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Abstract

Ansa-metallocene complexes have been extensively studied as the precatalysts for olefin polymerization. The bridges have importan
effects on the activities of the catalysts and polymer properties such as molecular weight and tacticity, mainly by altering the framework of
the catalysts. Here, we review the effects of the structuressafmetallocene complexes on the catalytic activities, especially the effects of
the bridges on the catalytic activities.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Abbreviations: Cp, GHs; Cp, generic cyclopentadienyl ligand; Flu,
fluorenyl (CHo); Ind, indenyl (GHy7); IndHa, tetrahydroindenyk:PP, iso- Metallocene catalysts have been one of the most actively
tacuc_ polypropylene; PE, polyethylene; PP, polypropylene; MAO, methyl investigated research tOpiCS for more than 20 yéar%]
a'fn;g';xgn: 29 23502458 Studies of various ring-bridged cyclopentadienyl and indenyl
F-mail address: bqwand@nankai.edulcn. metallocene complexes have demonstrated that the activity
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and the stereoselectivity of olefin polymerization reactions  For zirconocene dichlorides, introduction of a j&
can be significantly affected by slight structural variations bridge decreases théCen—Zr—Cen angle and increases the
of the bridging groups and ring substituents in metallocene dihedral angle between two cyclopentadienyl planes. This
catalysts. The latin termunsa (meaning bent handle, increases the reaction space of the metal center and increases
attached at both ends) was first introduced [gtlinghaus the catalytic activity for olefin polymerizatiof,13]. The
and Kullick for bridged ferrocenef8a—c] and Brintzinger large reaction space of the metal center is also responsible for
and co-workers pioneered the design and synthesis oftheir higher activity than other zirconocene catalysts with two
these complexes in 197@d-e] Since theC,-symmetric atoms or longer bridgd4d,e,2a,5,6b,14,15For titanocene
ethylidene bridged metallocene complexes, racemic dichlorides, introduction of a M&i bridge decreases the
(CaH4)(IndHg)2MCl, (M =Ti, Zr, Hf), activated with MAO /Cen-Ti—-Cen angle and the dihedral angle. The Ti—-Cen
produced highly isotactic PR], plenty of Group 4ansa- distance increases evidently than,Tjitl», indicating the
metallocene complexes have been developed and appliedlecrease of the stability. This means that not only is the reac-
as olefin polymerization catalys{g,5]. Numerous books tionspace of the metal center notincreased, but the stability of
and review articles on thensa-metallocene catalysts have the titanocene complex is also decreased after being bridged
been written2], but few of them on the structure—activity with a Me;Sigroup. So the MgSi bridged titanocene catalyst
relationship ofansa-metallocene polymerization catalysts shows lower activity for olefin polymerizatiofi,2]. How-
[2b]. The influence of the ligand framework on the activity ever, at a low temperature, the b bridged and unbridged
includes mainly steric and electronic effect. On the basis titanocene catalysts usually show higher activities than the
of steric parameters, the activity is improved by enlarging corresponding zirconocene catalysts for polymerization of
the reaction space of the metal center, mainly by increasingethylene and even of propylefis6,17] But when polymer-
the M—Cen (Cen = centroid of the five-ring for any-based ization temperature increases, the activities of the titanocene
ligand) distance and the dihedral angle betweemtwigand catalysts decrease sharply, in contrast to the higher activities
planes, and by decreasing tH€en—M-Cen angle. For the of the zirconocene catalysts at higher temperature. This
ansa-metallocene catalyst, the bridge is an important factor means that the poor thermal stability is a main reason for the
(ansa-effect[5i]) to affect the activity and stereoselectivity low activities of the MeSi bridged and unbridged titanocene
mainly by steric effect and also by electronic effect. So in catalysts.
this review, the focus is on the effects of the bridges on the  Replacement of a methyl group of the p& bridge
activities of ansa-metallocene catalysts. This not only can with hydrogen, alkyl, vinyl, allyl or phenyl group gives
help us to design more active olefin polymerization catalysts similar structures and polymerization activitid8a—e] For
but can also promote their further application in organic the divinylsilylene bridged metallocene catalysts, when a
synthesis rhodium unit is introduced to co-ordinate with the two vinyl
groups at the bridging silicon atorB¢heme }, significantly
enhanced activities and molecular weights are observed for

2. Single atom bridged metallocene catalysts a-olefin polymerization, due to the electron-donating effect
of the rhodium unit$18fg].
2.1. Single silicon bridged metallocene catalysts The silacycloalkylidene bridged cyclopentadienyl

titanocene catalysts (Gh),Si(CsHg)2TiCl,  (n=1-3)
Dimethylsilylene bridged metallocene catalysts comprise (Scheme P show remarkably higher activities for ethy-

one of the most commonly studied typesofa-metallocene lene polymerization than the corresponding zirconocene
catalyst. Similar to the unbridged metallocene catalysts, analogues and M&i(CsHy)2TiCl,, and produce PE
Me,Si bridged zirconocene catalysts in general are much with high molecular weights My, = 1.3—-2.6x 10°) [17].
more active than the corresponding titanocene and hafnocen& he activity increases with the increasing of the size of
catalysts in olefin polymerizatigi,2,6,7] The low activity bridge ring. By comparing the structural parameters, it
of Ti complexes are generally attributed to the poor thermal can be found that replacement of a & bridge with
stability of Ti(IV) oxidation state[2c,4a] while the low a silacyclopentylidene bridge makes the Ti—Cen dis-
activity of Hf complexes has been attributed to the higher tances, theD values, and the Cen—Cen distances decrease
strength of the Hf—C bond compared to the Zr—C bfft]8]
or to kinetic reasons (slow olefin co-ordination and insertion
step)[2b]. A stereorigid bridged metallocene cation usually /@/
has closely equivalent metal-centroid bond lengths and ) // S 7:Cl,
angles, as does its neutral precurfgjr and thus the latter L\Rhf
structure may be relied on as a model for the former, and for Y
interpretation of the polymerization results. Thus, the high
activities of MeSi bridged zirconocene catalysts can be L = Ind, Cp, CsMes
easily explained by comparing their geometric parameters
shown inTable 1with the unbridged metallocene complexes. Scheme 1. Heterobimetallizsa-metallocene complexes.
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Table 1
Relevant geometrical parameters of selected bis(cyclopentadienyl) metallocene cofplexes

