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Abstract

This review describes the different synthetic strategies employed in the preparation of group#antiS(cyclopentadienyl) complexes
containing a group 14 single-atom bridge. The general preparative routes can be summarized in: (i) metathesis reactions using alkali-met
ansa-ligand precursors; (i) 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 numbeimat the C
and/or at the single-atommsa-bridge. Functional groups have also been introduced intasikeligand framework and their reactivity in,
for example, hydroboration or hydrosilylation is described in this review.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction in 1991, anunsa-vanadocene complgf4] and in 1996 the
firstansa-niobocene complexes were described by Herrmann
The synthesis in 1951 of the first metallocene complex, et al. and by our research gro{4b]. Recently, Bercaw and
ferrocene, by Pauson and Milld and the subsequentprepa- co-workers have usedisa-niobocene complexes as models
ration, by Wilkinson, of the transition metal and lanthanide to study the mechanism in olefin insertion proce$&6%
analogued?], firmly put metallocenes at the forefront of The majority of the compounds reported in this survey
organometallic chemistry. The discovery that early transition contain a silicorunsa-bridge. This can be explained by the
metallocene complexes are catalytically active in the poly- fact that the ligand precursors are readily prepared from
merization of olefind3] only increased even more rapidly the corresponding dichlorosilane and the cyclopentadiene
the development in the chemistry of these compoydils reagent. The wide variety of silane compounds, which are
Catalytic activity, molecular weight, microstructure or co- either commercially available or easily prepared, accounts
monomer content and distribution of the polymers produced for the numerous modifications that have been made to the
can, in many cases, be directly related to the geometric andansa-bridge. Carborunsa-bridge ligands are normally pre-
electronic characteristics of the metallocene catalyst. The pared from fulvene precursors and the ease or difficulty in the
main emphasis therefore in this research field has been consynthesis of these reagents directly dictates the viability of
centrated towards the design and synthesis of novel com-the synthesis of thensa-metallocene complex. Germanium
plexes capable of directing the catalytic process towards ansa-bridge ligands are prepared in a similar manner to their
polymers with specific physical properties. silicon analogues, although far fewer complexes have been
The termunsa (Latin for benthandle attached at both ends) reported most probably due to the higher economic cost of
was applied to describe bridged metallocene complexes andhe dichlorogermane precursors compared with their silane
it was quickly acknowledged that the use of these rigid group counterparts. Due to the fragile nature of the-Srbond, tin
4 ansa-bis(cyclopentadienyl) systems greatly improved cat- bridgedansa-complexes are unknown except for one report
alytic activity and selectivity. It is now also well known that [17,18]

the inclusion of ammsa-bridge in the metallocene complex Apart from changing the group 14 bridging heteroatom,
alters its chemical behaviour with respect to its unbridged theansa-bis(cyclopentadienyl) system can be varied by sub-
analogue (the so calledrisa-effect”) [5]. stitution at the @ ring or the bridging atom. This substitution

Although the principal application of these complexes can be designed to modify electronic and/or steric effects
is that of catalyst precursors in olefin polymerization, their which may influence catalytic activity and selectivity.

use as reagents in organic synthg6jsand in the dehydro- For the purpose of this review, we have consideretias

coupling of hydrosilanes to form polysilangg is also of metallocene complexes only those that contain dhe:-

importance. ligand chelating the group 4 or 5 metal centre which in turn
The first group 4nsa-metallocene complex, [TH2C(n°- is linked to the cyclopentadienyl moieties in gfiv° fash-

CsHa)2}Cl2], was prepared by Katz and Acton in 1970 ion. We have excluded from this survey fused ring systems
[8] and initially for theansa-bis(cyclopentadienyl) systems such as indenyl and fluorenyl derivatives and double-bridged
there were only isolated reports fromdgf and co-workers ~ complexes. For the group dnsa-metallocene complexes,
[9], Brintzinger and co-workerg10], Petersen and co- our study is concentrated on the initially formed dichloride

workers[11] and Jutzi and Dickbredét 2]. It was not until species. The derivativization (generally alkylation) of these
Brintzinger and co-workers published, in 1989, the synthe- compounds at the ancillary ligands is not normally discussed.
sis of substituted group dnsa-metallocene complexg$3] The number otinsa-metallocene complexes of the group 5

that a wider interest in this field was initiated. Grouprba- elements is greatly inferior to those reported for their group 4

metallocene complexes were at first ignored due to their low counterparts and for this reason the survey will, in addition to
or zero catalytic activity in polymerization. Klouras reported, the halide complexes, include imido and hydride derivatives.
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2. ansa-Metallocene complexes without ring

substituents
2.1. Carbon at brid ! N ==
. arbon atom ansa-oriage M
R T~

The synthesis of the CHbridged ansa complexes,
[M{H2C(n°-CsHys)2}Clo] (M=Ti (1), Zr (2)), in 30 and
17% vyield, respectively, was achieved by the reaction of
bis(cyclopentadienyl)methane withbutyllithium and sub- | 7 8 9 10
sequent addition of the metal tetrachloride (@9) [5e,8,19] M [ Ti i i
Theansa-metallocene complexes, [lRC(m°-CsHa)2}Clo] R | Me Bu' Me Bu
(M=Ti, R=Me (3); M=Ti, R=Et @); M=Zr, R=Me (5); ‘
M =Hf, R=Me (6)), were prepared in an identical manner Fig. 1. Compound3-10.

although in very poor yields (ca. 10%) (Ed.) [9,20]. The
same reaction carried out by Nifant'ev et al. gave superior

yields for3 (46%) ands (35%)[21]. Hey-Hawkins and co-workers serendipitously isolased

and5 as the decomposition products of phosphine substituted
metallocene complexes (E@t)) [24].

Li, {RyC(CsHy),} + MCly —> éC]

R Q/\a ><@\Z<Cl
1 2 3 4 5 6 X%/ U\

M Ti Zr Ti Ti Zr Hf <Cl
R|H H Me Et Me Me ﬁ / Q/ Cl
(1) Ti—Cl
. . 3 5
The yields of these compounds were greatly improved RHP% T 7
(95%) by the reaction, in toluene, of the metal tetrachlo-
rides with distannylatednsa-bis(cyclopentadiene) (E¢2)) R =Ph, Bu' (4)

[22]. The preparation of, in 84% yield, was also reported
via amine elimination in the reaction between [Zr(Nf}
and the organic compound M&(CsHs), followed by chlo- -y gingle crystal X-ray diffraction studies and show the typ-
ride/amide exchange on the addition of trimethylsilylchloride ;.5 pent metallocene complexes associated with group 4
(Eq. (3)) [23]- compounds5e,10,24,25] The introduction of the single-
atom inter-annular bridge affects the geometry of dheu
complex compared with its noesa analogue making it a

The molecular structures #£3, 5 and6 were determined

MesSn SnMe;

\ more rigid system which translates to higher selectivity in the
+MCly———— v="C complex’s chemical behaviour. Comparative structural data
c Q -25nMesCl Q/ ~~c1t  for the compounds discussed in this review can be found in
Table 1
5 6 The asymmetrically substitutathsa-bridge complexes,
Ml zr HE [M{R(H)C®>-CsHa)2}Cl2] (M=Ti, R=Me (7), BU (8);

) M=Zr, R=Me (9), BU (10)), were prepared, in very low
yields, by the reaction of MGhwith Li»{R(H)C(n>-CsHa)2}
[9a,26](Fig. ).

