for one repo
[17,18].
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2. ansa-Metallocene complexes without ring
substituents

2.1. Carbon atom ansa-bridge

The synthesis of the CH2 bridged ansa complexes,
[M{H2C(�5-C5H4)2}Cl2] (M = Ti ( 1), Zr (2)), in 30 and
17% yield, respectively, was achieved by the reaction of
bis(cyclopentadienyl)methane withn-butyllithium and sub-
sequent addition of the metal tetrachloride (Eq.(1)) [5e,8,19].
Theansa-metallocene complexes, [M{R2C(�5-C5H4)2}Cl2]
(M = Ti, R = Me (3); M = Ti, R = Et (4); M = Zr, R = Me (5);
M = Hf, R = Me (6)), were prepared in an identical manner
although in very poor yields (ca. 10%) (Eq.(1)) [9,20]. The
same reaction carried out by Nifant’ev et al. gave superior
yields for3 (46%) and5 (35%)[21].
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(

Fig. 1. Compounds7–10.

Hey-Hawkins and co-workers serendipitously isolated3
and5 as the decomposition products of phosphine substituted
metallocene complexes (Eq.(4)) [24].

(4)

The molecular structures of1–3, 5 and6 were determined
by single crystal X-ray diffraction studies and show the typ-
ical bent metallocene complexes associated with group 4
compounds[5e,10,24,25]. The introduction of the single-
atom inter-annular bridge affects the geometry of theansa
complex compared with its non-ansa analogue making it a
more rigid system which translates to higher selectivity in the
complex’s chemical behaviour. Comparative structural data

nd in

,

w

n
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The yields of these compounds were greatly impro
95%) by the reaction, in toluene, of the metal tetrac
ides with distannylatedansa-bis(cyclopentadiene) (Eq.(2))
22]. The preparation of5, in 84% yield, was also reporte
ia amine elimination in the reaction between [Zr(NEt2)4]
nd the organic compound Me2C(C5H5)2 followed by chlo-
ide/amide exchange on the addition of trimethylsilylchlo
Eq.(3)) [23].

(2)

(3)
for the compounds discussed in this review can be fou
Table 1.

The asymmetrically substitutedansa-bridge complexes
[M{R(H)C(�5-C5H4)2}Cl2] (M = Ti, R = Me (7), But (8);
M = Zr, R = Me (9), But (10)), were prepared, in very lo
yields, by the reaction of MCl4 with Li2{R(H)C(�5-C5H4)2}
[9a,26](Fig. 1).

The synthesis of cycloalkylidene-bridgedansa-
metallocene complexes [M{(CH2)n(�5-C5H4)2}Cl2]
(M = Ti, n = 4 (11), 5 (12), 6 (13); M = Zr, n = 4 (14), 5
(15), 6 (16); M = Hf, n = 4 (17), 5 (18), 6 (19)) has bee
reported[27] (Eq. (5)). The catalytic activity of11–19,
in the polymerization of ethylene, was tested and
highest activities were surprisingly observed for the titan
complexes.
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Table 1
Selected structural data ofansa-metallocene complexesa

Complex M–Cp
(Å)

M–Cl
(Å)

Cp–M–Cp
(◦)

Cl–M–Cl
(◦)

C(cp)–E–C(cp)

(◦)
Reference

[Ti{H2C(�5-C5H4)2}Cl2] (1)b 2.06 2.34 121(1) 97.2(3) 99 (2) [10]
2.04 2.35 122(1) 97.0(3) 96(2)

[Ti{Me2C(�5-C5H4)2}Cl2] (3) 2.056 2.343 121.6 98.04(4) 96.6(2) [24,25]
[Ti{(CH2)4C(�5-C5H4)2}Cl2] (11) 2.051 2.342 121.1 96.98(3) 96.9(2) [27b]
[Ti{(CH2)5C(�5-C5H4)2}Cl2] (12) 2.052 2.346 121.1 97.41(4) 96.6(2) [27b]
[Ti{(CH2)6C(�5-C5H4)2}Cl2] (13) 2.043 2.348 121.4 97.54(5) 96.6(3) [27b]
meso-[Ti{Me2C(�5-C5H3Pri)2}Cl2] (67) 2.339 96.37(6) [43b]

rac-[Ti{Me2C(�5-C5H3But)2}Cl2] (68) 2.330 96.6(1) 98.3(8) [43a]
2.35 98(1) 96(1)

[Ti{Me2Si(�5-C5H4)2}Cl2] (30) 2.075(5) 2.356(1) 128.7(1) 95.75(4) 89.5(1) [11]

[Ti{(CH2)4Si(�5-C5H4)2}Cl2] (47)b 2.069 2.349 129.12 96.32(8) 90.4(3) [40]
2.347 96.03(8) 91.0(3)

[Ti{(CH2)5Si(�5-C5H4)2}Cl2] (49)b 2.072 2.343 129.43 97.4(2) 89.8(6) [40]
2.342 98.2(2) 90.4(5)

rac-[Ti{Me2Si(�5-C5H2[SiMe3]But-2,4)2}Cl2] (101) 2.111 2.339 130.5 95.8(0.2) 90.8(1) [56b]
[Ti{Me2Si(�5-C5H2(SiMe3)2-3,4)2}Cl2] (113) 2.100 2.3372 129.61 97.40(3) 90.76(10) [63]
[Ti{Me2Si(�5-C5Me4)(�5-C5H4)}Cl2] (146) 2.343 97.33 90.3(1) [71b]
R-[Ti{Me2Si(�5-C5Me4)(�5-C5H3(menthyl))}Cl2] (196) 2.328 95.3(2) 90.8(6) [77a]

S-[Ti{Me2Si(�5-C5Me4)(�5-C5H3(menthyl))}Cl2] (196)b 2.326 97.75(8) 91.3(3) [77a]
2.328 97.86(8) 91.1(3)

[Ti{Me2Si(�5-C5H4)(�5-C5H3SiMe3)}Cl2] (201) 2.078 CpR 2.345 128.8 97.4(1) 90.1(1) [47]
2.068 Cp

[Ti{Me2Ge(�5-C5Me4)2}Cl2] (143) 2.331 96.01(1) 89.7(2) [54]
[Zr{H2C(�5-C5H4)2}Cl2] (2) 116.4 [5e]
[Zr{Me2C(�5-C5H4)2}Cl2] (5) 2.213 2.4364 116.7 100.25(3) 99.5(2) [24]
[Zr{(CH2)4C(�5-C5H4)2}Cl2] (14) 2.191 2.433 116.6 100.51(7) 99.8(5) [27b]
[Zr{(CH2)5C(�5-C5H4)2}Cl2] (15) 2.192 2.445 116.4 99.48(7) 99.7(5) [27b]
[Zr{(CH2)6C(�5-C5H4)2}Cl2] (16) 2.178 2.437 116.3 100.0(1) 99.1(2) [27b]
[Zr{CH2CH2(Me)NCH2CH2C(�5-C5H4)2}Cl2] (20) 2.432 100.6(3) 99.7 [28]
[Zr{C12H8C(�5-C5H4)2}Cl2] (21) 2.427 100.92(8) 99.2(4) [29]
rac-[Zr{Me2C(�5-C5H3But)2}Cl2] (69) 2.427 99.17(9) 99.2(6) [43a]
meso-[Zr{Me2C(�5-C5H3But)2}Cl2] (69) 2.432 98.5(2) 99(1) [43a]

[Zr{H2C(�5-C5H2Me2-2,5)2}Cl2] (92)b 2.202 2.4386 117.13 102.46(4) 102.7(2) [55a]
2.198 2.4379 117.60 102.98(4) 102.9(2)

[Zr{Me(H)C(�5-C5H2Me2-2,5)2}Cl2] (93)b 2.198 2.4404 117.64 100.69(4) 102.2(3) [55b]
2.205 2.4357 117.59 101.73(5) 101.7(3)