Complex Q) Cen-CenA) D (A) o (%) y ©) 5 () B M-Cen @) References
CpTiCl, 3.747 0853 1310 853 585 2059 [12]
Me;Si(CsHa)>TiCl 895(1) 3741 0898 1287 192 901 512 2075 [11]
(CH2)4Si(CsHa)2 TiCl, 90.7(3) 3736 0889 1201 186 876 557 2069 [17]
(CHy)sSi(GsHa)oTICI2®  90.1(6) 3747 Q885 1204 182 876 554 2072 [17]
Me>C(CsHa), TiCl, 96.7(1) 3588 1005 1215 149 858 669 2056 [21]
(CHp)aC(CsHa)2TiCl 96.9(2) 3571 1008 1211 151 861 656 2061 [19b]
150 869 2.040
(CH2)sC(CsHa)2TiCl 96.6(2) 3573 1009 1211 145 859 657 2061 [190]
15.2 87.0 2.042
(CH2)6C(CsHa)TiCl 96.6(3) 3563 1000 1214 146 862 656 2049 [19b]
15.1 86.8 2037
CppZrCly 3.982 Q933 1293 888 535 2203 [10]
MesSi(CsHa)2ZrCla 932(2) 3905 1008 1254 182 889 568 2197 [11]
(CH2)3Si(CsHa)2ZrCly 94.7(1) 3934 Q998 1262 182 870 597 2206 [20]
(CHy)aSi(CsHa)2ZrCla 943(3) 3915 1006 1256 185 877 591 2201 [17]
(CH2)5Si(CsHa)2ZrCly 94.0(2) 3921 1010 1255 179 876 593 2205 [17]
MezC(CsHy)2ZrCly 99.8(2) 3730 1152 1166 142 86.0 714 2192 [21]
(CH2)4C(CsHa)»ZrCla 99.8(5) 3728 1151 1166 135 852 712 2197 [19b]
14.2 874 2185
(CH2)sC(CsHa)2ZrCla 99.7(5) 3725 1155 1164 146 865 699 2199 [19b]
145 871 2184
(CH2)6C(CsHa)22ZrCla 99.1(2) 3699 1149 1163 142 874 695 2171 [190]
14.3 869 2184

a In the schematic representation of@na-metallocene molecule abo{22], Cen is the center of the cyclopentadienyl ripigs the angle C(bridgehead)-
E-C(bridgehead)$ is the angle between the M—Cen vector and the cyclopentadienyl plaisethe angle between the E-C (bridgehead) vector and the
cyclopentadienyl plang; is the dihedral angle between the two cyclopentadienyl planisthe angle Cen—-M—Cen.

b The average values are given, due to the exiting of two independent molecules in the unit.

slightly, while the dihedral angles increased largely for the catalysts are still low. At a higher temperature {Q0), the
titanocene complexes (55.4-55.Versus 51.2) than for activity of (CHp)4Si(CsHa4)2TiCl, is nearly comparable
the zirconocene complexes (59.1-59%@rsus 56.8). The with that of the corresponding zirconocene analofiéb].
increased stabilities and enlarged reaction space of the metalThe silacyclobutylidene bridged zirconocene complex is
centers are responsible for their high activities for ethylene found to undergo ring opening polymerization (ROP) with
polymerization. However, it seems that the dimension of Karstedt’s catalyst. But the ROP product shows much lower
the large silicon atom bridge and the small titanium atom activity for ethylene polymerization than the silacyclobutyli-
are not matched very well. The sharp decrease of thedene bridged zirconocene catalyst, which shows activity
activities with increase of temperature indicates the thermal comparable to those found for €4rCl; [20].
stabilities of the silacycloalkylidene bridged titanocene The MeSi bridged cyclopentadienyl and indenyl zir-
conocene catalyst M8i(CsHys)(Ind)ZrCl, shows low
activity for propylene polymerization and produces PP
with very low molecular weighf23]. The MeSi bridged
@ Si TiCl, cyclopentadienyl and fluorenyl zirconocene catalyst shows
N strong decrease in activity and stereoregularity for propylene
polymerization compared with ME(CsH4)(Flu)ZrCl, and
PhP(GH4)(Flu)ZrCly [24b]. Introduction of two phenyl
groups instead of two methyl groups at the bridging silicon
Scheme 2. Silacycloalkylidene bridged metallocene complexes. atom results in the increase in activity and decrease in



B. Wang / Coordination Chemistry Reviews 250 (2006) 242-258

Scheme 3. Optically active dimenthoxysilylene bridged metallocene.

molecular weight[25]. When aters-butyl group is intro-
duced to the 3-position of the cyclopentadienyl ring, it can
produce highly isotactic PP with high activityb].

The C2-symmetric MeSi bridged metallocene catalysts
polymerize propylene with higher activity, higher molecular

weight and isotacticity than the ethylidene bridged analogues,
due to the higher stereorigidity and favorable electronic char-

acteristicg5]. The MeSi bridged bis(tetrahydroindenyl) zir-

conocene catalyst shows lower activity but affords higher

isotactic PP than the bis(indenyl) analog[#h]. Intro-
duction of two phenyl groups into the bridging silicon
atom, both the activity for propylene polymerization and
the isotacticity of PP produced decreddd]. Substitu-
tion on appropriate positions of the indenyl ligands gives

much higher activity, stereospecificity and molecular weight

of PP. The MeSi bridged bis(2-methyl-4-arylindenyl) zir-

245
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Ph

Scheme 5. 4/4Dimethylsilylene bridged metallocene complexes.

but produce highly isotacitic PPRnfnmm =97-99%)[28].
The MeSi bridged bis(fluorenyl) zirconocene catalyst
Me,Si(FluxZrCl, shows much higher activity for propylene
polymerization than the ethylidene bridged analogue and
other bridged and unbridged metallocene catalysts at low
Al/Zr molar ratio (Al/Zr=2000), and produces atactic
PP with very high molecular weigHhtL3b]. Bridging the
two 4,4-positions of indenyl groups and with appropriate
substitution Scheme palso lead to high isospecific system:
for example, rac-Me;Si(4,4-(3-Me-1-Ph-indenyh)ZrCl,
produces iPP with good activity, acceptable molecu-
lar weight and good melting pointmfnmm =98.2%)

[1c].

conocene catalysts are the best metallocene catalysts for

isotactic propylene polymerizatiofid,6b] The optically

active dimenthoxysilylene bridged bis(indenyl) zirconocene

catalyst Scheme Bshows extremely high activities for ethy-

2.2. Single carbon bridged metallocene catalysts

The isopropylene bridged metallocene catalysts are

lene, propylene and ethylene—hexene polymerizations withanother kind of commonly studiedinsa-metallocene

Al(iPr)/[PhsC]*[B(CeFs)4] ~. The three strongly electron-
donating atoms (one Si and two O) plus two other big alky!
groups in the bridging moiety could be a contributing factor
[26].