The synthesis of cycloalkylidene-bridgedansa-
\ metallocene  complexes  [MCHy),(n°-CsHa)2}Cly]
-HNEt, =Ti = . = =
Me,C(CsHs), + [Zr(NEty),] 2 Zr<c1 (M=Ti, n=4 (11), 5 (12), 6 (13); M=Zr, n=4 (14), 5
iMe;Cl Q/ Cl
5

Si (15), 6 (16); M=Hf, n=4 (17), 5 (18), 6 (19)) has been
reported[27] (Eq. (5)). The catalytic activity of11-19,
in the polymerization of ethylene, was tested and the
highest activities were surprisingly observed for the titanium
3) complexes.
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Table 1
Selected structural data afisa-metallocene complexés
Complex M-Cp M-Cl Cp-M-Cp CI-M-CI  C(py-E—Ccp) Reference
(A (A ) ) ©)
[Ti {H2C(m3-CsHa4)2}Clo] (1)° 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(n>-CsHy)2}Clo] (3) 2.056 2.343 121.6 98.04(4) 96.6(2)  [24,25]
[Ti{(CH2)4aC(n>-CsHy)2}Cl2] (11) 2.051 2.342 121.1 96.98(3) 96.9(2)  [27b]
[Ti{(CH2)sC(n3-CsH4)2}Cl5] (12) 2.052 2.346 121.1 97.41(4) 96.6(2)  [27b]
[Ti{(CH2)6C(n3-CsH4)2}Cl5] (13) 2.043 2.348 121.4 97.54(5) 96.6(3)  [27b]
meso-[Ti{MezC(n3-CsHzPr)21Cly] (67) 2.339 96.37(6) [43D0]
rac-[Ti{MezC(n°-CsH3Bu")2}Cly] (68) 2.330 96.6(1) 98.3(8) [43a]
2.35 98(1) 96(1)
[Ti{Me2Si(m°-CsHa)2}Cl2] (30) 2.075(5)  2.356(1) 128.7(1) 95.75(4) 89.5(1) [11]
[Ti{(CH2)4Si(n>-CsH4)2}Cl2] (47)° 2.069 2.349 129.12 96.32(8) 90.4(3)  [40]
2.347 96.03(8) 91.0(3)
[Ti {(CH2)5Si(m>-CsHa4)2}Clo] (49)° 2.072 2.343 129.43 97.4(2) 89.8(6)  [40]
2.342 98.2(2) 90.4(5)
rac-[Ti{Me;Si(n°-CsH[SiMes]Bu’-2,4) } Cl5] (101) 2.111 2.339 130.5 95.8(0.2)  90.8(1)  [56h]
[Ti{Me;Si(n°-CsH2(SiMes),-3,4)% } Clo] (113) 2.100 2.3372 129.61 97.40(3) 90.76(10) [63]
[Ti {Me2Si(m°-CsMe4)(n>-CsHg) }Clo] (146) 2.343 97.33 90.3(1) [71b]
R-[Ti {Me;Si(m>-CsMe4)(n3-CsHz(menthyl))}} Cl,] (196) 2.328 95.3(2) 90.8(6) [77a]
S-[Ti {Me,Si(n>-CsMes)(m>-CsHaz(menthyl)} Cly] (196)° 2.326 97.75(8) 91.3(3) [774]
2.328 97.86(8) 91.1(3)
[Ti {Me2Si(n>-CsHg)(n>-CsH3SiMes) }Cl] (201) 2.078 C} 2.345 128.8 97.4(1) 90.1(1) [47]
2.068 Cp
[Ti{Me,Ge(n5-CsMey),}Clo] (143) 2.331 96.01(1) 89.7(2) [54]
[Zr{H2C(n5-CsH4)2}Cl2] (2) 116.4 [5e]
[Zr{MexC(n>-CsHa)2}Cl] (5) 2.213 2.4364 116.7 100.25(3) 99.52) [24]
[Zr{(CH2)4C(>-CsH4)2}Cly] (14) 2.191 2.433 116.6 100.51(7) 99.8(5)  [27h]
[2r{(CH2)sC(M>-CsH4)2}Cl7] (15) 2.192 2.445 116.4 99.48(7) 99.7(5)  [27b]
[Zr{(CH2)6C(n°-CsH4)2}Clo] (16) 2.178 2.437 116.3 100.0(1) 99.1(2)  [27b]
[Zr{CH,CH2(Me)NCH,CH,C(1>-CsHa)2 } Cl2] (20) 2.432 100.6(3) 99.7 [28]
[Zr{C12HgC(m>-CsHa)2}Clo] (21) 2.427 100.92(8) 99.2(4) [29]
rac-[Zr{MezC(n3-CsH3Bu")2}Cl,] (69) 2.427 99.17(9) 99.2(6) [43a]
meso-[Zr{Me;C(n>-CsHzBu)2}Cl,] (69) 2.432 98.5(2) 99(1) [43a]
[Zr{H2C(n>-CsHaMez-2,5)}Clo] (92)° 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(n>-CsHaMez-2,5)%}Clo] (93)° 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°-CsMeg)(n5-CsHa4) }Clo] (158) 2.495Cp 2.434 117.1(1) 99.40(2) 100.9(2) [73]
2.502 Cp
[Zr{Me(H)Cm>-CsH4)(n°-CsHaMe,-2,5)}Clo] (159) 2.188Cp  2.4353(10) 117.00 102.11(7)  100.7(4)  [55h]
2.186 Cf}
[Zr{Me;Si(n®-CsHy)2}Cly] (32) 2.197(6)  2.435(1) 125.4(3) 97.98(4) 93.2(2) [11]
[Zr{Me(CH;=CHCH,)Si(n>-CsH4)2}Cl,] (41) 2.205 2.437 125.40 98.09(7) 94.0(3)  [39a,b]
[Zr{(CH2)3Si(n®-CsHg)2}Cl] (50) 2.4381 126.2(2) 100.01(3) 94.68(9) [41]
[Zr{(CH2)4Si(m®-CsHa)2}Cl2] (51) 2.201 2.434 125.57 99.36(9) 94.3(3)  [40]
[Zr{(CH2)5Si(m3-CsHa)2}Cl>] (53) 2.205 2.438 125.48 97.71(5) 94.02)  [40]
meso-[Zr{Me;Si(n°-CsHz(neomenthyl}}Cly] (80)° 2.427 126.8 102.77(10)  94.2(3) [45d]
2.425 126.9 102.62(10)  94.2(3)
meso-[Zr{Me;Si(n>-CsHMeBU-2,4), 1 Cl,] (96) 2.231 2.420(1) 126.7 97.6(1) 94.3(1)  [13]
rac-[Zr{Me;Si(n>-CsH2MePh-2,4)}Cl,] (97) 2.225 2.428 126.0 98.6(1) 93.3(1) [56a]
rac-[Zr{Me;Si(n>-CsHz[SiMe3]Bu’-2,4), } Cl,] (98) 2.233 2.429 126.7 97.6(0.3)  94.0(1)  [56h]
meso-[Zr{Me;Si(m°-CsHaMePh-2,4)5-CsH,PhMe-2,4) }Cl,] (100) 2.4257 97.86(2) 94.43(7)  [57]
rac-[Zr{Me(CHy=CHCH,)Si(n>-CsH,Me,-2,4)}Cl5] (102) 2.211 2.433 126.6 99.5(1) 94.02)  [59]
rac-[Zr{(CHa=CH),Si(n>-CsHzMe;-2,4), }Cl,] (105) 2.218 2.4330 126.5 99.49(3) 94.98(9) [60]
rac-[(m®-CsHs)Rh(n?2-CHy=CH),Si(n°>-CsHoMe»-2,4,ZrCl,] (108)  2.215 2.420 127.3 98.47(6) 95.6(1) [60]
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Table 1 Continued)