[Zr{Ph(H)C(�5-C5Me4)(�5-C5H4)}Cl2] (158) 2.495 Cp 2.434 117.1(1) 99.40(2) 100.9(2) [73]
2.502 Cp*

[Zr{Me(H)C(�5-C5H4)(�5-C5H2Me2-2,5)}Cl2] (159) 2.188 Cp 2.4353(10) 117.00 102.11(7) 100.7(4) [55b]
2.186 CpR

[Zr{Me2Si(�5-C5H4)2}Cl2] (32) 2.197(6) 2.435(1) 125.4(3) 97.98(4) 93.2(2) [11]
[Zr{Me(CH2 CHCH2)Si(�5-C5H4)2}Cl2] (41) 2.205 2.437 125.40 98.09(7) 94.0(3) [39a,b]
[Zr{(CH2)3Si(�5-C5H4)2}Cl2] (50) 2.4381 126.2(2) 100.01(3) 94.68(9) [41]
[Zr{(CH2)4Si(�5-C5H4)2}Cl2] (51) 2.201 2.434 125.57 99.36(9) 94.3(3) [40]
[Zr{(CH2)5Si(�5-C5H4)2}Cl2] (53) 2.205 2.438 125.48 97.71(5) 94.0(2) [40]

meso-[Zr{Me2Si(�5-C5H3(neomenthyl))2}Cl2] (80)b 2.427 126.8 102.77(10) 94.2(3) [45d]
2.425 126.9 102.62(10) 94.2(3)

meso-[Zr{Me2Si(�5-C5H2MeBut-2,4)2}Cl2] (96) 2.231 2.420(1) 126.7 97.6(1) 94.3(1) [13]
rac-[Zr{Me2Si(�5-C5H2MePh-2,4)2}Cl2] (97) 2.225 2.428 126.0 98.6(1) 93.3(1) [56a]
rac-[Zr{Me2Si(�5-C5H2[SiMe3]But-2,4)2}Cl2] (98) 2.233 2.429 126.7 97.6(0.3) 94.0(1) [56b]
meso-[Zr{Me2Si(�5-C5H2MePh-2,4)(�5-C5H2PhMe-2,4)2}Cl2] (100) 2.4257 97.86(2) 94.43(7) [57]
rac-[Zr{Me(CH2 CHCH2)Si(�5-C5H2Me2-2,4)2}Cl2] (102) 2.211 2.433 126.6 99.5(1) 94.0(2) [59]
rac-[Zr{(CH2 CH)2Si(�5-C5H2Me2-2,4)2}Cl2] (105) 2.218 2.4330 126.5 99.49(3) 94.98(9) [60]
rac-[(�5-C5H5)Rh(�2-CH2 CH)2Si(�5-C5H2Me2-2,4)2ZrCl2] (108) 2.215 2.420 127.3 98.47(6) 95.6(1) [60]
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Table 1 (Continued)

Complex M–Cp
(Å)

M–Cl
(Å)

Cp–M–Cp
(◦)

Cl–M–Cl
(◦)

C(cp)–E–C(cp)

(◦)
Reference

[Zr{Me2Si(�5-C5H2(SiMe3)2-3,4)2}Cl2] (114) 2.231 2.432 124.72 98.32(11) 93.73(35) [63]
rac-[Zr{Me2Si(�5-C5HMe2-3,5-(furyl)-2)2}Cl2] (125) 2.23 2.435 128.1 98.63(8) 94.6(3) [66]
[Zr{Me2Si(�5-C5Me4)2}Cl2] (127) 2.329 2.4334(7) 128.6 99.28(3) 95.7(1) [24,67b]
[Zr{(CH2 CH)2Si(�5-C5Me4)2}Cl2] (129) 2.235 2.4333 128.7 99.24(3) 96.3(1) [61]
[(�5-C9H7)Rh(�2-CH2 CH)2Si(�5-C5Me4)2ZrCl2] (132) 2.240 2.441 129.0 100.3(1) 96.7(3) [61]
[Zr{Me(H)Si(�5-C5Me4)2}Cl2] (134) 2.230 2.427 128.5 98.85(6) 96.15(19) [68]
[Zr{Me(CH2 CH)Si(�5-C5Me4)2}Cl2] (138) 2.220 2.418 128.76 99.32(7) 95.8(2) [39a]

[Zr{Me2Si(�5-C5Me4)(�5-C5H4)}Cl2] (147) 2.202 Cp 2.451(1) 128.10 104.60(7) 95.2(2) [71a,b]
2.198 Cp*

[Zr{Me2Si(�5-C5H4)(�5-C5H2But
2-3, 4)}Cl2] (149) 2.209 Cp 2.442 125.2 97.11(3) 94.5(1) [71c]

2.236 CpR

[Zr{Me(Et)(�5-C5Me4)(�5-C5H4)}Cl2] (161) 2.219(2) Cp 2.4336(8) 126.70(4) 101.17(5) 93.82(14) [74]
2.218(2) Cp*

[Zr{Me(CH2 CHCH2)Si(�5-C5Me4)(�5-C5H4)}Cl2] (166) 2.207 Cp 2.428 126.67 100.9(1) 95.0(3) [39a]
2.220 Cp*

[Zr{Me2Si(�5-C5Me4)(�5-C5H3Me)}Cl2] (185) 2.194 CpR 2.414(4) 126.25 101.1(2) 92.4(8) [71a]
2.184 Cp*

[Zr{Me2Si(�5-C5Me4)(�5-C5H3Et)}Cl2] (186) 2.214 CpR 2.429(4) 126.5 100.4(2) 93.3(7) [75]
2.207 Cp*

[Zr{Me2Si(�5-C5Me4)(�5-C5H3Pri)}Cl2] (187) 2.223 CpR 2.429 126.9 98.2(1) 94.2(2) [75]
2.230 Cp*

R-[Zr{Me2Si(�5-C5Me4)(�5-C5H3(menthyl))}Cl2] (198) 2.419 126.6 98.6(2) 93.6(4) [77c,d]
[Zr{Me2Si(�5-C5H4)(�5-C5H3CH2CH CH2)}Cl2] (207) 2.4290 98.74(3) 94.0(1) [78]
[Zr{Me2Si(�5-C5H4)(�5-C5H3CH2CH2CH2B(C8H14))}Cl2] (216) 2.431 126.0 99.60(4) 93.6(1) [80b]
[Zr{Me2Si(�5-C5H4)(�5-C5H3CH2CH2CH2B(C6F5)2)(2-methyl-4,5-

dihydrooxazole)}Cl2] (218)
2.443 95.56(3) 93.8(1) [80b]

[Zr{Me2Si(�5-C5H4)(�5-C5H3CH2CH2CH2B(C6F5)2)(N-
methylbenzimidazole)}Cl2] (219)

2.432 98.93(3) 93.7(1) [80a]

[Zr{Me2Ge(�5-C5Me4)2}Cl2] (144) 2.235 2.437 129.39 98.35(7) 92.7(3) [54,70]

[Zr{Me2Ge(�5-C5Me4)(�5-C5H4)}Cl2] (153) 2.213 Cp 2.404(9) 127.5 99.3(5) 91.01(1) [70,71b]
2.217 Cp*

[Hf{Me2C(�5-C5H4)2}Cl2] (6) 2.174 2.409 117.1 98.9(1) 99.4(3) [25]
[Hf{Me2Si(�5-C5H4)2}Cl2] (33) 2.191 2.424 126.8 [37]
[Hf{Me2Si(�5-C5Me4)2}Cl2] (128) 2.223 2.407(2) 129.2 98.0(1) 95.1(3) [67b]
[Hf{Et2Si(�5-C5Me4)2}Cl2] (131) 2.224 2.407 98.75(8) 95.3(2) [67b]
[Hf{(CH2 CH)2Si(�5-C5Me4)2}Cl2] (130) 2.217 2.405 129.2 97.98(7) 96.5(2) [67b]
[Hf{Me2Si(�5-C5Me4)(�5-C5H4)}Cl2] (148) 2.413 99.96 94.1(2) [71b]
[Hf{Me2Ge(�5-C5Me4)2}Cl2] (145) 2.227 2.409(2) 129.8 97.9(1) 92.8(4) [67b]