The silacyclopentylidene bridged bis(indenyl) zir-
conocene catalyst shows lower activity with MAO, but
slightly higher activity with AIR/[PhC]*[B(CsFs)a]l™
for ethylene polymerization than M8i(Ind,ZrCl,. The
activities for propylene polymerization both with MAO and
with AIR3/[PhsC]*[B(CeFs)4]~ are much lower than that of
MexSi(IndypZrCly [27a]. The silacyclobutylidene bridged
bis(indenyl) zirconocene catalyst shows very high activity
for ethylene polymerization, but slightly low activity for
propylene polymerizatiorj27b]. The spirosilane bridged
zirconocene catalystsS¢heme % show lower activity for
propylene polymerization than the Wi bridged analogues

, R
si MCl,  R=iPr,Bu

R

Scheme 4. Spirosilane bridged metallocene complexes.

catalyst due to their high performance in stereoregular
propylene polymerization[2,29,30] The isopropylene
bridged titanocene catalyst ME(CsHa4)2TiCl, shows
much higher activity for ethylene polymerization than the
zirconocene analogue, especially at a lower temperature
[19b]. This is very different from the general recognition
that zirconocene catalysts exhibit higher activities than
titanocene catalysts in olefin polymerizati¢p,31]. For
zirconocene dichlorides, introduction of a shortd@eridge
increases the dihedral angle between two cyclopentadienyl
planes and th® value, decreases théCen-Zr—Cen angle
and the Cen—Cen distancEaple ). The metal atom moves
out much further than that in the unbridged and >8ie
bridged analogues. Although the reaction space of the metal
center is further increased, but this makes the stability of the
Me,C bridged zirconocene catalyst decreased significantly.
This has been further confirmed by the broader MWD values
(14-17) and the bimodal or trimodal GPC curves of the PE
produced by MeC(CsH4)2ZrCl, [19b]. This is consistent
with a theoretical study by an ab initio Hartree—Fock method
[32]. The view that the dimension of the short single carbon
atom bridge does not match the co-ordination requirement of
the large zirconium atom can also explain why the catalytic
activities of many single carbon atom bridged zirconocene
catalysts are lower than those of single silicon atom bridged
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CH
{ f ;25 CH;,
H/\ MCl M= Ti, Zl‘, Hf J
(CC/C 2 1=4,56 MCl,
Scheme 6. Cycloalkylidene bridged metallocene complexes. M = Ti, Zr, Hf

Scheme 7. Fused-ring;bridged metallocene complexes.
analogues for ethylene polymerizatidre,6] For titanocene

dichlorides, after introduction of a M€ bridge, the
Ti—Cen distances are nearly equal to those inp Tl The Cs-symmetric MeC bridged cyclopentadienyl and
(2.056,& versus 2.05§\), but much shorter than those of fluorenyl metallocene catalysts Me(CsHg)(FIu)MCI»
MesSi(CsHy)2TiClo. This indicates that the small bridging (M =Zr, Hf) show much high activities for propylene poly-
carbon atom and small titanium atom are matchable. Intro- merization than for ethylene polymerization and produce
duction of a MeC bridge decreases tb&Cen—Zr—Cen angle  highly syndiotactic PH2,8,29,35] The hafnium complex
and increases the dihedral angle between two cyclopen-shows lower activity but produces higher molecular weight
tadienyl planes. The reaction space of the metal centersPP than the zirconium analogue. Whenea-butyl or a
increased significantly, but the stability of the pM&bridged trimethylsilyl group is introduced to the 3-position of the
titanocene catalyst hardly decreases due to the similarcyclopentadienyl ring, it can produce isotactic propylene
Ti—Cen distances, small differences in the dihedral angle with much improved activities than the parent complex
between two cyclopentadienyl planes an@€en—M-Cen MeoC(CsHa)(Flu)ZrCly, but the activities are still lower than
angle in comparison with GiCl,. So MeC(CsHy),TiCl» (CoHas)(Ind)2ZrCl, and MeSi(IndyZrCly [1b,2b,36,37]
shows higher activity for ethylene polymerization even than The methylidene bridged cyclopentadienyl and fluorenyl
the corresponding zirconocene analogue. zirconocene catalysts (GHCsHa4)(Flu)MCly (M =Zr, Hf)
Introduction of a cycloalkylidene bridge instead of the show higher activities for propylene polymerization than the
MeoC bridge SGcheme B affords a highly active and ther- Me,C bridged analogues and produce higher syndiotactic
mally stableansa-titanocene catalyst system, which exhibits PP[38]. Introduction of bulky phenyl groups at the bridging
much higher activity than the zirconocene and hafnocene ana-carbon generally increases the activity for ethylene homo-
logues for ethylene polymerization, and shows the highestand co-polymerizatior§39], but decreases the activity for
activity at a higher temperatuf@9]. The cycloalkylidene propylene polymerizatiorj2c,8b,40a] However, in some
bridged titanocene catalyst has similar geometrical param-cases, bulky phenyl or cyclohexyl groups at the bridging
eters to M@C(CsH4)2TiCl,. The dihedral angle between carbon increase the catalyst performariee,40b] For
two cyclopentadienyl planes decreases slightly, but still the series of unsubstituteghsa-(CsHg)(Flu) zirconocene
much larger than that of GpiCl,. The Cen—Cen distance catalysts, the single carbon bridged zirconocene catalysts
and the average M—Cen distance decrease due to the nongive the best performance. Syndiotacticity decreases in the
bonded interaction between the cycloalkylidene bridge and order MeC > PhC > PhP~ CH,CH; > PhSi > Me; S,
two cyclopentadienyl groups. This greatly improves the sta- while molecular weights decrease in the order
bility of the cycloalkylidene bridged titanocene catalystwhile PhC >PhP > CHCH, > MexC ~ Me,Si > PhSi[2c].
retaining the large reaction space of the metal center. The The unsymmetrical single carbon bridged cyclopenta-
higher activity of the single carbon bridged titanocene cata- dienyl and indenyl metallocene catalysts usually show
lyst than that of the zirconium analogue is observed mainly low activities for ethylene and propylene polymerization
for ethylene polymerizatiori6,19,33]and in a few cases [4d,6,23,41] The cyclohexylidene bridged cyclopentadienyl
for propylene polymerizatiofid33]. The activity for propy- and indenyl zirconocene catalyst is more active for ethy-
lene polymerization is strongly affected by the molecular lene polymerization than the M€ bridged analogu@2].
symmetry of catalysts and steric effects, due to the larger However, introduction of bulkyers-butyl groups to both
steric effect of propylene monomer than that of ethylene. the cyclopentadienyl and indenyl rings leads to very active
So,ansa-zirconocene catalysts usually show higher activities and highly isospecific catalysts (% mm >92pa]. When a
for propylene polymerization than titanocene and hafnocene Me,C bridge links cyclopentadienyl and indenyl groups at
analogues due to the larger atom radius of zirconium than tita- 2-position, the zirconocene catalyst is shown to be active
nium and hafnium. With the metallocene catalysts bridged by to produce PE with low molecular weight and propylene
a fused-ring unit $cheme Y, partly isotactic high molecu-  oligomers[43].
lar weight PP is formed using the titanocene catalyst with  The Cz-symmetric single carbon bridged bis(indenyl)
activity of 300 g PE/(g Ti h) at low temperature, while much zirconocene catalysts usually show low activities for
low molecular weight PP is obtained from the zirconocene ethylene and propylene polymerization and produce PE
catalyst with similar activity16b,34] and PP with low molecular weight. The Me bridged