137

Complex M-Cp M-Cl Cp-M-Cp CI-M-CI C(cpy~E—Ccp) Reference
(A (A ) ©) ©)
[Zr{Me;Si(n>-CsH2(SiMes),-3,4) }Clo] (114) 2.231 2.432 124.72 982(11)  9373(35)  [63]
rac-[Zr{Me;Si(n>-CsHMe-3,5-(furyl)-2) } Cl,] (125) 2.23 2.435 128.1 983(8) 946(3) [66]
[Zr{Me;Si(n®-CsMe4),}Clo] (127) 2.329 2.4334(7) 128.6 988(3) 957(1) [24,67b]
[Zr{(CH2=CH),Si(n>-CsMe4)2 }Cl>] (129) 2.235 2.4333 128.7 924(3) 963(1) [61]
[(n®-CoH7)Rh(n2-CHy=CH),Si(n>-CsMey)»ZrCly] (132) 2.240 2.441 129.0 108(1) 967(3) [61]
[Zr{Me(H)Si(n>-CsMe4),}Cl] (134) 2.230 2.427 128.5 985(6) 9615(19)  [68]
[Zr{Me(CH,=CH)Si(n°-CsMey),}Cl2] (138) 2.220 2.418 128.76 982(7) 958(2) [39a]
[Zr{Me;Si(n3-CsMe4)(n°>-CsHa) }Clo] (147) 2.202 Cp 2.451(1) 128.10 16B0(7) 952(2) [71a,b]
2.198 Cp
[Zr{Me2Si(n3-CsHa)(m>-CsH2BU,-3, 4)}Cl2] (149) 2.209 Cp 2.442 125.2 ar1(3) 945(1) [71c]
2.236 Cf¥
[Zr{Me(Et)n>-CsMe4)(n>-CsHa4) }Cl,] (161) 2.219(2)Cp 2.4336(8) 126.70(4) 1QZ(5) 9382(14)  [74]
2.218(2) Cp
[Zr{Me(CH,=CHCHy)Si(n°-CsMe4)(n>-CsH4) }Cl>] (166) 2.207 Cp 2.428 126.67 108(1) 950(3) [39a]
2.220 Cp
[Zr{Me;Si(n3-CsMes)(m>-CsH3Me)} Cl,] (185) 2.194 CR 2.414(4) 126.25 101(2) 924(8) [71a]
2.184 Cp
[Zr{Me,Si(n3-CsMes)(m>-CsH3E)}Cl] (186) 2.214 CR 2.429(4) 126.5 10@(2) 933(7) [75]
2.207 Cp
[Zr{Me;Si(n3-CsMes)(m>-CsH3Pr)}Cly] (187) 2.223 CR 2.429 126.9 92(1) 942(2) [75]
2.230 Cp
R-[Zr{Me;Si(n>-CsMey)(n>-CsHz(menthyl))} Cl,] (198) 2.419 126.6 9%(2) 936(4) [77c,d]
[Zr{Me;Si(n3-CsHg)(m>-CsH3CH,CH=CH,)}Cl,] (207) 2.4290 9874(3) 940(1) [78]
[Zr{Me;Si(n3-CsHa)(m>-CsH3CH,CH2CH,B(CgH14)) } Cl2] (216) 2.431 126.0 9%0(4) 936(1) [80b]
[Zr{Me;Si(n3-CsHg)(m>-CsH3CHoCHoCH,B(CsFs)2)(2-methyl-4,5- 2.443 9556(3) 938(1) [80b]
dihydrooxazole)Cly] (218)
[Zr{Me;Si(n3-CsHg)(m>-CsH3CHCHaCH2B(CsFs)2) (V- 2.432 9893(3) 937(1) [80a]
methylbenzimidazolg)Clz] (219)
[Zr{Me,Gen>-CsMey), }Clo] (144) 2.235 2.437 129.39 985(7) 927(3) [54,70]
[Zr{Me,Gen®-CsMey)(n°-CsHa) }Clo] (153) 2.213Cp 2.404(9) 1275 ®5) 9101(1) [70,71b]
2.217 Cp
[Hf {Me»C(n>-CsH4)2}Clo] (6) 2.174 2.409 117.1 98(1) 994(3) [25]
[Hf {Me,Si(n3-CsHg)2}Cl2] (33) 2.191 2.424 126.8 [37]
[Hf{Me;Si(n5-CsMe4), }Clo] (128) 2.223 2.407(2) 129.2 98(1) 951(3) [67b]
[Hf {EtSi(m°-CsMe4)2}Clo] (131) 2.224 2.407 9g5(8) 953(2) [67b]
[Hf {(CH2=CH),Si(n>-CsMe4)2}Cl] (130) 2.217 2.405 129.2 998(7) 965(2) [67b]
[Hf {Me,Si(n5-CsMes)(m>-CsHa) }Clo] (148) 2.413 9996 941(2) [71b]
[Hf {Me,Gen>-CsMey),}Clo] (145) 2.227 2.409(2) 129.8 99(1) 928(4) [670]
[Hf {Me;Gen>-CsMes)(n°-CsHa) } Cl2] (154) 2.193Cp 2.409 127.74 aR1) 912(3) [70]
2.210 Cp
Cl-M-N (°)
[Nb(=NSiMeg){Me,C(n>-CsHy)2}Cl] (22) 2.181 2.4387(4) 114.2 9B1(4) 9889(9) [30]
[Nb(=NBU'){Me>C(n°>-CsH)>}CI] (23) 2.189 2.446(1) 113.3 95(1) 993(3) [30]
[Nb(=NCsH3Pr,-2, 6){Me2C(1°-CsHa),}Cl] (26) 2.167 2.433(1) 98(1) 994(2) [32]
[Nb(=NBuU'){Me,Si(n>-CsH4)2}Cl] (58) 2.110(2) 2.448(1) 121.21 9B5(9) 9417(6) [42a]
[Nb(=NBU"){Me,Si(n>-CsMes)(n>-CsHsMe)}Cl] (221)° 2.225CF  2.458(1) 1227 9D(1) 937(2) [71a]
2.249 Cp 2.460(1) 122.3 9&(1) 944(2)
2.2275 CR
2.250 Cp
[Nb(=NBU'){Me;Si(n>-CsMe4)(n3-CsHzPr)}Cl] (222) 2.228CF  2.4372(6) 122.1 983(7) 933(1) [71a]
2.245 Cp
[Ta(=NCsH3Pr,-2, 6){MeC(n°-CsHa),}CI] (27) 2.154 2.404(1) 94(1) 990(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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An alternative method was employed by Herrmann

and co-workers in the preparation of the groupusa-

Liy {(CHy),C(CsHy)y} + MCly ——(CTL), <C' metallocene imido compounds [MKCgH3Pr,-2, 6)
Q/ cl {Me2C(n°-CsHa),)Cl] (M=Nb (26), Ta=@7) (Eq. (9).
With an amide ancillary ligand, thensa-ligand adopted

a chelatingm®n! arrangement. Nevertheless, apt:n°

[11 12 13 14 15 16 17 18 19 arrangement was observed in the X-ray crystal structure of

M|Ti Ti Ti Zr Zr Zr Hf Hf Hf the chloride derivativ§l5a,32]

n|l4 5 6 4 5 6 4 5 6
(5) @

MeC(CsHs)y N\ e,
An ansa-zirconocene complex with avrmethylpiperdine N \
bridge has been prepared and characterized by single crysta[M(zNAr)(NMeZ)3]
X-ray diffraction studies (Eq(6)) [28]. The synthesis and O
molecular structure of amnsa-zirconocene complex with
a fluorenylidene bridge were reported by Nifant'ev and co- Me;SiCl

workers (Eq(7)) [29].

| |
le{CH2CH2(Me)NCHzCH2C(C5H4)2} + ZI‘C]4 { \

Ar = C¢H;Pr,-2,6

26 27
\ ol M|Nb Ta
%/ ~ci 9)
The niobocene(IV) dichloride complexes, [NRpC(n°-
20

CsHa)2}Clo] (R=Me (28), Et (29)) were prepared by the
reaction of the corresponding di-potassiunza-derivative
reagent with [NbCI(THF);] (Eq. (10)) [33]. Tetrahydrobo-

O rate and hydride derivatives were obtained by reactia8of
®\ and29 with the appropriate reager33].
’ Li 7, =Cl
ZrCl
O R Q/ e AN
C;\L, Ko (RyC(CsHy)a} + [NDCI(THE),] ——= béﬂ
1 g

(7
For the group 5 compounds, the inclusion of an imido _IM
ligand appears to provide the stability needed to isolate M[Me  Et
the ansa-metallocene(V) complexes, [MNR){MeC(n°- (10)

CsHa)2}CIl (M=Nb, R=SiMe; (22), BU (23); M=V,

R =BU (24); M =Ta, R =BUd (25)) (Eq.(8)) [30]. 22-25 were

readily converted to their bromide, iodide, methyl or cationic 2.2. Silicon atom ansa-bridge
derivatives[30,31] The molecular structures @2 and23

were establishefB0]. The first reported silylene bridged group dnsa-
Liy (MesC(CsHy)) metallocene complexes described the synthesis ¢RABI

T Tor +[M(:NR)C13(py)q] (m°-CsHa)2}Clz] (M=Ti, R=Me (30), Et (31); M=2Zr,
K5 {Me,C(CsHy)a} R=Me @32); M=Hf, R=Me (33)) in yields of ca. 10%

(Eq. (11)) [9]. The same synthetic route was employed by

Petersen and co-workers in the preparatior3@f32 and
[Zr{R2Si(>-CsH4)2}Cl2] (Et (34), Pr* (35)) but with yields
| 22 23 24 25 AC] of approximately 70 and 50% for the titanocene and zir-

Ml N6 N6V Ta conocene derivatives, respectivil$]. Royo and co-workers
R | SiMe; Bu' Bu' Bu'
87% for 32 and 33, respectively[34]. Alt and co-workers
observed a yield fa32 of 50—70%35] and similarly Yasuda

using the same reaction scheme reported yields of 51 and
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et al. reported a yield of 48986]. 32 and33 were also pre-

pared, in yields of over 90%, via the transmetalation of the

distannylatednsa-bis(cyclopentadiene) with the metal tetra-
chlorides (Eq(12)) [22]. The molecular structures 36, 32
and33 were determined by X-ray diffraction studigd,37]

In general, the centroid—metal—centroid angles of the sili-

conansa-bridge compounds are 1targer than their carbon
ansa-bridge analogues (sdable J).