[Hf{Me2Ge(�5-C5Me4)(�5-C5H4)}Cl2] (154) 2.193 Cp 2.409 127.74 98.6(1) 91.2(3) [70]
2.210 Cp*

Cl–M–N (◦)

[Nb( NSiMe3){Me2C(�5-C5H4)2}Cl] (22) 2.181 2.4387(4) 114.2 98.21(4) 98.89(9) [30]
[Nb( NBut){Me2C(�5-C5H4)2}Cl] (23) 2.189 2.446(1) 113.3 95.3(1) 99.3(3) [30]
[Nb( NC6H3Pri2-2, 6){Me2C(�5-C5H4)2}Cl] (26) 2.167 2.433(1) 98.3(1) 99.4(2) [32]
[Nb( NBut){Me2Si(�5-C5H4)2}Cl] (58) 2.110(2) 2.448(1) 121.21 95.15(9) 94.17(6) [42a]

[Nb( NBut){Me2Si(�5-C5Me4)(�5-C5H3Me)}Cl] (221)b 2.225 CpR 2.458(1) 122.7 97.0(1) 93.7(2) [71a]
2.249 Cp* 2.460(1) 122.3 96.2(1) 94.4(2)
2.2275 CpR

2.250 Cp*

[Nb( NBut){Me2Si(�5-C5Me4)(�5-C5H3Pri)}Cl] (222) 2.228 CpR 2.4372(6) 122.1 96.33(7) 93.3(1) [71a]
2.245 Cp*

[Ta( NC6H3Pri2-2, 6){Me2C(�5-C5H4)2}Cl] (27) 2.154 2.404(1) 98.1(1) 99.0(2) [32]
a Blank spaces in this table indicate that these data were not reported; ESD values are given when reported.
b There are two independent molecules in the asymmetric cell.
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(5)

An ansa-zirconocene complex with anN-methylpiperdine
bridge has been prepared and characterized by single crystal
X-ray diffraction studies (Eq.(6)) [28]. The synthesis and
molecular structure of anansa-zirconocene complex with
a fluorenylidene bridge were reported by Nifant’ev and co-
workers (Eq.(7)) [29].

ido
l late
t
C
R
r nic
d
w

An alternative method was employed by Herrmann
and co-workers in the preparation of the group 5ansa-
metallocene imido compounds [M(NC6H3Pri2-2, 6)
{Me2C(�5-C5H4)2}Cl] (M = Nb (26), Ta = (27)) (Eq. (9)).
With an amide ancillary ligand, theansa-ligand adopted
a chelating �5:�1 arrangement. Nevertheless, an�5:�5

arrangement was observed in the X-ray crystal structure of
the chloride derivative[15a,32].

(9)

The niobocene(IV) dichloride complexes, [Nb{R2C(�5-
C e
r
r -
r f
a
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(7)

For the group 5 compounds, the inclusion of an im
igand appears to provide the stability needed to iso
he ansa-metallocene(V) complexes, [M(NR){Me2C(�5-
5H4)2}Cl] (M = Nb, R = SiMe3 (22), But (23); M = V,
= But (24); M = Ta, R = But (25)) (Eq.(8)) [30]. 22–25 were

eadily converted to their bromide, iodide, methyl or catio
erivatives[30,31]. The molecular structures of22 and23
ere established[30].

(8)
5H4)2}Cl2] (R = Me (28), Et (29)) were prepared by th
eaction of the corresponding di-potassiumansa-derivative
eagent with [NbCl4(THF)2] (Eq. (10)) [33]. Tetrahydrobo
ate and hydride derivatives were obtained by reaction o28
nd29 with the appropriate reagents[33].

(10)

.2. Silicon atom ansa-bridge

The first reported silylene bridged group 4ansa-
etallocene complexes described the synthesis of [M{R2Si

�5-C5H4)2}Cl2] (M = Ti, R = Me (30), Et (31); M = Zr,
= Me (32); M = Hf, R = Me (33)) in yields of ca. 10%

Eq. (11)) [9]. The same synthetic route was employed
etersen and co-workers in the preparation of30, 32 and

Zr{R2Si(�5-C5H4)2}Cl2] (Et (34), Prn (35)) but with yields
f approximately 70 and 50% for the titanocene and
onocene derivatives, respectively[11]. Royo and co-worker
sing the same reaction scheme reported yields of 51
7% for 32 and 33, respectively[34]. Alt and co-worker
bserved a yield for32 of 50–70%[35] and similarly Yasud
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et al. reported a yield of 48%[36]. 32 and33 were also pre-
pared, in yields of over 90%, via the transmetalation of the
distannylatedansa-bis(cyclopentadiene) with the metal tetra-
chlorides (Eq.(12)) [22]. The molecular structures of30, 32
and33 were determined by X-ray diffraction studies[11,37].
In general, the centroid–metal–centroid angles of the sili-
conansa-bridge compounds are 10◦ larger than their carbon
ansa-bridge analogues (seeTable 1).

(11)
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e
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e,
its
-

d

(13)

Group 4 ansa-metallocene complexes with vinyl or
allyl substituents at the silicon bridge, [M{Me(R)Si(�5-
C5H4)2}Cl2] (M = Ti, R = CH CH2 (38), CH2CH CH2
(39); M = Zr, R = CH CH2 (40), CH2CH CH2 (41); M = Hf,
R = CH CH2 (42), CH2CH CH2 (43)), were prepared via
the reaction of the dilithium derivative and the metal tetra-
chloride (Fig. 2) [39]. 40 was also synthesized in a similar
manner to36 by amine elimination[38]. Using a Me2SiHCl
treated hydroxylated silica, the hydrosilylation of40 gave the
ansa-metallocene complex supported on silica[38]. When
39 was used as the catalyst in the polymerization of styrene,
the allyl group of theansa-ligand co-polymerized with the
olefin monomer producing the immobilization of the metal-
locene complex on the polymer chain[39b]. The molecular
structure of39 was determined by X-ray diffraction studies
[39a,b].

The hydrogenation of the CC double bond of the allyl
g x
[
w
B
(
[

mpoun
(12)

Theansa-metallocene complex bearing a MeSiH brid
[Zr{Me(H)Si(�5-C5H4)2}Cl2] (36), was prepared by th
amine elimination reaction between [Zr(NMe2)4] and
bis(cyclopentadienyl)methylsilane followed by metath
with Me3SiCl (Eq. (13)) [38]. The titanium analogu
[Ti{Me(H)Si(�5-C5H4)2}Cl2] (37), has been reported but
synthesis from the dilithiumansa-cyclopentadienyl deriva
tive was only achieved in a 5% yield[9a,c]. 36 was immo-
bilized on silica via hydrosilylation of a vinyl functionalize
surface by theansa-metallocene complex[38].

Fig. 2. Co
roup of 41 gave the saturatedansa-metallocene comple
Zr{Me(Prn)Si(�5-C5H4)2}Cl2] (44) (Eq. (14)) [39a]. Like-
ise, the hydroboration of the vinylic double bond of40 by 9-
BN gave [Zr{Me((BC8H14)CH2CH2)Si(�5-C5H4)2}Cl2]

45), resulting from anti-Markonikoff addition (Eq.(15))
39a].

(14)

ds38–43.
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Fig. 3. Compounds46–57.