B. Wang / Coordination Chemistry Reviews 250 (2006) 242-258

bis(tetrahydroindenyl) zirconocene catalyst shows lower
activity but affords higher isotactic PP than the bis(indenyl)
analogue€l5h]. But after introduction of aerr-butyl group

on the 3-position of the indenyl ring, the activity and iso-
tacticity for propylene polymerization are much improved
[22,30] The rac-(Me2C)(3-#Bu-indenylpZrCl, produces
i-PP with high isotacticity fgmmm ca. 95% at 50C).
Interestingly, the meso-(Me2C)(3-Bu-indenyl»ZrCl,

is inactive for propylene polymerizationRac-(CH2)(3-
tBu-indenyl»ZrCl,/MAO produces i-PP with melting
point and molecular weight similar to those ®PP from
rac-(Me2Si)(2,3,5-MgCsH)»ZrCl,  and  rac-(MezSi)(2
—Me-4-Ph-indenyhZrCl,, remains the chiral zirconocene
catalyst with the highest performance, in terms of activity
and i-PP stereoregularity and molecular weight, but has
lower regiospecificity. The high performance of this kind of
catalysts is not only a feature related to the bulky-butyl
group on the 3-position but is also due to the short single
carbon bridge, which imparts to the molecule a high rigidity
and a much larger bite angle than otlera-zirconocene
catalysts Table 2. If any of these features are missing,
a silicon or ethylidene bridge instead of single carbon
bridge, or a trimethylsilyl group instead of thers-butyl

247

The racemic ethylidene bridged tetramethylcyclo-
pentadienyl and indenyl titanocene catalyst (MeCHME,)
(Ind)TiCl, catalyzes propylene polymerization to
crystalline—amorphous block thermoplastic elastomer
with activity of 2.5x 10°g PP/(mol Tihatm). In contrast,
the zirconium analogue shows unusual lower activity for
ethylene and propylene polymerization. The PE produced
has bimodal distributions, indicating two or more active
species[33]. This can also be attributed to the unmatch-
able dimension of the small carbon atom bridge with the
co-ordination requirement of the large zirconium atom.

2.3. Single germanium, tin and phosphorus bridged
metallocene catalysts

There are only a few of examples for the germanium
bridged metallocene catalys{45,31,49] The dimethyl-
germylene bridged zirconocene catalysts show higher
activities for ethylene and propylene polymerization than
their titanocene and hafnocene analogues. The activities for
ethylene polymerization are comparable with the ;Bie
bridged analogues and e£rCly, but the activities for
propylene polymerization are markedly lower than those

group, a decrease in catalyst performance is observedrecorded for CpZrCl,. One feature of the dimethylgermy-

The single carbon bridged bis(fluorenyl) metallocene
catalysts fBuUCH)(FlupMCl, (M=2Zr, Hf) show lower

lene bridged zirconocene catalysts is their high thermal
stability. Most of them show the highest activity at higher

activities for ethylene polymerization and ethylene/1-hexene temperature. With racemic dimethylgermylene bridged
co-polymerization than the two carbons bridged analoguesindenyl and 2-methylindenyl zirconocene catalys8Ps

[2b,44,45]

Table 2
Selected geometrical parametet¥ ¢f single carbon and silicon bridged
indenyl or fluorenylinsa-metallocene complexes

Complex ¢ o B Ref.
Rac-(CHy)(Ind),ZrCl, 1014(2) 1174 724 [30,46]
Rac-(CHy)(3-1Bu-indenylpZrCl,  1022(2) 1176 764 [22b]
Rac-(MeCH)(GsMeg)(Ind)ZrCl, 1182 715 [33d]
Me2C(CsHa)(Ind)ZrCly 902(2) 1171 716 [41]
Me>C(CsHa)(Flu)ZrCly 99.4 1186 720 [8a]
Me,C(3+BuCsHz)(Flu)ZrCl, 99.4 1184 740 [37]
Me>C(3-MesSiCsH3)(Flu)ZrCly 98.3(3) 1180 735 [36b]
Rac-Me;C(Ind)ZrCly 1003(3) 1182 709 [47]
meso-MepC(Ind),ZrCl, 1001(3) 1181 716 [47]
Rac-Me;C(3-Bu-indenylpZrCl, 1001(5) 1183 752 [22a]
Rac-Me;C(3-MesSi-indenylpZrCl,  99.4(2) 1174 726 [22a]
PhyC(CsHg)(Flu)ZrCly 991 1176 728 [40a]
MeSi(CsHg)(Ind)ZrCl 938(2) 1269 [41]
Me;Si(CsHg)(Flu)ZrCly 934 1279 [25]
Rac-MezSi(Ind)ZrCl, 946(1) 1278 619 [5a,30]
Rac-Me,Si(IndHy)2ZrCly 943(2) 1264 [48]
Rac-(CH2)4Si(Ind)ZrCly 952(2) 1276 [27¢]
meso-(CH2)4Si(Ind)ZrCly 954(1) 1277 [27c]
Rac-(CHz)4Si(IndHy)2ZrCly 942(2) 1265 [27¢]
PhpSi(CsHa)(FIu)ZrCly 955 1293 [25]
Rac-(CHy)(Ind),HfCl, 1018(6) 1180 712 [46]
Rac-(CHy)(3-1Bu-indenylpHfCl,  1025(6) 1184 742 [22b]
Me2C(CsHa)(FIu)HfCl, 1010 1194 700 [8a,29a]
MezC(3-MesSiCsHa)(FIu)HfCl, 989(3) 1187 721 [36b]
PhyC(CsHg)(Flu)HfCl, 99.6 1182 728 [40a]
PhpSi(CsHa)(FIU)HfCI, 96.3(6) 1298 [18e]

with [mmmm] =81 and 84% are obtained9b]. Racemic
Me>Ge(2,3,5-MeGH)2ZrCl, shows slightly higher activity
for 1-hexene polymerization than the corresponding®e
bridged analogue both under high pressure and atmospheric
pressure, and produces highly isotactic polyhexgi@el].
Highly isotactic polyhexene fglmmm]=91.6%) with very
high molecular weight&,, =2360,000) is achieved by the
hafnocene analogupt9d]. Me,Ge(GMey)2HfCl, shows
four times higher activity for 1-hexene polymerization
than the corresponding M8i bridged analogue under
high pressurg49f]. The diphenylgermylene bridged zir-
conocene catalyst B&e(GHg)(Flu)ZrCl, shows much
low activity for propylene polymerization than the silicon
or carbon bridged analoguel@5]. The zirconocenium
ion of rac-(1,2,3,4-tetraphenyl-1,3-butadiene-1,4-diyl)
germylene bridged bis(1-indenyl) zirconium dichlorides
(Scheme B shows a propylene polymerization activity
of about 10 gPP/(molZrh), which is independent of
polymerization temperature over a broad temperature range
(—60 to 25°C) [49f]. The structures of the germanium
bridged metallocene complexes are similar to those of
the silicon bridged analogues but with slightly decreased
dihedral angles due to the larger atom radius of germa-
nium than silicon. This, in general, slightly decreases the
activity and stereoselectivity. The tin bridged metallocene
Me2Sn(GHg)2Zr(NMez)2, and the binuclear complex
(Me2N)2Zr(CsHa)2Sn(GHy)2Zr(NMe2)> have been pre-
pared by reaction of M&SnCp or CSn with Zr(NMe)4
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Ph Table 3