R%S/ \ —==Cl
R A M\
\%/ Cl

Liy {RpSi(CsHy)} + MCly

[30 31 32 33 34 35

M| Ti Ti Zr Hf Zr Zr

R |[Me Et Me Me Et Pr"
(11)

MesSn \/ SnMe;
Si \\
+MCly ——— \Si M-éc1
-2SnMe;Cl - \%/ \Cl

32 33
M| Zr Hf

12)

The ansa-metallocene complex bearing a MeSiH bridge,
[Zr{Me(H)Si(n°>-CsH4)2}Cl,] (36), was prepared by the
amine elimination reaction between [Zr(NW)g] and
bis(cyclopentadienyl)methylsilane followed by metathesis
with Me3SiCl (Eg. (13)) [38]. The titanium analogue,
[Ti {Me(H)Si(n>-CsH4)2}Cl] (37), has been reported but its
synthesis from the dilithiunansa-cyclopentadienyl deriva-
tive was only achieved in a 5% yie[@a,c] 36 was immo-
bilized on silica via hydrosilylation of a vinyl functionalized
surface by thensa-metallocene complep38].

Si

139

HNMe, Me% / \ =l
Me;Cl \% \Cl

36

Me(H)Si(CsHs), + [Zr(NMey)y] ———

(13)

Group 4 ansa-metallocene complexes with vinyl or
allyl substituents at the silicon bridge, [Mle(R)Sim®-
CsHa)2}Cl2] (M=Ti, R=CH=CH, (38), CH,CH=CH,
(39); M=Zr, R=CH=CH_ (40), CH,CH=CH (41); M = Hf,

R =CH=CH, (42), CH,CH=CH, (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 tB6 by amine eliminatior38]. Using a MeSiHCI
treated hydroxylated silica, the hydrosilylationdéfgave the
ansa-metallocene complex supported on sili&8]. When

39 was used as the catalyst in the polymerization of styrene,
the allyl group of theunsa-ligand co-polymerized with the
olefin monomer producing the immobilization of the metal-
locene complex on the polymer chgBBb]. The molecular
structure of39 was determined by X-ray diffraction studies
[39a,b]

The hydrogenation of the=€C double bond of the allyl
group of41 gave the saturatedhsa-metallocene complex
[Zr{Me(Pr")Si(n°-CsH4)2}Cl2] (44) (Eq.(14)) [39a]. Like-
wise, the hydroboration of the vinylic double bondiotby 9-
BBN gave [Z{Me((BCgH14)CH2CH2)Si(n°-CsHa)2}Cl2]
(45), resulting from anti-Markonikoff addition (Eq(15))
[39a]

N0 LN
— % e %

4C1

(14)

Me &, / \M —=Cl
TR e

| 38 39 40 41 42 43
M Ti Ti Zr Zr Hf Hf
R | CH=CH, CH,CH=CH, CH=CH, CH,CH=CH, CH=CH, CH,CH=CH,

Fig. 2. Compound38—43.
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XOSI/ﬁ\ M=
& S/ N

Ge M \
Si a
<>Si C‘Si ESi %/
Ti | 46 47 48 49
7| 50 51 52 53 |61 62 6
Hf | 54 55 56 57 M | Tz v

) Fig. 4. Compound61-63.
Fig. 3. Compoundd6-57.

The vanadocene and niobocene(1V) dichloride complexes
have also been prepared {Me;Si(n°-CsHgs)2}Clo] (M=V

/@ (59), Nb (60)) (Eq. (17)) [14,15b] The tetrahydroborate
Me\ \ 4Cl

derivative of60 was obtained by its reaction with Li(Bfj
[33b].

%/
\Q 9 BBN Tl {Me,Si(CsHy), } + [NbCl4(THF),]
Me\ / \ éC] \ / = AN -

/—/ \QJ / \%/ \Cl
& Ll’){Me')Sl(C H4)’)} + VC14
59 60
M| V Nb
(15) (7)

Silacycloalkane ansa-bridged compounds formed
by the reaction of the lithium derivative of thensa-
ligand with the metal tetrachloride have been described

2.3. Germanium atom ansa-bridge

(Fig. 3) [27b,40] The spirocyclicansa-zirconocene com- The germanium bridged groupaksa-metallocene com-
plex [Zr{CICILCHLSim™Cst)»}Cl]  (50) was also prepared — plexes, [M{MezG_emS.-CsH4)2}C|2] (M=Ti (61), Zr (6%)),
by the amine elimination reaction of the spirsa- were prepared in yields of only 2% by the reaction of

bis(cyclopentadiene) with [Zr(NMg4] and posterior the lithium ansa-bis(cyclopentadienyl) derivative with the
treatment with MgSiCl [41]. The transition metal catalyzed ~metal tetrachlorideRig. 4) [9a]. The vanadium complex
ring-opening polymerization &f0 was studied41]. [V{Me2Gefn>-CsHa)2}Cl2] (63) was prepared in a sim-
The ansa-niobocene imido compound [NbKBU) ilar manner to its silicon bridged analog#® (Fig. 4)
{MeSi(n°-CsHa),}Cl] (58) and its alkyl and alkynyl deriva- ~ [14].
tives have been reported (EG6)) [42]. The molecular struc-
ture of 58 was determined. 2.4. Tin atom ansa-bridge
LiztMezSi(CsHa)s} + INDENBU)CL(py), The instability of the SRC bond has meant that only two
tin bridged ansa-metallocene complexes, [Me;Snm®-
C5H4)2}(NM€2)2] (64) and [ZQ{SH(Y]S-C5H4)4(NM62)4]
(65), have been reported (E¢L8)) [17]. The lithiation of
/@ the ansa-ligand precursor is not possible due to the rup-
g \ bé\u ture of the SRC bond of the cyclopentadienyl moiety.
NB t Compounds64 and 65 gave higher catalytic activities in
\Q the polymerization of ethylene compared with the silicon
bridged ansa-complex [Z{Me;Si(m®-CsHa)2}(NMey)2]
[17]. Dichloride derivatives of64 and 65 have not been
(16) reported.

58
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R

R AN =l
M

R Cl
.

M| Zr Ti Ti Zr
R{ H Me Me Me
R'|Me Pr' Bu Bu
71 PPh,
Fig. 5. Compound66-71.
Me,Sn(CsHs), / N
0 [Zt(NMe,),] . St 7= NMe2
n=1 -
% NMe,
64

Me2N>ZT <@\; III""Sn/ : \Zr fNMez
Me,N @ \%/ NMe,
65

(18)

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

The inclusion of ring substituents in symmet#icsa Sys-
tems presents the possibility of the formatiomeko andrac

141
R
-
¢
R
72 73 74 75 76 77 78
M| Ti Ti Ti v Zr Zr Zr
R | Me Bu' SiMe; Me Bu' SiMe; CMe,Ph
79 80 81 82
M Zr Zr Hf Hf
R | C(CH,)s(Ph) neomenthyl Me SiMe;
SiMe;

A

Etey
Si Zr
Et™

e
\% \Cl

83

Q§Siﬁ\b"ﬁ‘m
P \% \Cl
84

SiM63

Fig. 6. Compound32-84.

recrystallization [Fig. 5 [43]. The titanium complexe67
and 68 were prepared using [Tig{THF)3] and subsequent
oxidation of theansa-titanocene(lll) intermediate by HCI
[43]. The molecular structures 67—69 were determined by
X-ray diffraction (se€Table J [43].

The ansa-zirconocene complex with a fluorenylidene
bridge70 was prepared as a 1:1 mixture ofitgso andrac
isomers via reaction of the lithiummsa-derivative and ZrQJ
(Fig. 5 [29]. In a similar manner, the phosphine contain-
ing complex, [Z{Me>C(n°>-CsH3(CMexPPhy))2}Clo] (71),
was obtained in a 2.8:dc:meso ratio (Fig. 5), although by
recrystallization theac isomer could be separatgtt].