(15)

Silacycloalkane ansa-bridged compounds formed
by the reaction of the lithium derivative of theansa-
ligand with the metal tetrachloride have been described
(Fig. 3) [27b,40]. The spirocyclicansa-zirconocene com-

plex (50) was also prepared
by the amine elimination reaction of the spiro-ansa-
bis(cyclopentadiene) with [Zr(NMe2)4] and posterior
treatment with Me3SiCl [41]. The transition metal catalyzed
ring-opening polymerization of50 was studied[41].

The ansa-niobocene imido compound [Nb(NBut)
{ -
t -
t

Fig. 4. Compounds61–63.

The vanadocene and niobocene(IV) dichloride complexes
have also been prepared [M{Me2Si(�5-C5H4)2}Cl2] (M = V
(59), Nb (60)) (Eq. (17)) [14,15b]. The tetrahydroborate
derivative of60 was obtained by its reaction with Li(BH4)
[33b].

(17)

2.3. Germanium atom ansa-bridge

The germanium bridged group 4ansa-metallocene com-
plexes, [M{Me2Ge(�5-C5H4)2}Cl2] (M = Ti ( 61), Zr (62)),
were prepared in yields of only 2% by the reaction of
the lithium ansa-bis(cyclopentadienyl) derivative with the
metal tetrachloride (Fig. 4) [9a]. The vanadium complex
[V{Me2Ge(�5-C5H4)2}Cl2] (63) was prepared in a sim-
ilar manner to its silicon bridged analogue59 (Fig. 4)

o

f
rup-
ty.
in
con

n

Me2Si(�5-C5H4)2}Cl] (58) and its alkyl and alkynyl deriva
ives have been reported (Eq.(16)) [42]. The molecular struc
ure of58 was determined.

(16)
[14].

2.4. Tin atom ansa-bridge

The instability of the SnC bond has meant that only tw
tin bridged ansa-metallocene complexes, [Zr{Me2Sn(�5-
C5H4)2}(NMe2)2] (64) and [Zr2{Sn(�5-C5H4)4(NMe2)4]
(65), have been reported (Eq.(18)) [17]. The lithiation o
the ansa-ligand precursor is not possible due to the
ture of the SnC bond of the cyclopentadienyl moie
Compounds64 and 65 gave higher catalytic activities
the polymerization of ethylene compared with the sili
bridged ansa-complex [Zr{Me2Si(�5-C5H4)2}(NMe2)2]
[17]. Dichloride derivatives of64 and 65 have not bee
reported.
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Fig. 5. Compounds66–71.

(18)

3. ansa-Metallocene complexes with symmetric ring
mono-substitution

The inclusion of ring substituents in symmetricansa sys-
tems presents the possibility of the formation ofmeso andrac
isomers of theansa-metallocene complex. However, only the
r
a stere-
o

3

M the
l
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[
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Fig. 6. Compounds72–84.

recrystallization (Fig. 5) [43]. The titanium complexes67
and68 were prepared using [TiCl3(THF)3] and subsequent
oxidation of theansa-titanocene(III) intermediate by HCl
[43]. The molecular structures of67–69 were determined by
X-ray diffraction (seeTable 1) [43].

The ansa-zirconocene complex with a fluorenylidene
bridge70 was prepared as a 1:1 mixture of itsmeso andrac
isomers via reaction of the lithiumansa-derivative and ZrCl4
(Fig. 5) [29]. In a similar manner, the phosphine contain-
ing complex, [Zr{Me2C(�5-C5H3(CMe2PPh2))2}Cl2] (71),
was obtained in a 2.8:1rac:meso ratio (Fig. 5), although by
recrystallization therac isomer could be separated[44].

3.2. Silicon atom ansa-bridge

The discovery that theC2 symmetricansa-metallocene
complexes are isospecific in the polymerization of�-olefins
has led to the preparation of a variety of compounds with
special interest being paid to synthetic routes that produce
preferentially the catalytically stereoselectiverac isomer.

The ansa-metallocene complexes, [M{Me2Si(�5-
C5H3R)2}Cl2] (M = Ti, R = Me (72), But (73), SiMe3
(74); M = Zr, R = Me (75), But (76), SiMe3 (77), CMe2Ph
(78), C(CH2)5(Ph) (79), neomenthyl (80); M = Hf, R = Me
(81), SiMe3 (82)), were prepared by the reaction of the
dilithium or dipotassium derivative with the metal tetra-
c
( he
m
w l
r arate
ac isomer is isospecific in the polymerization of�-olefins
nd therefore, great importance has been placed in the
selective synthesis of this diastereomer.

.1. Carbon atom ansa-bridge

The ansa-metallocene complex, [Zr{H2C(�5-C5H3
e)2}Cl2] (66), was prepared via the reaction of

ithium derivative of the ligand and ZrCl4 (Fig. 5) [20]
ith the rac isomer being isolated by crystallizatio

M{Me2C(�5-C5H3R)2}Cl2] (M = Ti, R = Pri (67), But (68);
= Zr, R = But (69)) were synthesized as 1:1 mixtures

herac andmeso isomers which were separated by fractio
hloride or in the case of73 and 74 with [TiCl3(THF)3]
Fig. 6) [13,45]. 76 and 77 were also prepared using t
agnesiumansa-derivative [13]. The synthesis of72–82
as normally achieved in 1:1rac:meso ratios. By fractiona

ecrystallization it was possible, in most cases, to sep
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the diastereomers. In a similar manner, Ewen et al. prepared
[Zr{Et2Si(�5-C5H3Me)2}Cl2] (83), again as a 1:1 mixture
of the rac andmeso isomers (Fig. 6) [46]. Lang et al. have
reported the asymmetrically substitutedansa-bridge com-
pound [Zr{Me(Ph)Si(�5-C5H3SiMe3)2}Cl2] (84) (Fig. 6)
[47].

Transmetalation reactions of tin derivatives have been
employed in the stereoselective synthesis of76. The meso
isomer of the tin bis(cyclopentadiene) compound gave exclu-
sively themeso-configuredansa-zirconocene complex (Eq.
(19)) [48]. The rac isomer was stereoselectively obtained
using the spiro tin tetra(cyclopentadiene) derivative (Eq.(20))
[49].

(19)

,
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Fig. 7. Compound86.

corresponding tin derivative (Fig. 7) [51]. Therac andmeso
isomers were separated by crystallization.

LoCoco and Jordan have also reported the stereoselective
synthesis of76 using chelating bis-amide ligands coordinated
to the zirconium precursor giving high stereocontrol in the
reaction with the dilithiumansa-derivative (Eqs.(22) and
(23)) [52].

(22)
(20)

The asymmetrically substitutedansa-bridge complex
Zr{Me(PhCH2)Si(�5-C5H3But)2}Cl2] (85), was prepare
xclusively in itsmeso configurations via transmetalation
hemeso isomer of the tin derivative (Eq.(21)) [50].

(21)

Nifant’ev and co-workers prepared the adama
ubstituted ansa-zirconocene complex, [Zr{Me2Si(�5-
5H3[adamantyl])2}Cl2] (86), via transmetalation of th
 (23)
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Fig. 8. Compounds88 and89.

The preparation of the amide derivative of76,
[Zr{Me2Si(�5-C5H3But)2}(NMe2)2] (87), was achieved by
amine elimination in the reaction between [Zr(NMe2)4] and
the organic compound Me2Si(C5H4But)2; however, its con-
version to the dichloride compound was not reported (Eq.
(24)) [53]. 87 was initially obtained in arac:meso ratio of 1:2
with the meso isomer being subsequently isolated by frac-
tional crystallization.