Ph Selected geometrical paramet€ts ¢f germanium, phosphorus and boron
45/1 bridged metallocene complexes

Ph Se Ph Complex ) a B Ref.
Me;Ge(GMeq), TiCl, 89.7(2) 579 [49a]
PhP(GMey),TiCl, 90.07(11) 129 616 [24c]
@ @ (Me3Si)2NB(CsHy)2TiCl 98.3(6) 1180 618 [51q]
Z MeP(GsHa)2ZrCla 89.77(11) 122 [24d]
cl a Me>Ge(GH4)(CsMeq)ZrCly 92.0(3) 578 [31]
90.9(5) 1299 [49¢]
Scheme 8. Germanium bridged metallocene complexes. Me,Ge(GMes),ZrCl, 930(3) 593 [49a]
92.7(3) 1294 [49¢]
[50a] The mononuclear tin bridged metallocene catalyst is MeP(GMes);ZrCly 0343(13) 1253 640 [24c]
considerably more active than its & bridged counterpart  ppGve,),zrcCl, 936(3) 1259 635 [24c]
in ethylene polymerization. The8n bridged (R=Me, Ph)  pn(s)P(GMe4),zrCl, 96.1(3) 1263 640 [24c]
bis(4-methylfluorenyl) zirconium complexes have also been Ph(Se)P(€Me4)2ZrCl, 9581(10) 1263 645 [24c]
prepared and applied for propylene polymerisatjs@b]. Ph(SMe)B(CsHa)2ZrCl> 1011(2) 1213 659 [51c]
The larger the bridging atom the less the stereospecifity of zzgi“g%g:':&iiyz“r)éircb iggggg g(l)é 685 Eif]]
the formed polypropylene is observed. (iPr)2NB(CsHa)»2rCl 1039(3) 1196 655 [5le]
The examples of phosphorus bridged metallocene cat-ph(THF)B(IndpzrCl, 1015(2) 1223 672 [51d]
alysts are also not very mudR4]. Rac-PhP(Ind}ZrCl; Ph(PMe)B(Ind),ZrCl, 99.4(2) 1215 667 [51d]
shows activity of 24 kg/g Zrh at 67T for propylene poly- ~ (PreNB(ndpzrCl 1049(1) 1216 668 [Sle]
merization and produces low molecular weight, weak®pP, {EE%I%?SHZ‘)‘?ZZ&CI;]Z]_ g;igg ggg 223 Eig
while PhP(2-Me-4-Ph-indenyl¥rCl> (R = Ph,iPr) produces (;pp),NB(CsH,)(Flu)zrCh 1047(2) 1222 681 [51h]

highly isotactic PP with higher activity (111-576 kg/g Zrh). [Ph(PRP'CH)B-]-(CsHa),ZrCl,  97.1(4) 1202 660 [51]]
When the PhP bridge is replaced #8rP, the activity is ca.  Rac-[Ph(PRP"CHz)B~]-(2-Me-4-  97.6(3) 1232 657 [51]]
three to five times higher. Highly syndiotactic PP can be  Ph-indenyBzrCl, _
obtained with PhP(Flu)(§H4)ZrCly. Its activity is lower than me;%'_[iizg;@g;rcc":Z)B H2Me-4- 982(4) 1232 683 [S1]

the MeC bridged analogue, but much higher than the.§le Y 2

bridged analogue. However, PhP(RE)Cl, shows much

lower activity for ethylene and propylene polymerizationthan activity and stereoselectivity, which competes well with
the MeSi bridged analogue. The activity for ethylene poly- other ansa-metallocene catalysts, especially with respect
merization of PhP(§Me.)»ZrCl, is comparable to that for to isotacticity and molecular weight. In contrast, the
Me,Si(CsMes)2ZrCly, but less than that for @es)»ZrClo. weak donor SMg adduct is completely inactive under
The chalcogenido derivatives Ph(E)Ri&4)>ZrCl, (E= O, the same reaction conditions. The second kind of boron
S, Se) exhibit similar activities. The phosphorus atom has abridged metallocene catalysts is the aminoboranediyl
covalent radius of 1.08 and is slightly smaller than the sil-  Pridged metallocene catalystsRBCp,MCl> (Cp' = CsHa,
icon atom (1.14). So, the phosphorus bridged metallocene Ind, Flu; R=Me, iPr, SiMe) (Scheme 1P [51e-h]
complexes have larger dihedral angles than the corresponding

Me,Si bridged metallocene complexdable 3, and should 7N
have larger reaction space for the metal center. However, the
electron-donating capability of the —PR-moiety may impact /@ -
the effect of the bridge. Fh,,. 5 wa, B Z:Cl,
- IS
2.4. Boron bridged metallocene catalysts L
=

Boron bridged metallocene catalysts have recently
attracted significant interest due to the Lewis-acidiC g cme 9. Donor-

; co-ordinated boron bridged metallocene complexes.
character of the boron bridgib1]. Examples of boron

bridged metallocene catalyst include the donor-co-ordinated 2
ansa-metallocene catalysts Ph(L)B&ZrCl, (Cp' = CsHa,

Ind; L=SMey, OEb, PMe;) (Scheme P [51lcd]. The /@ - 7:Cl
nature of the donor ligand L determines the activity and R;N=B ZiCly RN=D ’
stereoselectivity of the catalytic system. The strong donor

ligand PMe provides high activity, and high stereos- e~

electivity for propylene polymerization. For example,
the PMeg adduct Ph(PMgBInd,ZrCl, displays high Scheme 10. Aminoboranediyl bridged metallocene complexes.
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- - bridged metallocene complexes. The advantages of a boron
Me, /@ a, /@ bridge are its small size and the consequential high rigidity of
B ZiCl| (CpHAD* | "B ZrCly|[(PhyP),NJ* the ligand framework, as well as its Lewis-acidic character.
P’ pH’ The enlarged reaction space than that of silicon bridged

metallocene catalysts, higher stability than the carbon
bridged zirconocene catalysts and the high stereoselectivity
in propylene polymerization make the boron bridged met-

) . allocene catalysts became a new potentiah-metallocene
The indenyl complex iPrpNB(Ind),ZrCl> shows much polymerization catalysts.