3.2. Silicon atom ansa-bridge

The discovery that th€, symmetricansa-metallocene
complexes are isospecific in the polymerizatiomedlefins

isomers of thensa-metallocene complex. However, onlythe  has |ed to the preparation of a variety of compounds with

rac isomer is isospecific in the polymerization @folefins  gpecial interest being paid to synthetic routes that produce
and therefore, greatimportance has been placed in the sterepreferentially the catalytically stereoselective isomer.

oselective synthesis of this diastereomer.

3.1. Carbon atom ansa-bridge

The ansa-metallocene complex, [ZH,C(n°-CsHs
Me),}Clo] (66), was prepared via the reaction of the
lithium derivative of the ligand and Zrgl(Fig. 5 [20]
with the rac isomer being isolated by crystallization.
[M {Me2C(n°>-CsH3R)2}Clo] (M =Ti, R=Pr (67), BU (68);

The ansa-metallocene complexes, [[We;Si(n®-
CsH3R)}Clo] (M=Ti, R=Me (72), BUu (73), SiMes
(74); M=Zr, R=Me (75), BU (76), SiMes (77), CMe;Ph
(78), C(CHy)s(Ph) (79), neomenthyl §0); M =Hf, R=Me
(81), SiMes (82)), were prepared by the reaction of the
dilithium or dipotassium derivative with the metal tetra-
chloride or in the case d13 and 74 with [TiCl3(THF)3]
(Fig. 6) [13,45] 76 and 77 were also prepared using the
magnesiumansa-derivative [13]. The synthesis o0f72-82

M=Zr, R=BU (69)) were synthesized as 1:1 mixtures of was normally achieved in 1l:4c:meso ratios. By fractional
therac andmeso isomers which were separated by fractional recrystallization it was possible, in most cases, to separate



142 S. Prashar et al. / Coordination Chemistry Reviews 250 (2006) 133—154

the diastereomers. In a similar manner, Ewen et al. prepared
[Zr{Et,Si(n>-CsH3zMe),}Cl] (83), again as a 1:1 mixture

of the rac andmeso isomers Fig. 6) [46]. Lang et al. have
reported the asymmetrically substitutedsa-bridge com-
pound [Z{Me(Ph)Si>-CsH3SiMe3),}Cly] (84) (Fig. 6)

[47].

Transmetalation reactions of tin derivatives have been
employed in the stereoselective synthesig@f 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 spirotin tetra(cyclopentadiene) derivative (£Q))

[49].

t ! Pl
Bu Si Zr\Cl Fig. 7. Compoundé.
H oS g Q/Bu‘ N .
/\ corresponding tin derivativé-{g. 7) [51]. Therac andmeso
meso-76 isomers were separated by crystallization.
LoCoco and Jordan have also reported the stereoselective
(19) synthesis 076 using chelating bis-amide ligands coordinated
to the zirconium precursor giving high stereocontrol in the
Bt Bt reaction with the dilithiumansa-derivative (Eqs(22) and
! : Bt (23) [52].
; éH HEE 4{ But @
7Cl /@é . @
>Si S Si< S, \Si \Zr‘é Cl Tl S /@é N
oo - \Cl THFa_ /N\ Lin{MesSiCIHBUY ) S \Zr/N
\% TI[F/ | ~ 0 - \%Bu‘\l\]
Bu! Bu! rac-76 ~ BUY @ @
(20)

The asymmetrically substitutednsa-bridge complex,
[Zr{Me(PhCH)Si(n°-CsH3BU');}Cl,] (85), was prepared
exclusively in itsmeso configurations via transmetalation of

themeso isomer of the tin derivative (Eq21)) [50].

/@ Bu!
Meay ! . ==Cl
CH,Ph

S
J/ T
Bu' Bt — 2 Bu'
Bu!
TR Z
Mea \ cl

Zr

~Si <
Pth2 \%But Cl

85
(21)

Nifantev and co-workers prepared the adamantyl

substituted ansa-zirconocene complex, [ZMe;Si(n°-

CsHs[adamantyl]}}Cl>] (86), via transmetalation of the

HCI

@(

meso-76

tCl

Cl SiMe;
THF\ | /N

P ;
\ 7r \

THF/ ~ O Q/ But\N\O

Cl SlMe3 SiMe;

L
S

rac-76

(23)
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| 88 s
R | Bu'  SiMe,

Fig. 8. Compound88 and89.

The preparation of the amide derivative f6,
[Zr{Me,Si(n>-CsH3BU")2} (NMey),] (87), was achieved by
amine elimination in the reaction between [Zr(NMlg and
the organic compound M8&i(CsH4BU')2; however, its con-

version to the dichloride compound was not reported (Eg.

(24)) [53]. 87 was initially obtained in @ac:meso ratio of 1:2
with the meso isomer being subsequently isolated by frac-
tional crystallization.

Mezsi(C5H4BUt)2

+ \S —NMe,
—_— i Zr\
[Zr(NMe;)4] \% NMe,
Bu'
87
(24)

The ansa-niobocene dichloride complexes, [Nide;
Si(n®-CsH3R)2}Clo] (R=BU’ (88), SiMes (89)), were pre-
pared by the reaction of {Me;Si(n°-CsH3R),} with
[NbCI4(THF);] and isolated as a mixture of theac
and meso isomers Fig. 8) [16a,42a] The reactivity of

143

Fig. 10. Compound92 and93.

and isolated as a mixture of it&eso and rac isomers
[54].

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

4.1. Carbon atom ansa-bridge

The complexes [ZR(H)C@P°-CsHaMez-2,5)}Clo]

these complexes in reduction and alkylation processes(R=H (92), Me (93)) were prepared by the reaction of the

was reported[16a,42a] The niobium imido complex,
[Nb(=NBU"){Me;Si(n°-CsH3SiMes)2 }Clo] (90), was pre-
pared stereoselectively as itgso isomer (Eq(25)) [42a].

SiMe;
Li, {Me,Si(CsH;R),} & AN _al
+ Si Nb;
A - X NBut
[NB(=NB)Cly(py)] \%/éwe}
90
(25)

3.3. Germanium atom ansa-bridge

[Zr{Me;Gem®-CsH3BU)2}Cly] (91) was prepared via
the reaction of ZrCGJ and the lithiunansa precursor Fig. 9

dilithium ansa-precursors with ZrGl (Fig. 10 [55]. The
molecular structures 82 and93 were reported (seEable J)
[55].

4.2. Silicon atom ansa-bridge

The ansa-metallocene complexes, [We;Si(n°-CsH;
RR-2,4p}Cly] (M=2r, R=Me, R =Me (94), Pr (95), BU
(96), Ph 97); R=SiMe;, R =BU (98); M=Hf, R=Me,

'=Me (99)), were prepared by the reaction of the cor-
responding dilithium or dipotassium derivative with the
metal tetrachlorideRig. 11) [13,45b,c,56] The compounds
were generally obtained as mixtures of theit andmeso
isomers which in many cases were separated by frac-
tional recrystallization. Howeve21 was obtained exclu-
sively as therac isomer [56b]. Royo and co-workers
recently observed during the preparation93f the pres-
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R'| Me P Bu Ph Bu' Me

Fig. 11. Compound84-100.

ence of aminor product, [Me;Si(n>-CsH,MePh-2,4)(°-
CsH2PhMe-2,4}Cly] (100), where the methyl and phenyl
substituents adopt differing positions in the twg fings
(Fig. 11 [57]. 100 was obtained as a mixture of itgso and

rac isomers and separation was achieved by fractional recrys-
tallization [57]. The presence of kiMe,Si(CsH,MePh-
2,4)(GH2PhMe-2,4)} in the alkali-metalansa precursor
was responsible for the formation t60.

The titanium complex, [FiMe;Si(n®-CsH2[SiMes]Bu'-
2,4%}Cl] (101), was prepared from the titanium(lll) chlo-
ride precursor and the dipotassiuma-derivative]56b]. The
final product was obtained on oxidation by air in the presence
of HCI gas (Eq(26)).