(24)

The ansa-niobocene dichloride complexes, [Nb{Me2
Si(�5-C5H3R)2}Cl2] (R = But (88), SiMe3 (89)), were pre-
pared by the reaction of Li2{Me2Si(�5-C5H3R)2} with
[NbCl4(THF)2] and isolated as a mixture of therac
and meso isomers (Fig. 8) [16a,42a]. The reactivity of
these complexes in reduction and alkylation processes
was reported[16a,42a]. The niobium imido complex,
[Nb( NBut){Me2Si(�5-C5H3SiMe3)2}Cl2] (90), was pre-
p

3

a
t

Fig. 9. Compound91.

Fig. 10. Compounds92 and93.

and isolated as a mixture of itsmeso and rac isomers
[54].

4. ansa-Metallocene complexes with symmetric ring
di-substitution

4.1. Carbon atom ansa-bridge

The complexes [Zr{R(H)C(�5-C5H2Me2-2,5)2}Cl2]
(R = H (92), Me (93)) were prepared by the reaction of the
dilithium ansa-precursors with ZrCl4 (Fig. 10) [55]. The
molecular structures of92 and93 were reported (seeTable 1)
[55].

4.2. Silicon atom ansa-bridge

The ansa-metallocene complexes, [M{Me2Si(�5-C5H2
RR′-2,4)2}Cl2] (M = Zr, R = Me, R′ = Me (94), Pri (95), But

(96), Ph (97); R = SiMe3, R′ = But (98); M = Hf, R = Me,
R′ = Me (99)), were prepared by the reaction of the cor-
responding dilithium or dipotassium derivative with the
metal tetrachloride (Fig. 11) [13,45b,c,56]. The compounds
were generally obtained as mixtures of theirrac andmeso
isomers which in many cases were separated by frac-
t -
s s
r -
ared stereoselectively as itsmeso isomer (Eq.(25)) [42a].

(25)

.3. Germanium atom ansa-bridge

[Zr{Me2Ge(�5-C5H3But)2}Cl2] (91) was prepared vi
he reaction of ZrCl4 and the lithiumansa precursor (Fig. 9)
ional recrystallization. However,121 was obtained exclu
ively as the rac isomer [56b]. Royo and co-worker
ecently observed during the preparation of97, the pres
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Fig. 11. Compounds94–100.

ence of a minor product, [Zr{Me2Si(�5-C5H2MePh-2,4)(�5-
C5H2PhMe-2,4)}Cl2] (100), where the methyl and phenyl
substituents adopt differing positions in the two C5 rings
(Fig. 11) [57]. 100 was obtained as a mixture of itsmeso and
rac isomers and separation was achieved by fractional recrys-
tallization [57]. The presence of Li2{Me2Si(C5H2MePh-
2,4)(C5H2PhMe-2,4)2} in the alkali-metalansa precursor
was responsible for the formation of100.

The titanium complex, [Ti{Me2Si(�5-C5H2[SiMe3]But-
2,4)2}Cl2] (101), was prepared from the titanium(III) chlo-
ride precursor and the dipotassiumansa-derivative[56b]. The
final product was obtained on oxidation by air in the presence
of HCl gas (Eq.(26)).

(26)

Transmetalation reactions of tin derivatives have been
employed in the synthesis of94–96 (Eq.(27)) [48]. Themeso

,
.

een
nd

Fig. 12. Compounds102–106.

(28)

The irradiation ofmeso/rac mixtures of 96 and 97 in
the presence of the dilithium salt of racemic binaphtholate
yielded exclusively therac isomer of theansa-zirconocene
binaphtholate complex[58]. However, the conversion to the
dihalide complexes occurs with partial isomerization to the
meso derivative.

By varying the substituents of theansa-bridge atom,
Suzuki and co-workers have prepared a family ofansa-
metallocene complexes,102–106 (Fig. 12) [59]. The reaction
of the dilithiumansa derivative with zirconium tetrachloride
gave the products as mixtures of theirrac andmeso isomers,
although via fractional recrystallization therac isomer was
isolated in reasonable yields.

The reaction ofrac-105 with rhodium complexes gave the
heterobimetallic derivatives,rac-[LRh(�2-CH2 CH)2Si(�5-
C5H2Me2-2,4)2ZrCl2] (L = �5-C9H7 (107), �5-C5H5 (108),
� ic
a ent
c
a

isomer is favoured for94 and96 (meso:rac, 9:1). However
95 was obtained as a 1:1 mixture of itsrac andmeso isomers

(27)

The preparation of96 was also achieved, with arac:meso
ratio of 3:1, via amine elimination in the reaction betw
[Zr(NEt2)4] and theansa-bis(cyclopentadiene) compou
Me2Si(C5H3MeBut)2 in the chlorinated solvent C6H4Cl2-
1,2 (Eq.(28)) [53].
5-C5Me5 (109)) (Eq. (29)), which showed higher catalyt
ctivities in the polymerization of olefins than their par
omplex[60]. The synthesis of themeso isomer of107 has
lso been reported[61].

(29)
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The hydrosilylation of rac-102 by chlorodimethyl-
silane, in the presence of H2PtCl6, gave the ansa-
zirconocene complexrac-[Zr{ClMe2SiCH2CH2(Me)Si(�5-
C5H2Me2-2,4)2}Cl2] (110) (Eq.(30)) [62]. 110 reacted with
the silyl alcohol ButMe2SiOH, in the presence of imidazole
to yield rac-[Zr{ButMe2SiOSi(Me2)CH2CH2(Me)Si(�5-
C5H2Me2-2,4)2}Cl2] (111), via the formation of SiO Si
bonds (Eq.(30)) [62]. This strategy was employed success-
fully in the immobilization of110 on silica by its reaction
with surface Si–OH groups[62].

-
c
C
U ilize
t l
f

Fig. 13. Compounds113–115.

Only a handful of ansa-metallocene complexes have
been reported where the di-substitution of the C5 ring
does not take place in the 2 and 4 positions. For
example, theansa-metallocene complexes, [M{Me2Si(�5-
C5H2(SiMe3)2-3,4)2}Cl2] (M = Ti ( 113), Zr (114)), were pre-
pared by the reaction of the dipotassiumansa precursor with
the metal tetrachlorides (Fig. 13) [63]. In a similar manner,
Lee and co-workers synthesized [Zr{Me2Si(�5-C5H2Me2-
2,5)2}Cl2] (115) (Fig. 13) [55b].

5. ansa-Metallocene complexes with symmetric ring
tri-substitution

The complexes, [M{Me2E(�5-C5HMe3-2,3,5)2}Cl2]
(M = Zr, E = Si (116), Ge (117); M = Hf, E = Si (118), Ge
(119)), were prepared by the reaction of the dilithium
ansa precursor with the metal tetrachlorides (Fig. 14) and
obtained as mixtures of theirrac andmeso isomers which
were separated by fractional recrystallization[45a,b,64].
Separation was also achieved by the hydrolysis, in the
presence of amine, of ameso/rac mixture of 116, 117 or
119. The reaction was shown to take place only with the
meso isomer to give the corresponding oxo derivative, and
left therac isomer remaining unaltered[65]. Employing the

d the
e

-

of
o-

ins
phine
(30)

Hydroboration of rac-102 by 9-BBN (9-borabi
yclo[3,3,1]nonane) gave rac-[Zr{Me((BC8H14)CH2
H2)Si(�5-C5H2Me2-2,4)2}Cl2] (112) (Eq. (31)) [62].
sing this same procedure, it was possible to immob

he BH3 derivative of rac-102 by hydroboration on viny
unctionalized silica[62].

(31)
same synthetic protocol, Yamazaki et al. have reporte
preparation of furyl and phenyl substitutedansa-zirconocen
complexes,120–125 (Fig. 14) [66].

6. ansa-Metallocene complexes with symmetric ring
tetra-substitution

6.1. Silicon atom ansa-bridge

The permethylated silyl bridgedansa metallocene com
plexes, [M{Me2Si(�5-C5Me4)2}Cl2] (M = Ti ( 126), Zr
(127), Hf (128)), were prepared by the reaction
Li2{Me2Si(�5-C5Me4)2} with the group 4 metal tetrachl
ride (Fig. 15) [12,67].