higher activity both for ethylene and propylene poly-
merization than the cyclopentadienyl analogue, which is
in the range shown by M&i(IndpZrClp. The fitanium 3 Twe atoms bridged metallocene catalysts
complex (MgSi)NB(Ind),TiCl, also shows compara-
ble activity with the zirconocene analogue for ethylene
polymerization. The ethylene polymerization activity of
(iPrpNB(CsHa)(FIlu)ZrCly is comparable with the MSi Ethylidene bridged metallocene catalysts, the first
bridged analogue. It also shows high activity for the co- ,,,¢,-metallocene catalysts to produ@P[4], is also one
polymerization of ethylene and 1-octene with the incorpo- of the most studiednsa-metallocene catalysts. The smaller
ration of 5.7mol% of 1-octene and moderate activity for rigidity of the ethylidene bridge than M8i or MeC
propylene polymerization. Modest isotactic PP (82-86 prigge generally results in less isotacticity than the,Sfe
mm%) and syndiotactic PP (81rr%) are obtained with prigged analogues and less syndiotacticity than the@e
this kind of C; symmetrical bis(indenyl) zirconocene pyiqged analogues for propylene polymerization. However,
and Cs symmetrical cyclopentadienyl and fluorenyl the petter co-polymerization ability than other metallocene
zirconocene  catalysts, respectively. The third kind catalysts makes the ethylidene bridged metallocene catalysts
of borpn .brl_dged metallo_cene catalyst is the ionic extensively studied[2,52]. Rac-(CoHa)(Ind),ZrCl, and
or zwitterionic boron bridged metallocene catalyst ,;..(C,Hg)(IndHs),ZrCl, afford not onlyiPP, but also has
(Schemes 11 and )2[51ij]. The ionic complexes 5 polymerization activity two to three times greater than
[Ph(Me)B(GsHa)2ZrClo] “[(CsMes)2All " and  [Ph(CDB  the ynbridged catalysts that form only atactic RM.
(CsHa)2ZrClo] “[(PoPLN]"™  show lower activity for  They also exhibit high activities for ethylene/propylene co-
ethylene polymerization than Ph(PBB(CsH4)2ZrClo. polymerization and produce co-polymer having co-monomer
However, the zwitterionic complex [Ph(gf CH;)B~](Cs compositions about the same as the feed composition, due
Ha4)2ZrCl, exhibits remarkable ethylene (in the presence iy the lower rates (ca. 10:1) of polymerization of ethy-
of _1-o_ctene) polymerization activity _(6836 kg PE/gZr), lene:propylene than that with GPrCl, [53]. The meso
which is more than an order of magnitude greater than jsomers show lower activities for propylene polymerization
that of a related aminoborane-bridged systempzGl> and produce only atactic polymf&4]. The racemic ethyli-
and the F:ommerually successful metallocene catalyst yope bridged bis(3-alkylcyclopentadienyl)  zirconocene
[(CsMe4)SiMe;N(BU)]TICl2.  Its  propylene  polymer-  catalysts exhibit somewhat lower activities, but the iso-
ization efficiency is also comparable with other boron tacticity of the PP produced is higher than those with the
and S|I|qon .brldgeq .metallocene patalysts. The p.ropyleneindenw and tetrahydroindenyl analogygg]. The racemic
polymerization activity of the mixture of racemic and gthylidene bridged bis(indenyl) and bis(tetrahydroindenyl)
meso-[Ph(PlP"CHz)B~](2-Me-4-Ph-indenyhZrCl, s hafnocene catalysts show similar activities for propylene
greater than that of a related b bridged systemat 70and  olymerization but produce much higher molecular weight
85°C, but decreased with further increase in temperature. i-PP [4c]. It is remarkable thatac-(CoHa)(Ind)aHTCl; is

_The structural parameters Trable 3show that the boron  myuch more able to incorporate the co-monomer than the zir-
bridged metallocene complexes are more cy_storted.from conium analogus5]. The ethylidene bridged bis(fluorenyl)
a relaxed metallocene geometry than the silicon bridged ,i,conocene catalyst (Bls)(Flu),ZrCl, shows very high
metallocene complexes but less distorted than the Carbonactivity for ethylene and propylene polymerization and

produces high molecular weight amorphous [RBa,56]

Scheme 11. lonic boron bridged metallocene complexes.

3.1. Ethylidene bridged metallocene catalysts

78 probably due to the enlarged dihedral angle (64.3he
activity for ethylene polymerization is higher than that of
Ph ~/@ZC] Ph,, il the single carbon bridged analog[#!] but is still lower
PPt B T /B 2 than that of the MgSi bridged analogue at lower Al/Zr
CH, \@ Ph;PCHy molar ratio (Al/Zr = 2000)13b]. With huge excess of MAO
Ph (Al/Zr=20,000) the activity is much improved and much

higher than that of the M&i bridged analogue and other
Scheme 12. Zwitterionic boron bridged metallocene complexes. bridged zirconocene catalyg2b,45] A methyl substituent
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X = CH,CH,, R=H, Ph;
X =Me,Si, R = Ph;
X=CH,,R=Ph

X ZrCly

R

Scheme 13. 1;2Bridged bis(indenyljinsa-metallocene complexes.

at position 4 or 5 of the fluorenyl fragment dramatically
increases the catalytic activity of theaasa-metallocene
catalystg2b] by an order of magnitude. The unsymmetrical
ethylidene bridged fluorenyl and indenyl metallocene
catalysts, with proper substitution at the indenyl ligand,
can produce high-PP or ultrahigh molecular weight PP
elastomer with high activitiefs7].

Bridging the 1,2-positions of indenyl groups
(Scheme 1B the isotacticities of the PP decrease sig-
nificantly. The 1,2ethylidene bridged zirconocene catalyst
shows lower activity for propylene polymerization than the
Me2Si and MeC bridged analogues, but produces PP with
higher isotacticity and molecular weight than the lat{88].
When the ethylidene bridge is between the-p@sitions or
4,4-positions of indenyl groupsScheme 1} the catalysts
show very high activities for ethylene polymerization,
ethylene&-olefin co-polymerization with highly preferential
sequential ethylene incorporation, but low activities for
propylene polymerization with producing low molecular
weight, atactic or low isotactic PB9].

3.2. Other two carbons bridged metallocene catalysts
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rac and meso

Scheme 15. Ligand joining bridged metallocene complex.

M=Ti, Zr, Hf;n = 1-4

Scheme 16 Trans-1,2-cycloalkylene bridged metallocene complexes.