SiM€3

AN

Bu

K {MeaSi(CsH,[SiMes Bu),p 226 o S of Ti=C1
+ - ci
t
[TiCly(THF)5] Bu
SiMe;
101
(26)

Transmetalation reactions of tin derivatives have been
employed in the synthesis 84-96 (Eq.(27)) [48]. Themeso
isomer is favoured fo94 and96 (meso:rac, 9:1). However,

95 was obtained as a 1:1 mixture of it& andmeso isomers.

y R
\ /éﬁ
Si N
+7rCly ——— >Si Zr<’u
R M /Sn\ 1R \%R :
| 94 95 96
R|[Me Pr Bu
(27)

The preparation 896 was also achieved, withrac:meso
ratio of 3:1, via amine elimination in the reaction between
[Zr(NEt2)4] and the ansa-bis(cyclopentadiene) compound
Me,Si(CsHsMeBU);, in the chlorinated solvent gE14Clo-
1,2 (Eq.(28)) [53].

try Reviews 250 (2006) 133—154

A

R, —Cl
Si Zr
-
TR T
| 102 103 104 105 106
R | CH=CH, FEt Pr CH=CH, Et
R' Me Me Me CH=CH, Et
Fig. 12. Compound$02-106.
Bu'

by

MEZSi(CsH:;MeBUt)z _HNEt, \ . éCl
* eI 12 —5 Zr\
[Z1(NEt),] Ml \% i
Bu'
96
(28)

The irradiation ofmesolrac mixtures of 96 and 97 in
the presence of the dilithium salt of racemic binaphtholate
yielded exclusively theac isomer of theansa-zirconocene
binaphtholate complef68]. However, the conversion to the
dihalide complexes occurs with partial isomerization to the
meso derivative.

By varying the substituents of thensa-bridge atom,
Suzuki and co-workers have prepared a familyaafa-
metallocene complexeHB)2—106 (Fig. 12 [59]. The reaction
of the dilithiumansa derivative with zirconium tetrachloride
gave the products as mixtures of theit andmeso isomers,
although via fractional recrystallization thec isomer was
isolated in reasonable yields.

The reaction ofac-105 with rhodium complexes gave the
heterobimetallic derivativesgc-[LRh(n?-CH=CH),Si(n°-
CsHaoMeo-2,4%ZrCly] (L = °-CoH7 (107), n°-CsHs (108),
n°-CsMes (109)) (Eq. (29)), which showed higher catalytic
activities in the polymerization of olefins than their parent
complex[60]. The synthesis of theieso isomer of107 has
also been reportedé1].

_\Sl ZréCl
TR T
g LRh(CH,=CTI,),
2CH,=CIH, /éy
L-REL \Zré‘Cl
> \% i
| 107 108 109
L [n-CH, n™-CsHs  n-CsMes
(29)
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The hydrosilylation of rac-102 by chlorodimethyl-
silane, in the presence of ;RtClk, gave the ansa-
zirconocene complexac-[Zr{CIMe;SiCH,CHx(Me)Sin°-
CsHaMez-2,4),1Cly] (110) (Eq. (30)) [62]. 110 reacted with
the silyl alcohol BéiMe>SiOH, in the presence of imidazole
to vyield rac-[Zr{Bu‘Me;SiOSi(Me)CH,CH,(Me)SiMn>-
CsHoMez-2,4,1Cly] (111), via the formation of StO-Si
bonds (Eq(30)) [62]. This strategy was employed success-
fully in the immobilization of110 on silica by its reaction
with surface Si-OH group$2].

CIMe,Sill
H,PClg

Bu'Me,SiOH

imidazole

(30)

Hydroboration of rac-102 by 9-BBN (9-borabi-
cyclo[3,3,1]nonane) gave rac-[Zr{Me((BCgH14)CH>
CHy)Si(m°-CsHoMep-2,4%1Clo] (112) (Eq. (31) [62].
Using this same procedure, it was possible to immobilize
the BH; derivative of rac-102 by hydroboration on vinyl
functionalized silicd62].

.\

Mea, - —=Cl
_Si JZr\Cl
102

!

Mea

o~
e

—=Cl
Cl

Si Zr

S

112

(1)
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Fig. 13. Compound$13-115.

Only a handful ofansa-metallocene complexes have
been reported where the di-substitution of the hg
does not take place in the 2 and 4 positions. For
example, theansa-metallocene complexes, [We;Si(m°-
CsH2(SiMes)2-3,4%} Clo] (M =Ti(113), Zr (114)), were pre-
pared by the reaction of the dipotassiuma precursor with
the metal tetrachlorides$-{g. 13 [63]. In a similar manner,
Lee and co-workers synthesized {MeZSi(n5—C5H2Me2—
2,5p}Cly] (115) (Fig. 13 [55b].

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

The complexes, [NIMezE(n°-CsHMes-2,3,5p}Clo]
(M=2Zr, 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 tetrachlorideSid. 14 and
obtained as mixtures of theiric andmeso isomers which
were separated by fractional recrystallizatiptba,b,64]
Separation was also achieved by the hydrolysis, in the
presence of amine, of mesolrac 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 the rac isomer remaining unalterd@5]. Employing the
same synthetic protocol, Yamazaki et al. have reported the
preparation of furyl and phenyl substitut@tsa-zirconocene
complexes]20-125 (Fig. 14 [66].

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

6.1. Silicon atom ansa-bridge

The permethylated silyl bridgeghsa metallocene com-
plexes, [MMe;Si(m>-CsMey)2}Cla] (M=Ti (126), Zr
(127), Hf (128)), were prepared by the reaction of
Liz{MeZSi(n5-C5Me4)2} with the group 4 metal tetrachlo-
ride (Fig. 15 [12,67]

127 was also prepared unintentionally by Hey-Hawkins
and co-workers as the decomposition product of a phosphine
substituted metallocene intermediate (BBR)) [24].
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=
-

[ 116 117 118 119 0
M| Zr  7Zr Hf Hf \\
E Si GC Si Ge 125

N
SiR' R Zr
- Cl
120 121 122 123 124
R Cs C/O)\ ( @\ ( Q\SIME; ,,[Q @
&N ¢
Fig. 14. Compound$16-125
~ \ —Cl \ =
Si M " \
Cl
129 130
|126 127 128 M | Zr  Hf
Ml ooz H Fig. 16. Compounds$29 and130.
Fig. 15. Compound$26-128. CgH7)Rh(n?2-CHo=CH),Si(n5-CsMes),ZrCly] (132) (Eq.
(33)) [61].
Mea / ;
Liy{CsMe,SiMe,PR} + ZrCl, 4>M:>51 \ergl‘
R =Cy, Mes
127
(32)
The divinylsilylene bridgedmnsa-complexes, [M(CHy= O

CH),Si(m°-CsMeg)2}Clo] (M=2Zr (129), Hf (130)), were N AN .
prepared from the lithiununsa precursor and the metal 'th_ _Si Zr\
tetrachloride Fig. 16 [61,67b] The palladium catalyzed Q/ Cl
hydrogenation o130 gave the diethylsilylene bridged com-
plex [Hf{ Et,Si(m>-CsMeys)2}Clo] (131) (Eq.(33)) [67b]. The 132

reaction ofi29 with the rhodium complex [Rhf?-CoH7)(n?2-
CHo,=CH,)] yielded the heterobimetallic derivative - (33)
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CHQCH:CHz

Fig. 17. Compound#33-141.

The MeSiH bridged ansa-metallocene complexes,
[M {Me(H)Sim>-CsMe4),}Clo] (M=Ti (133), Zr (134), Hf
(135)), were prepared by the reaction of,{Me(H)Si(n°-
CsMey)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, [Me(R)Sin°-
CsMey)2}Clo] (M=Ti, R=CH=CH, (136), CH,CH=CH,
(137); M=Zr, R=CH=CH, (138), CH,CH=CH, (139);

M = Hf, R = CH=CHa (140), CH,CH=CH_ (141)), were syn-
thesized Fig. 17) [39a].

The permethyl tantalocene trihydride compound,
[Ta{Me;Si(n°-CsMey)2}H3] (142), was prepared via the
reaction of TaG with the stannylated cyclopentadiene
derivative (Eq.(34)) [69]. The reactivity 0fl42 in insertion
processes was also descriljéfl].

~ LIAIH, ./ N A
_-Si + TaCls /Sl Ta<:
Bu";Sn \%
142
(34)

6.2. Germanium atom ansa-bridge

The germanium bridgednsa-metallocene complexes,
[M{MexGem°-CsMeys)2}Clo] (M=Ti (143), Zr (144), Hf
(145)), were prepared in a similar manner to their silicon
bridge analogued~{g. 18 [54,67b,70]

7. ansa-Metallocene mixed ring complexes with Cg
symmetry
7.1. Silicon atom ansa-bridge

The mixed cyclopentadienyknsa-metallocene com-

plexes, [MMezSi(m>-CsMeyg)(n®-CsHg)}Cl]  (M=Ti
(146), Zr (147), Hf (148)) and [Z{Me,Si(n>-CsHg)

\Ge
-

|143 144 145

Hf

MlTi Zr

Fig. 18. Compound$43-145.