127 was also prepared unintentionally by Hey-Hawk
and co-workers as the decomposition product of a phos
substituted metallocene intermediate (Eq.(32)) [24].
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Fig. 14. Compounds116–125.

Fig. 15. Compounds126–128.

(32)

The divinylsilylene bridgedansa-complexes, [M{(CH2
CH)2Si(�5-C5Me4)2}Cl2] (M = Zr (129), Hf (130)), were
prepared from the lithiumansa precursor and the metal
tetrachloride (Fig. 16) [61,67b]. The palladium catalyzed
hydrogenation of130 gave the diethylsilylene bridged com-
plex [Hf{Et2Si(�5-C5Me4)2}Cl2] (131) (Eq.(33)) [67b]. The
reaction of129 with the rhodium complex [Rh(�5-C9H7)(�2-
CH2 CH2)] yielded the heterobimetallic derivative, [(�5-

Fig. 16. Compounds129 and130.

C9H7)Rh(�2-CH2 CH)2Si(�5-C5Me4)2ZrCl2] (132) (Eq.
(33)) [61].

(33)
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Fig. 17. Compounds133–141.

The MeSiH bridged ansa-metallocene complexes,
[M{Me(H)Si(�5-C5Me4)2}Cl2] (M = Ti ( 133), Zr (134), Hf
(135)), were prepared by the reaction of Li2{Me(H)Si(�5-
C5Me4)2}with the corresponding group 4 metal tetrachloride
(Fig. 17) [68]. In a similar manner, the complexes with vinyl
or allyl substituents at the silicon bridge, [M{Me(R)Si(�5-
C5Me4)2}Cl2] (M = Ti, R = CH CH2 (136), CH2CH CH2
(137); M = Zr, R = CH CH2 (138), CH2CH CH2 (139);
M = Hf, R = CH CH2 (140), CH2CH CH2 (141)), were syn-
thesized (Fig. 17) [39a].

The permethyl tantalocene trihydride compound,
[Ta{Me2Si(�5-C5Me4)2}H3] (142), was prepared via the
reaction of TaCl5 with the stannylated cyclopentadiene
derivative (Eq.(34)) [69]. The reactivity of142 in insertion
processes was also described[69].

(34)

6

s,
[
( con
b

7
s

7

-
p
(

Fig. 18. Compounds143–145.

(�5-C5H2But
2-3, 4)}Cl2] (149), were prepared via the

conventional method of reaction between the dilithium
ansa-derivative and the metal tetrachloride (Fig. 19) [46,71].

The ansa-niobocene dichloride, [Nb{Me2Si(�5-C5
Me4)(�5-C5H4)}Cl2] (150) [72], and imido, [Nb( NBut)
{Me2Si(�5-C5Me4)(�5-C5H4)}Cl] (151) [71a], complexes
were prepared via the reaction of the lithiumansa-derivative
with the corresponding niobium precursor (Eq.(35)).

(35)

7.2. Germanium atom ansa-bridge

c

.2. Germanium atom ansa-bridge

The germanium bridgedansa-metallocene complexe
M{Me2Ge(�5-C5Me4)2}Cl2] (M = Ti ( 143), Zr (144), Hf
145)), were prepared in a similar manner to their sili
ridge analogues (Fig. 18) [54,67b,70].

. ansa-Metallocene mixed ring complexes with Cs
ymmetry

.1. Silicon atom ansa-bridge

The mixed cyclopentadienylansa-metallocene com
lexes, [M{Me2Si(�5-C5Me4)(�5-C5H4)}Cl2] (M = Ti
146), Zr (147), Hf (148)) and [Zr{Me2Si(�5-C5H4)
The group 4 metal germanium bridgedansa-metallocene
omplexes, [M{Me2Ge(�5-C5Me4)(�5-C5H4)}Cl2] (M = Ti
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Fig. 19. Compounds146–149.

(152), Zr (153), Hf (154)), were prepared by the reac-
tion of the lithium ansa-derivative and the group 4 metal
tetrachloride (Fig. 20) [70,71b]. The synthesis of the
ansa-niobocene imido complex, [Nb(NBut){Me2Ge(�5-
C5Me4)(�5-C5H4)}Cl] (155), has also been reported
(Fig. 20) [70].

8. ansa-Metallocene mixed ring complexes
containing a chiral bridging atom

8.1. Carbon atom ansa-bridge

Using the corresponding lithium–potassiumansa-
bis(cyclopentadienyl) compounds, theansa-zirconocene
complexes, [Zr{R(H)C(�5-C5Me4)(�5-C5H4)}Cl2] (R =
Bun (156), But (157), Ph (158)), were synthesized (Eq.(36))
[73]. The complexes, [Zr{R(H)C(�5-C5H4)(�5-C5H2Me2-
2,5)}Cl2] (R = Me (159), Prn (160)), were prepared in a
similar manner using the dilithium precursor (Eq.(36))
[55b].

8

sti-
t

Fig. 20. Compounds152–155.

C5H4)}Cl2] (R = Et (161), Ph (162)) was achieved in a similar
manner to147 (Fig. 21) [74].

Complexes with vinyl or allyl groups as substituents of
the ansa-bridge, [M{Me(R)Si(�5-C5Me4)(�5-C5H4)}Cl2]
(M = Ti, R = CH CH2 (163), CH2CH CH2 (164); M = Zr,
R = CH CH2 (165), CH2CH CH2 (166); M = Hf,
R = CH CH2 (167), CH2CH CH2 (168)), were syn-
thesized from the reaction of the lithiumansa-derivative
and the tetrachloride salts of the corresponding group
4 metal (Fig. 21) [39a]. 163 and 165 react with H2 in
the catalytic hydrogenation (Pd/C) of the vinylic double
bond to give the “saturated” metallocene complexes,
[M{Me(Et)Si(�5-C5Me4)(�5-C5H4)}Cl2] (M = Ti ( 169), Zr
(161)) [39a]. The hydroboration of164 and166 by 9-BBN
yielded [M{Me((BC8H14)CH2CH2CH2)Si(�5-C5Me4)(�5-
C5H4)}Cl2] (M = Ti ( 170), Zr (171)), resulting from the
anti-Markonikoff addition at the double bond of the allyl
group (Eq.(37)) [39a].

c
( e
r 4
m f
d
t inyl-
t
C
(
C

(36)

.2. Silicon atom ansa-bridge

The synthesis of the asymmetrically alkyl sub
uted ansa-bridge complexes [Zr{Me(R)(�5-C5Me4)(�5-
(37)

The synthesis of the MeSiH bridgedansa-metallocene
omplexes, [M{Me(H)Si(�5-C5Me4)(�5-C5H4)}Cl2]
M = Ti (172), Zr (173), Hf (174)), was achieved by th
eaction of the lithiumansa-derivative with the group
etal tetrachloride (Eq.(38)) [68]. The hydrosilylation o
ivinyldimethylsilane or tetravinyl silane by172–174, in

he presence of the Karstedt catalyst (platinum(0) div
etramethylsiloxane), gave [M{CH2 CH(Me)2SiCH2
H2(Me)Si(�5-C5Me4)(�5-C5H4)}Cl2] (M = Ti ( 175), Zr

176), Hf (177)) and [M{(CH2 CH)3SiCH2CH2(Me)Si(�5-
5Me4)(�5-C5H4)}Cl2] (M = Ti ( 178), Zr (179), Hf
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Fig. 21. Compounds161–168.