R = Me, Ph, Cy

Scheme 17. Cyclobutylidene bridged metallocene complexes.

show lower activities for isospecific propylene poly-
merization than the acyclic two carbon atoms bridged

Substitution on the ethylidene bridge generally results analogues, but theneso isomers are virtually inactive,

the decrease of activitjl4b,60] The CH(Ph)CH bridged
bis(fluorenyl) zirconocene catalyst givéRP with low iso-
tacticity, low molecular weight and low activity, in con-
trast to (GHa)(Flu)2ZrCl,, which produces high molecu-
lar weight atactic PP with very high activitjgOb]. The

attributed to steric crowding of the active sit@g2]. The
novel cis-cyclobutylidene bridged zirconocene catalysts
(Scheme 1), synthesized by intramolecular photochemi-
cal [2+2] cycloaddition of bis(2-alkenylcyclopentadienyl
and indenyl) zirconium complex¢&3], catalyze ethylene/1-

bridged zirconocene catalyst in which the bridge is part of octene co-polymerization with high activity and high 1-

ann-fused bis(tetrahydroindenyl) ligan8¢heme 1bshows
only a modest activity and a moderate isotactidiBi].
The rac-trans-1,2-cycloalkylene bridged bis(indenyl) and
bis(tetrahydroindenyl) metallocene catalys&cljeme 1p

ZCl, ZiCl,

9,

rac and meso

R

)
rac and meso

Scheme 14. 2)2r 4,4-Ethylidene bridged metallocene complexes.

octene incorporation, which are comparable with those of
“constrained geometry” catalysts. The 1,2-naphthylidene
bridged indenyl zirconocene catalystScheme 18 show
higher activities for ethylene polymerization than the catalyst
containing the cyclopentadienyl ligand, but the latter shows
much higher activities for propylene polymerization than the
previous ong64].

Scheme 18. 1,2-Naphthylidene bridged metallocene complexes.
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3.3. Other two atoms bridged metallocene catalysts molecular weights, high molecular weight essentially atactic
PP with enhanced isotactic or syndiotactic contents can also
The tetramethyldisilylene bridged metallocene catalysts be synthesized using the D/A approach.
show high activity for ethylene polymerizatidf5]. How-
ever, both the activity for propylene polymerization and
the isotacticity of PP produced with racemic tetramethyl- 4. Three atoms or long bridged metallocene catalysts
disilylene bridged bis(indenyl) and bis(tetrahydroindenyl)
zirconocene catalysts, are much lower than that of thgSWle  4.1. Disiloxane bridged metallocene catalysts
bridged analoguflb,15,65,66]due to the bulky steric effect
of the tetramethyldisilylene bridge. The co-polymerization Disiloxane bridged metallocene catalysts are among
of ethylene and 1-hexene is also achieved with this kind the most studied long bridged metallocene catalysts. The
of catalysts with low activitied67]. The tetramethyldis-  disiloxane bridged bis(cyclopentadienyl) zirconocene
ilylene bridged bis(fluorenyl) zirconocene catalyst shows catalyst (MeSiOSiMe&)(CsH4)2ZrCl, shows higher
much lower activity for ethylene polymerization than activity for ethylene polymerization than the ethylidene
the ethylidene bridged analogy2b,45] The MeSiCH; or MeySi bridged analogueq68,77] The disiloxane
bridged bis(cyclopentadienyl) zirconocene catalyst shows bridged bis(indenyl) and bis(tetrahydroindenyl) zir-
comparable activity for ethylene polymerization with conocene catalysts (M8iOSiMe)(Ind),ZrCl, and
the MeSi bridged analogud68]. At high Al/Zr molar (Me2SiOSiMe)(IndHg4)2ZrCly, both racemic andmeso
ratio (Al/Zr=2000) the activity of the MgSiCH, bridged isomers, show much higher activity for ethylene polymer-
bis(fluorenyl) zirconocene catalyst is much higher than the ization even than many single atom bridged metallocene
tetramethyldisilylene, single silicon and carbon bridged ana- catalystg§1d,6b] The molecular weight of PE produced with
logues, but still lower than the ethylidene bridged analogue rac-(MeSiOSiMe)(Ind)2ZrCl is much higher than those
[2b,45] The MeSiCH, bridged bis(octahydrofluorenyl)  with the meso isomer and the tetrahydroindenyl analogues,
zirconocene catalyst shows low activity for ethylene poly- and also significantly dependent on polymerization tem-
merization due to the bulky steric effefi9]. A kind of perature[78,79] Interestingly, the racemic isomers of the
very important two atom bridged metallocene catalysts is disiloxane bridged bis(indenyl) and bis(tetrahydroindenyl)
the donor/acceptor (D/A) metallocene cataly&tijeme 19 zirconocene catalysts are completely inactive toward propy-
[70]. The characteristic feature is the incorporation of lene[79,80] similar to another long bridged metallocene
donor (e.g. O, N, P) and acceptor (e.g. B, Al) atoms into catalyst rac-(Me;SICH,CH,SiMey)(Ind)2ZrCly [5a], due
sandwich structures, resulting in highly polarized bonding to shielding of the metal center by the bulky bridge and
interactions, which specifically restrict the rotation of the by the indenyl or tetrahydroindenyl ligands. However,
w-ligands and widen the aperture angle. The reverse processimeso-(Me2SiOSiMe)(Ind),ZrCl,, which used to assign
which eliminates the dipolar interaction, shrinks the aperture wrongly as racemic isomer, is reported to exhibit moderate
angle and favors ring rotation. The actual state the systemactivity for propylene polymerization and produce atactic
is in is temperature dependent and can be selected. Thepolymer[81]. The unsymmetrical disiloxane bridged metal-
temperature dependant existence and co-existence of twdocene catalysts show slightly lower activities for ethylene
stable forms (bridged/unbridged) of the same compound polymerization due to the poor thermal stabili82]. From
establishes a new dimension in catalyst design. Due to thethe structural parameters listedTable 4it can be seen that
high activity and the excellent capability of D/A-bridged the dihedral angles between the two cyclopentadienyl planes
metallocene catalyst to incorporate co-monomers, linearin the disiloxane bridged metallocene complexes are much
high melting high density polyethylene and PE with any smaller than the single or two atoms bridged and unbridged
desired amount of short chain branches along the mainmetallocene analogues, especially for titanium complexes.
chain can be produced. Isotactic PP with high to very high Introduction of indenyl groups instead of cyclopentadienyl
groups usually results the enlargement of the dihedral
angles, but does not fanc-(Me;SiOSiMe)(Ind)2ZrCl,. In
the structure ofac-(Me;SiOSiMe)(Ind)2ZrCl, (Fig. Dthe
line connecting the Zr atom with the gravity center of its
5+ two Cl atoms is no longer &> axis. The ZrC} fragment
is oriented incis configuration with the six-member ring of
M < an indenyl group. The non-bonding interactions between
A them make the corresponding Zr—Cen distance much longer
d— than the other one. The long disiloxane bridge also increases
significantly the Zr—Cen distances than that of,Zytl»,
and increases the reaction space and reactivity of the metal
center. However, the long twisted siloxane bridge and
Scheme 19. Donor/acceptatsa-metallocene complexdg0b]. two trans indenyl groups surround the metal center to
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Table 4

Selected geometrical parameteisdr °) of two atoms or long bridged metallocene complexes

Complex M—Cen o B Ref.