(~q5-C5HZBu’2-3, 1)1Cly] (149), were prepared via the
conventional method of reaction between the dilithium
ansa-derivative and the metal tetrachlorided. 19 [46,71]

The ansa-niobocene dichloride, [NfMe;Si(n>-Cs
Megs)(m>-CsHg) }Clo] (150) [72], and imido, [NbENBUY)
{Me,Si(n°-CsMey4)(m>-CsHy) }CI] (151) [71a], complexes
were prepared via the reaction of the lithiumsa-derivative
with the corresponding niobium precursor (E85)).

Liy {Me,Si(CsMey)(CsHy)y - N0ClTHER] Sf Nb
\%f i
[Nb(=NBW)Cly(py),]
150
\S.’ \ —=Cl
~ i Nb§
\% NBu'
151

(35)

7.2. Germanium atom ansa-bridge

The group 4 metal germanium bridge#gsa-metallocene
complexes, [MMexGefn°-CsMeg)(n°-CsHa) }Clo] (M=Ti



148

Si/ﬁ\ m=¢ Q\Si/ﬁ\ z
-

r.,_—ﬂCl
\% i Q E ~a
Bu
Bu'
146 147 148 149
M| Ti Zr Hf

\/

Fig. 19. Compound$46—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, [NsNBU){Me,Gemn®-
CsMey)(n°-CsHg)}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—potassiumnsa-
bis(cyclopentadienyl) compounds, th@sa-zirconocene
complexes, [ZfR(H)Cn®-CsMes)(n>-CsHa)}Clo] (R=
Bu" (156), BU (157), Ph (158)), were synthesized (E€36))
[73]. The complexes, [ZIR(H)CMm>-CsHa)(n>-CsHoMe;-
2,5)}Cly] (R=Me (159), Pr* (160)), were prepared in a
similar manner using the dilithium precursor (ER6))

[55b].
LIK{REH)C(CsMe(CsHa)} o AN
ZrCly Zr\
R \ Q/ Cl
!
156 157 158
Lip {R(H)C(CsHy)(CsHyMey-2,5)} R [|Bu" Bu' Ph

H \\ _Cl

Zr

¢ Q/ T
| 159 160
R | Me Pr"
(36)

8.2. Silicon atom ansa-bridge

The synthesis of the asymmetrically alkyl substi-
tuted ansa-bridge complexes [ZMe(R)m°-CsMeg)(m>-

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

152 153 154
M| Ti Zr Hf

Fig. 20. Compound$52—-155.

CsHa)}Clo] (R =Et (161), Ph (162)) was achieved in a similar
manner tol47 (Fig. 21 [74].

Complexes with vinyl or allyl groups as substituents of
the ansa-bridge, [M{Me(R)Sif>-CsMes)(n°-CsH4)}Cl2]
(M=Ti, R=CH=CH; (163), CH,CH=CH, (164); M =Zr,
R=CH=CH, (165), CH,CH=CH, (166); M=Hf,
R=CH=CH, (167), CH,CH=CH, (168)), were syn-
thesized from the reaction of the lithiuamsa-derivative
and the tetrachloride salts of the corresponding group
4 metal Fig. 21) [39a) 163 and 165 react with H in
the catalytic hydrogenation (Pd/C) of the vinylic double
bond to give the “saturated” metallocene complexes,
[M {Me(Et)Sifn>-CsMes)(n°-CsHa) }Clo] (M =Ti (169), Zr
(161)) [39a]. The hydroboration 0164 and166 by 9-BBN
yielded [M{Me((BCgH14)CH2CH,CH>)Si(n°-CsMeg)(m°>-
CsHg)}Clo] (M=Ti (170), Zr (171)), resulting from the
anti-Markonikoff addition at the double bond of the allyl
group (Eq.(37)) [39a].

Me%Si/ \Mé

Cl
- |
\Me\ \ —=Cl

A
Pix R

170 171
M| Ti Zr

37)

The synthesis of the MeSiH bridgethsa-metallocene
complexes, [IMMe(H)Sim>-CsMe4)(n°-CsHa) } Clo]
(M=Ti (172), Zr (173), Hf (174)), was achieved by the
reaction of the lithiumansa-derivative with the group 4
metal tetrachloride (E((38)) [68]. The hydrosilylation of
divinyldimethylsilane or tetravinyl silane b¥72-174, in
the presence of the Karstedt catalyst (platinum(0) divinyl-
tetramethylsiloxane), gave [MCH=CH(Me)SiCH,
CHaz(Me)Sim>-CsMes)(n°-CsHa) }Clo] (M=Ti (175), Zr
(176), Hf (177)) and [M{(CH,=CH)3SiCH,CH(Me)Si(n°-
CsMes)(m>-CsHa)}Cll (M=Ti (178), Zr (179), Hf
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Me % ‘;:xm
\ ;; E Zr

163 165 166 167 168
M Ti T1 Zr Zr Hf Hf
R | CH=CH, CH,CH=CH, CH=CH, CH,CH=CH, CH=CH, CH,CH=CH,

Fig. 21. Compound$61-168.

(180)), formed by the reaction of only one of the double 9. ansa-Metallocene mixed ring complexes with C;

bonds of the silane substrate (E(8)) [68]. Hydrosi-

lylation by triethylsilane of the remaining vinyl groups

in 175, 176, 178 and 179 produced the “dendrimer-like”
complexes, [MEtSiCH,CHy(Me),SiCHCHx(Me)Sim®-
CsMey)(n°-CsHg)}Cl] (M=Ti (181), Zr (182)) and
[M {(Et3SiCH,CH,)3SiCH,CH(Me)Si(n°-CsMeg)(n°-Cs
Hz)}Clo] (M =Ti (183), Zr (184)) (Eq. (38)) [68].

Mea / \M _aCl

Ly {Me(H)Si(CsMe,)(CsHy)} S
1

N .
L
MCl, H \% a

Np— 172 173 174
=S M| Ti Zr Hf

/@ ==

Me\ \\ AC] - =

N A o
Me\ \\ AC

J \
175 176 177
M| Ti zr Hf \ /
J \
HSiEt, 178 179 180
’ M| Ti  Zr Hf
Measy7 N ACI
\ Q/ Cl HSiEt;
\\ /_/ N
181 182
M| Ti
\—Sir Me\ / \ élCl
N f—/ \% i
183184 N\__ /_/ AN
i r Si
M Ti Z / > o F

(38)

symmetry
9.1. Silicon atom ansa-bridge

The ansa-metallocene complexes, [@¥e;Si(m®-
CsMey)(n°-CsH3R)}Cl] (R=Me (185), Et (186), Pr
(187), BU (188), SiMes (189)), were prepared by the
reaction of ZrCj with the corresponding lithiununsa-
derivative Fig. 22 [71a,75] Using the same preparative
method, the phosphine containingnsa-metallocene
complexes were synthesized, {Me;Si(n°-CsMeg)(n°-
CsH3R)}Clo] (M =Ti, R=PPh (190), CH,CH2PPh (191);
M=Zr, R=PPh (192), CH,CH,PPh (193); M=Hf,
R=PPh (194), CH,CH,PPh (195)) (Fig. 22 [76].

Chiral substituents have also been incorporated in the

ansa-metallocene system with the following compounds
being reported: [MMe;Si(m>-CsMes)(n>-CsHzR)}Cly]
(M=Ti, R=menthyl 196), neomenthyl 197); M=1Zr,
R =menthyl (98), 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 HCI of the titanium(lll) intermediateg 7a,b]

Following the same synthetic protocol, the following
ansa-metallocene complexes were prepared{ fé,Si(n°-
CsHa)(n°-CsH3SiMes)}Clz] (201), [Zr{Me;Si(n>-CsHa)

%Si \MAJCI
- ~..

[185 186 187 188 189 Cl
M|Zr Zr  Zr  Zr Zr
R

Me Et Pr Bu' SiMe;
| 190 191 192 193 194 195
Zr Zr Hf Hf
PPha CH, CH PPh, PPh, CH,CH,PPh, PPh, CH,CH,PPh,
| 196 197 198 199 200
| Zr Zr Hf

o Z

nu,nlhyl nwrm,mhyl menthyl  neomenthyl  menthyl

Fig. 22. Compound$85-200.
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Fig. 23. Compound201-210.