(180)), formed by the reaction of only one of the double
bonds of the silane substrate (Eq.(38)) [68]. Hydrosi-
lylation by triethylsilane of the remaining vinyl groups
in 175, 176, 178 and 179 produced the “dendrimer-like”
complexes, [M{Et3SiCH2CH2(Me)2SiCH2CH2(Me)Si(�5-
C5Me4)(�5-C5H4)}Cl2] (M = Ti ( 181), Zr (182)) and
[M{(Et3SiCH2CH2)3SiCH2CH2(Me)Si(�5-C5Me4)(�5-C5
H4)}Cl2] (M = Ti ( 183), Zr (184)) (Eq.(38)) [68].

9. ansa-Metallocene mixed ring complexes with C1
symmetry

9.1. Silicon atom ansa-bridge

The ansa-metallocene complexes, [Zr{Me2Si(�5-
C5Me4)(�5-C5H3R)}Cl2] (R = Me (185), Et (186), Pri

(187), But (188), SiMe3 (189)), were prepared by the
reaction of ZrCl4 with the corresponding lithiumansa-
derivative (Fig. 22) [71a,75]. Using the same preparative
method, the phosphine containingansa-metallocene
complexes were synthesized, [M{Me2Si(�5-C5Me4)(�5-
C5H3R)}Cl2] (M = Ti, R = PPh2 (190), CH2CH2PPh2 (191);
M = Zr, R = PPh2 (192), CH2CH2PPh2 (193); M = Hf,
R = PPh2 (194), CH2CH2PPh2 (195)) (Fig. 22) [76].
Chiral substituents have also been incorporated in the
ansa-metallocene system with the following compounds
being reported: [M{Me2Si(�5-C5Me4)(�5-C5H3R)}Cl2]
(M = Ti, R = menthyl (196), neomenthyl (197); M = Zr,
R = menthyl (198), neomenthyl (199); M = Hf, R = menthyl
(200)) (Fig. 22) [77]. 196 and 197 were prepared using
[TiCl3(THF)3] and the final products obtained on oxidation
by HCl of the titanium(III) intermediates[77a,b].

Following the same synthetic protocol, the following
ansa-metallocene complexes were prepared: [Ti{Me2Si(�5-
C H )(�5-C H SiMe )}Cl ] (201), [Zr{Me Si(�5-C H )
(38)
5 4 5 3 3 2 2 5 4

Fig. 22. Compounds185–200.
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Fig. 23. Compounds201–210.

(�5-C5H3R)}Cl2] (R = Me (202), Pri (203), But (204),
SiMe3 (205), cyclohexyl (206), CH2CH CH2 (207))
and [Hf{Me2Si(�5-C5H4)(�5-C5H3R)}Cl2] (R = Me
(208), SiMe3 (209)) (Fig. 23) [45a,b,e,47,78]. The
amino functionalized ansa-zirconocene complex,
[Zr{Me2Si(�5-C5H4)(�5-C5H3CH2CH2NPri2)}Cl2] (210)),
has been reported (Fig. 23) [79]. Mise and co-workers have
prepared a series ofC1 symmetricansa-zirconocene com-
plexes, [Zr{Me2Si(�5-C5H2Me2-2,4)(�5-C5H3Me)}Cl2]

(211), [Zr{Me2Si(�5-C5H2Me2-3,4)(�5-C5H3Me)}Cl2]
(212), [Zr{Me2Si(�5-C5H3But)(�5-C5H3Me)}Cl2] (213),
[Zr{Me2Si(�5-C5HMe3-2,3,5)(�5-C5H4)}Cl2] (214),
[Zr{Me2Si(�5-C5H2Me2-2,4)(�5-C5H4)}Cl2] (215) (211
and 213 were obtained as a mixture of isomers) (Fig. 24)
[45a,b].

The reactivity of the pendant allyl group in207 has been
studied. Hydroboration of207 by 9-BBN or HB(C6F5)2 gave
[Zr{Me2Si(�5-C5H4)(�5-C5H3[CH2CH2CH2BR2])}Cl2]
(R2 = C8H14 (216), (C6F5)2 (217)) (Eq. (39)) [80].
217 reacts with the two electron donor ligands, 2-
methyl-4,5-dihydrooxazole, N-methylbenzimidazole or
1,2-dimethylbenzimidazole to yield the corresponding
adducts218–220 (Eq.(40)) [80].

(39)

(

Fig. 24. Compounds211–215.

N
( -
p the
l or
[ ly
o -ray
(40)

The ansa-niobocene imido complexes, [Nb
But){Me2Si(�5-C5Me4)(�5-C5H3R)}Cl] (R = Me

221), Pri (222), SiMe3 (223), PPh2 (224)), were pre
ared via the conventional route from the reaction of

ithium ansa-derivative with the niobium imido precurs
Nb( NBut)Cl3(py2)] (Fig. 25) [71a]. The presence of on
ne of the two possible isomers was observed and by X
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Fig. 25. Compounds221–230.

diffraction studies it was ascertained that the substituent R
was orientated away from the imido group, thus minimizing
steric congestion. In a similar manner, the niobocene dichlo-
ride complexes, [Nb{Me2Si(�5-C5Me4)(�5-C5H3R)}Cl2]
(R = Me (225), Pri (226), SiMe3 (227), PPh2 (228)) and
[Nb{Me2Si(�5-C5H4)(�5-C5H3R)}Cl2] (R = Pri (229), But

(230)), were prepared (Fig. 25) [72,16a]. The electrochem-
ical behaviour of225–248 has been described with respect
to the R substituent present[72]. From229 and230, olefin
hydride complexes were prepared and studied as models of
catalytically active metallocene species in polymerization
[16a]. The tantalocene complexes, [Ta{Me2Si(�5-C5H4)(�5-
C5H2RR′)}Cl3] (R = H, R′ = Pri (231), But (232); R = R′ = Pri

(233)), were prepared via the reaction of TaCl5 with the
corresponding stannylated cyclopentadiene (Eq.(41)) [16a].
The tantalocene(IV) dichloride derivatives, [Ta{Me2Si(�5-
C5H4)(�5-C5H2RR′)}Cl2] (R = H, R′ = Pri (234), But (235);
R = R′ = Pri (236)), were obtained upon the reduction of
231–233 with zinc (Eq.(41)) [16a].

Fig. 26. Compounds237–241.

9.2. Germanium atom ansa-bridge

The germanium bridgedansa-complexes, [M{Me2
Ge(�5-C5Me4)(�5-C5H3Me)}Cl2] (M = Ti ( 237), Zr (238),
Hf (239)) and [Zr{Me2Si(�5-C5H4)(�5-C5H3R)}Cl2]
(R = Me (240), But (241)), were prepared in a similar
manner to their silicon analogues (Fig. 26) [54,70].

10. Structural influence of the catalyst in the
stereoselective polymerization of �-olefins

Different geometric and electronic properties of theansa-
metallocene complex directly influence not only its catalytic
activity in polymerization but also the physical make up of the
polymer (molecular weight and distribution, microstructure,
co-monomer incorporation).

It is generally recognized that zirconocene catalysts
exhibit higher activities than titanocenes and hafnocenes in
olefin polymerization[4] and this is reflected in the far higher
number ofansa-zirconocene complexes reported compared
with their group 4 counterparts.

The inclusion of substituents in the C5 rings of theansa-
ligands has been exploited in the stereoselective polymer-
ization of �-olefins. The symmetry of the complex was
found to have a decisive effect in the process of stereoreg-
u
t ctic
p way
c n are
o lecule
(
i n of
�

g a
fl ctic
p t the
s t-
a cted,
v he
s y
n ither
t ain
w
(41)
lation [81]. For example, theC2 symmetricrac isomer of
he ansa-metallocene complexes produced highly isota
olypropylene. This can be explained in a very simple
onsidering that the monomer and growing polymer chai
riented towards the open spaces of the metallocene mo
Fig. 27). Using this same concept, it can be seen that themeso
somer will be non-stereoselective in the polymerizatio
-olefins.

Cs symmetricansa-metallocene complexes containin
uorenyl moiety have been shown to produce syndiota
olypropylene and therefore, it appeared probable tha
ame should also be true foransa-bis(cyclopentadienyl) ca
lysts. However, Morokuma and co-workers have predi
ia theoretical studies, that catalytic systems based on tCs
ymmetric H2Si(C5Me4)(C5H4) ligand will be substantiall
on-enantioselective, due to repulsive interactions of e

he methyl group of propylene or the growing polymer ch
ith the methyl groups of the C5Me4 moiety (Fig. 28) [82].
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Fig. 27. (a) Steric control inC2 symmetricansa-metallocene complexes and
(b) lack of steric control in themeso isomer.

Fig. 28. Lack of steric control inCs symmetricansa-metallocene complexes.

Several experimental studies carried out are in agreement
with Morokuma’s proposal[46,68,70,75].

The C1 symmetric ansa-metallocene compounds
described in this survey have been shown to be isospecific,
in the polymerization of�-olefins. If it is assumed that
a chain migratory insertion mechanism takes place and
that the two coordination positions are of a similar energy,
then these catalysts should be isospecific if propylene
coordination is enantioselective in favour of the same
propylene enantiofaces (Fig. 29a). If propylene coordination

F a)
i

Fig. 30. Back skip mechanism.

is enantioselective in only one of the coordination posi-
tions, then the corresponding catalytic system should be
hemi-isospecific (Fig. 29b).

If the two coordination positions are of distinct energies, a
different scenario can be proposed. According to Morokuma
and co-workers, the presence of a bulky alkyl�-substituent
in the cyclopentadienyl moiety forbids the growing polymer
chain to be located in the more crowded position[82]. The
steric pressure of the ligand skeleton may force the growing
chain to skip back to the less crowded position. Hence, inser-
tion always occurs with the same relative disposition of the
monomer and the growing polymer chain and thus leads to
an isospecific polymer (Fig. 30). Examples of this back skip
mechanism in the polymerization of propylene have been
reported[75,83].

11. Conclusions

It is evident by the number of complexes included in
this survey the importance ofansa-bis(cyclopentadienyl) sys-
tems. Catalytic activity and selectivity can be directly related
to theansa-metallocene catalyst and slight structural varia-
tions can be very influential. Therefore, emphasis has been
placed in the design ofansa-metallocene complexes towards

ara-
esis
ups
ment
the

istry
pid

the
s.
the
ig. 29. Steric control inC1 symmetricansa-metallocene complexes: (

sotactic and (b) hemi-isotactic.
the goal of “made to measure” catalysts for the prep
tion of polyolefins with defined properties. The synth
of ansa-metallocene complexes containing functional gro
has also proved essential in the industry-imposed require
of immobilized single-site catalysts. Whilst the interest in
production of polyolefins remains prominent, the chem
of ansa-metallocene complexes will continue with its ra
evolution.
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(e) H.G. Alt, A. Köppl, Chem. Rev. 100 (2000) 1205;
(f) G.W. Coates, Chem. Rev. 100 (2000) 1223;
(g) R.H. Grubbs, G.W. Coates, Acc. Chem. Res. 29 (1996) 85;
(h) P.C. M̈ohring, N.J. Coville, J. Organomet. Chem. 479 (1994) 1;
(i) W. Kaminsky, M. Arndt, Adv. Polym. Sci. 127 (1997) 143;
(j) O. Olabisi, M. Atiqullah, W. Kaminsky, J. Macromol. Sci., Rev.
Macromol. Chem. Phys. C37 (1997) 519;
(k) J.C. Green, Chem. Soc. Rev. 27 (1998) 263;
(l) P.V. Ivchenko, I.E. Nifant’ev, Zh. Org. Khim. 34 (1998) 9;
(m) J.A. Ewen, Sci. Am. 276 (1997) 86.

[5] See for example;
(a) S.L.J. Conway, T. Dijkstra, L.H. Doerrer, J.C. Green, M.L.H.
Green, A.H.H. Stephens, J. Chem. Soc., Dalton Trans. (1998) 2689;
(b) J.H. Shin, G. Parkin, Chem. Commun. (1999) 887;
(c) H. Lee, B.M. Bridgewater, G. Parkin, J. Chem. Soc., Dalton
Trans. (2000) 4490;

kin,
J.B.

lton

35

8;

[ J.

[ 985)

[
[ .-H.

[
[ Int.

.

[ W.

aw,

[ .

[18] A tin bridgedansa-yttrocene complex has been reported: W.-Q. Hu,
J.-Q. Sun, Z.-D. Pan, Z.-L. Wu, Y.-M. Xu, J. Zhejiang Univ. Sci. 1
(2000) 157.

[19] (a) T. Katz, N. Acton, G. Martin, J. Am. Chem. Soc. 95 (1973)
2934;
(b) Using [TiCl4(THF)2] compound1 was prepared in a yield of
43%: G.D. Sala, L. Giordano, A. Lattanzi, A. Proto, A. Scettri,
Tetrahedron 56 (2000) 3567.

[20] The synthesis of5 but no yield was reported: T. Arai, T. Ohtsu, S.
Suzuki, Macromol. Rapid Commun. 19 (1998) 327.

[21] I.E. Nifant’ev, K.A. Butakov, Z.G. Aliev, I.F. Urazowski, Metalloorg.
Khim. 4 (1991) 1265.

[22] I.E. Nifant’ev, P.V. Ivchenko, Organometallics 16 (1997) 713.
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Chem. Eur. J. 9 (2003) 3618.

79] C. Müller, D. Lilge, M.O. Kristen, P. Jutzi, Angew. Chem. Int. E
39 (2000) 789.

80] (a) M. Hill, G. Erker, R. Fr̈ohlich, O. Kataeva, J. Am. Chem. S
126 (2004) 11046;
(b) M. Hill, G. Kehr, R. Fr̈ohlich, G. Erker, Eur. J. Inorg. Che
(2003) 3583.

81] J.A. Ewen, J. Mol. Catal. A: Chem. 128 (1998) 103.
82] H. Kawamura-Kuribayashi, N. Koga, K. Morokuma, J. Am. Ch

Soc. 114 (1992) 8687.
83] J. Kukral, P. Lehmus, T. Feifel, C. Troll, B. Rieger, Organometa

19 (2000) 3767.


	Insights into group 4 and 5 ansa-bis(cyclopentadienyl) complexes with a single-atom bridge
	Introduction
	ansa-Metallocene complexes without ring substituents
	Carbon atom ansa-bridge
	Silicon atom ansa-bridge
	Germanium atom ansa-bridge
	Tin atom ansa-bridge

	ansa-Metallocene complexes with symmetric ring mono-substitution
	Carbon atom ansa-bridge
	Silicon atom ansa-bridge
	Germanium atom ansa-bridge

	ansa-Metallocene complexes with symmetric ring di-substitution
	Carbon atom ansa-bridge
	Silicon atom ansa-bridge

	ansa-Metallocene complexes with symmetric ring tri-substitution
	ansa-Metallocene complexes with symmetric ring tetra-substitution
	Silicon atom ansa-bridge
	Germanium atom ansa-bridge

	ansa-Metallocene mixed ring complexes with Cs symmetry
	Silicon atom ansa-bridge
	Germanium atom ansa-bridge

	ansa-Metallocene mixed ring complexes containing a chiral bridging atom
	Carbon atom ansa-bridge
	Silicon atom ansa-bridge

	ansa-Metallocene mixed ring complexes with C1 symmetry
	Silicon atom ansa-bridge
	Germanium atom ansa-bridge

	Structural influence of the catalyst in the stereoselective polymerization of alpha-olefins
	Conclusions
	Acknowledgments
	References