(M5-CsH3R)}Clo] (R=Me (202), Pr (203), Bu' (204),
SiMes (205), cyclohexyl 06), CH,CH=CH, (207))

and  [HfMe;Sim>-CsHa)(n°-CsH3R)}Cl]  (R=Me
(208), SiMes (209)) (Fig. 23 [45a,b,e,47,78] The
amino  functionalized ansa-zirconocene  complex,

[Zr{Me;Si(n>-CsHa)(m>-CsHzCH,CHaNPL,)Clp] (210)),
has been reportedrig. 23 [79]. Mise and co-workers have
prepared a series @y, symmetricansa-zirconocene com-
plexes, [Z{Me;Si(n>-CsHaMez-2,4)\m>-CsHzMe)}Cly]

Si Z
e
212
\Si/ﬁ\fzr“c' \séf’\ir'ﬁm
- -

Fig. 24. Compound211-215.

(211),  [Zr{Me;Si(m°>-CsH2Me;-3,4)\m>-CsHzMe)}Cly]
(212), [Zr{Me;Si(n>-CsH3BU")(n°-CsH3Me)}Clo] (213),
[Zr{Me,Si(n°-CsHMe3-2,3,5)(>-CsH4) } Clo] (214),
[Zr{Me;Si(n°>-CsHaMez-2,4)(°-CsHa) }Clo] (215) (211
and 213 were obtained as a mixture of isomergjd. 24
[45a,b]

The reactivity of the pendant allyl group 207 has been
studied. Hydroboration &07 by 9-BBN or HB(GsFs)2 gave
[Zr{Me2Si(n°-CsHa)(n°-CsH3[CH2CH2CH2BRy]) } Cla]
(Ro=CgH1a (216), (CeFs)2 (217)) (Eg. (39) [80].
217 reacts with the two electron donor ligands, 2-
methyl-4,5-dihydrooxazole, N-methylbenzimidazole or
1,2-dimethylbenzimidazole to vyield the corresponding
adduct=218-220 (Eq. (40)) [80].

> BR,
HBR, \S.
—_—

1 \Z =l

e \%/ ¢

\Si \\ZréCl

/\%/\Cl

| 216 217
Ry | CsHis  (CoFs),
(39)
B(CgFs),
S \ZréCl
- ~
=
N
O
\ B(C¢Fs)2

Nepreoles
l

218 219 220
(40)
The ansa-niobocene imido complexes, [Nb(
NBU'){Me;Si(m>-CsMes)(n>-CsH3R)}Cl] (R=Me

(221), Pr (222), SiMes (223), PPk (224)), were pre-
pared via the conventional route from the reaction of the
lithium ansa-derivative with the niobium imido precursor
[Nb(=NBU)Cl3(py2)] (Fig. 25 [71a]. The presence of only
one of the two possible isomers was observed and by X-ray
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R

N 1 e===3Cl 229 230
/Sl Nb!

e R| Pr Bu 9.2. Germanium atom ansa-bridge

‘.

The germanium bridgedansa-complexes, [MMe;
Fig. 25. Compounds21-230. Gen®-CsMes)(n®-CsHzMe)}Clp] (M =Ti (237), Zr (238),
Hf (239)) and [ZH{Me;Si(n°-CsHa)(m>-CsH3R)}Clz]

(R=Me (240), BU' (241)), were prepared in a similar

diffraction studies it was ascertained that the substituent R manner to their silicon analogueisig. 26 [54,70}

was orientated away from the imido group, thus minimizing
steric congestion. In a similar manner, the niobocene dichlo-
ride complexes, [NPMe;Si(m>-CsMes)(n>-CsHzR)}Cly] . ok
(R=Me (25), Pf (226), SiMe; (227), PPh (228)) and stereoselective polymerization of a-olefins
[Nb{Me,Si(n°-CsHg)(m>-CsH3R)}Cl2] (R=PF (229), BU . . . .

(230)), were preparedrig. 29 [72,16a] The electrochem- [t)anerer:]t georr:eltrf ;?d (;|eﬁ;t;|0nlrc] pr%p?rur?ls (i)tfm;z-l )
ical behaviour 0f225-248 has been described with respect Ei. a_to_ce elco pe r EC tyl 'tjhe Cﬁ 0 OI y ks ca af){hc
to the R substituent presem2]. From229 and230, olefin activity in polymerization but aiso In€ physical make up ottne

hydride complexes were prepared and studied as models ofgglfnn;i:)(g;l?:s;?r;\;z't?:;)and distribution, microstructure,
catalytically active metallocene species in polymerization P )

5 5. It is generally recognized that zirconocene catalysts
%f:gg;?;é?:ﬂ;cfaeéoinlfrl,eégi){-BMU?Z(;% F\? i'g):(np ; exhibit higher activities than titanocenes and hafnocenes in

(233)), were prepared via the reaction of TgGlith the olefin polymerizatiorj4] and this is reflected in the far higher

corresponding stannylated cyclopentadiene (&) [16a] nl_meer_ofansa—zirconocene complexes reported compared
The tantalocene(IV) dichloride derivatives, [Me;Si(m°- with thglr group 4 counte_rparts. .
CsHa)(mB-CsH2RR) }Clo] (R=H, R =Pr (234), BU (235); The inclusion of substituents in the; @ngs of theansa-
R=R =Pr (236)), were obtain,ed upon the’ reductior; of ligands has been exploited in the stereoselective polymer-
231-233 with zinc’(Eq (41)) [164] ization of a-olefins. The symmetry of the complex was

' ) found to have a decisive effect in the process of stereoreg-
ulation[81]. For example, th&> symmetricrac isomer of
the ansa-metallocene complexes produced highly isotactic

10. Structural influence of the catalyst in the

Bu™Sn polypropylene. This can be explained in a very simple way
© Cl considering that the monomer and growing polymer chain are
>Si + TaCls >Si Taéa oriented towards the open spaces of the metallocene molecule

Q/ R,\Cl (Fig. 27). Using this same concept, it can be seen thatithe
isomer will be non-stereoselective in the polymerization of

Bungsnﬂ
R R

/@\\ cl polypropylene and therefore, it appeared probable that the
\Si T same should also be true fetsa-bis(cyclopentadienyl) cat-
-~ ~~cl

Q/ R alysts. However, Morokuma and co-workers have predicted,
via theoretical studies, that catalytic systems based o@64he

a-olefins.
232 233 Cs symmetricansa-metallocene complexes containing a
H Pr fluorenyl moiety have been shown to produce syndiotactic

K | 234 235 236 symmetric HSi(CsMes)(CsH4) ligand will be substantially
}I; | r]jri BFL. g; non-enantioselective, due to repulsive interactions of either

the methyl group of propylene or the growing polymer chain
(41) with the methyl groups of the 4Bes moiety Fig. 28 [82].
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Fig. 30. Back skip mechanism.

(a) (b)

Fig. 27. (a) Steric control i’ symmetricansa-metallocene complexes and
(b) lack of steric control in thezeso isomer.
is enantioselective in only one of the coordination posi-

tions, then the corresponding catalytic system should be
/ﬁ\ hemi-isospecific Fig. 2%).
N 7, =Cl 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 algysubstituent

in the cyclopentadienyl moiety forbids the growing polymer

chain to be located in the more crowded positi8g]. The
\_Oﬁ 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 polymeHig. 30. Examples of this back skip
mechanism in the polymerization of propylene have been
Several experimental studies carried out are in agreementreported75,83]

with Morokuma'’s proposgi6,68,70,75]

The C; symmetric ansa-metallocene compounds
described in this survey have been shown to be isospecific
in the polymerization ofa-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 enantiofacefig. 2%). If propylene coordination

Fig. 28. Lack of steric control ifis symmetriainsa-metallocene complexes.

'11. Conclusions

It is evident by the number of complexes included in
this survey the importance ofisa-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 efzsa-metallocene complexes towards

R R the goal of “made to measure” catalysts for the prepara-

/ﬁ\é /@\é tion of polyolefins with defined properties. The synthesis
S5 =0l S 5 =Cl of ansa-metallocene complexes containing functional groups
- ~Na 7 \% e has also proved essential in the industry-imposed requirement

of immobilized single-site catalysts. Whilst the interest in the

production of polyolefins remains prominent, the chemistry
of ansa-metallocene complexes will continue with its rapid

>~ S evolution.
— p—
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