(CHoCHy)(CsHa),TiCl 2.053 1282 532 [3d]

Rac-(CH2CHy)(IndHg), TiCl, 2.096 1285 [3e,71]

(CHoCHy)(2-Ind), TiCl 1286 439 [72]

(CH2CH2)(2-|ndH4)2TiC|2 2.097 1295 [73]

(CHo)3(CsHa)2TiCl 2.061 1326 464 [90]

(Me3SiSiMey)(CsHa)2 TiCl2 2.066 1326 483 [91]

(MeSiOSiMe)(CsHa)2TiCl2 2.067 1325 488 [92]

Rac-(Me;SiOSiMe)(Ind), TiCl» 2.104 1316 523 [93]
2.159

Rac-(MezSiOSiMe)(IndHy), TiCl, 2.077 1337 517 [93]
2.125

(CHoCHy)(CsHa4)2ZrCl» 1258 564 [3a]

Rac-(CHCHa)(IndHg)2ZrCl» 2214 1252 [3f,71]

meso-(CHaCHo)(IndH4)2ZrCly 2.213 1252 [54]
2.220

Rac-(CH2CH,)(Ind),ZrCly 1253 604 [74]

1269 621 [30]

meso-(CH2CHy)(Ind),ZrCl; 1262 [74]

(CHoCHy)(Flu),ZrCl, 2.269 1290 643 [13b,56a]

(CH2)3(CsH4)2ZrCl2 2193 1295 502 [75]

(Me2SiSiMey)(CsHa)2ZrCly 1309 512 [76]

(MeSiOSiMe)(CsHa)2ZrCl, 2.202 1309 511 [94]
2.208

Rac-(Me;SiOSiMe)(Ind),ZrCl; 2.251 1301 528 [83,95]
2.215

meso-(MezSiOSiMe)(IndHy)2ZrCl; 2232 1315 57.3 [83]
2.239

Rac-(Me>SiOSiMe)(IndHs)2ZrBr, 2.247 1322 [80]
2.220

Rac-(CHCH,)(MesSilnd),ZrCly 54.0 [5a]

(CH,CH=CHCH,)(CsH4)2ZrCl, 1300 [89a]

[(CH2)4CH=CH(CHy)4](CsHa)2ZrCl, 2.193 1294 [89a]
2.216

(CH2)9(CsH4)2ZrCl, 2.194 1306 [89b]

Rac-(CHy)12(Ind)2ZrCl; 2.245 1337 [96]
2.241

(Me;SiOSiMe)(CsHa)2HfCl, 2192 1311 [97]
2.183

[Me2SiN(nBu)SiMe](CsHa)2HfCl, 1308 [84]

resist the approach of a large monomer such as propyleneimportant factor for the high performance of the disiloxane
The surrounding is more close for the titanium analogue bridged metallocene catalysts.
rac-(Me2SiOSiMe)(Ind), TiCl, due to the small atom

radius and short Ti—Cen distances and responsible for its4.2. Other long bridged metallocene catalysts

poor activity even for ethylene polymerization. In contrast,

the surrounding inneso-(Me2SiOSiMe)(Ind)2ZrCl, with Similar to the disiloxane bridged metallocene cat-
the disiloxane bridge and tweis indenyl groups is not  alysts, the Si—-N-Si bridged zirconocene catalysts
completed and it is still active for propylene polymerization. [Me>SiN(R)SiMe]Cp,ZrCl, (Cp' =CsHs, R=Me, nBu,
Itis found that bridge with a single atom linker, for example, PhCH,CH,CH;, CH,=CHCH,; Cp =Ind, R=nBu) also
Me,C or MeSi bridge, exerts a net electron-withdrawing show higher activities for ethylene polymerization than
effect, but with a three-carbon linker, the @EH,CH; CpZrCl, and produce PE with high molecular weight
bridge becomes electron-donatiidg]. The electronic effect  [2b,84] The Lewis-basic nitrogen atom is deactivated
of the disiloxane bridge, though is not clear, may also be an by two neighboring dimethylsilyl groups and therefore
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Fig. 1. The molecular structure afc-(Me;SiOSiMe)(Ind),ZrCl; [83].

cannot interact with the cationic Lewis-acidic center of
another catalyst molecule. However, introduction of a polar
group MeOCHCH, to the nitrogen atom significantly

catalyst [GH4(CHz-1-Ind),-1,2]ZrCl, (Scheme 2), the

meso isomer is more active than the racemic isomer in

ethylene polymerization, but only the racemic isomer

decreases the activity. The Si—C—C-Si bridged zirconocenepolymerizes propylene without stereoregularity due to

complex rac-(MezSiICHCH,SiMey)(Ind)2ZrCl,, the first

the distortion of catalyst from th€> symmetry and the

ethylene-selective metallocene catalyst, shows high activity fluxionality of the long o-xylylene bridged ligand. The

for ethylene polymerization, but is completely inactive
toward propylene polymerization, due to shielding of the
reaction center of the catalyst by the bulky bridge and
by the indenyl ligand directed toward the ZpGinoiety
[5a]. The chiral long bridged metallocene catalysts based
on the (&, 5S)-frans-4, 5-bis(1H-inden-1-ylmethyl)-2,2-
dimethyl-1,3-dioxolane ligand Scheme 2P have been
synthesized and applied for olefin polymerizati§8b].
The indenyl and tetrahydroindenyl zirconium complexes
show very high activities for ethylene polymerization
and can polymerize propylene under high pressure with
activities less than their ethylidene bridged counterparts to
produce polymers with low stereoselectivity and optical
activity. For theo-xylylene bridged bis(indenyl) zirconocene

M =Ti, Zr, Hf

Scheme 20. Chiral long bridged metallocene complexes.

activities both for ethylene and propylene polymerization
are lower than the ethylidene bridged analogd@]. The
long CH,CH2N(Me)CH,CHjy, 2,6-pyridylenedimethylidene
andm-xylylene bridged zirconocene catalys&cheme 2p

(D

\ \
O Z1Cl, O Z:Cl,

oy Oy
2 (2

Scheme 210-Xylylene bridged metallocene complexes.

R
$ R = H, SiMe,
CHzf CHZ’
E ZTCIZ
= ¢ N
R CHZ- s CHQ-

Scheme 22. 2,6-Pyridylenedimethylidene am&ylylene bridged metal-
locene complexes.
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Table 5
f’@ Selected geometrical parameters) (©f doubly bridged metallocene
MCl, M =Ti, Zr, Hf complexes
/ Complex M-Cen « B Ref.
CHy N (CHaCHa)2(CsHa)2TiCl 2055 1245 578 [98a]
NR,=-NMey-N_ J:-N” )N 0 2.056
N
(Me2Si)(CsH3)2TiCl2 2.068 1260 644 [98d]
Scheme 23. Novel rigid bridged metallocene complexes. 2.072

Rac-(MezSi)y(3-iPr-5-MeGH),TiCl, 2120 1281 697 [98f]

(CH2CH2)2(CsH3)2ZrCl» 2.187 1200 625 [98ab]
r~c1 Zr~C1 2192
(CH2CHy)2(Ind),ZrCl,2 2.219 1202 248 [98c]
2.218 1204 280

trans (Me3Si)o(CsH3)2ZrCly 2205 1206 696 [98d]
2192
Scheme 24. Long unsaturated bridged metallocene complexes. .
Rac-(Me3Si)y(3,4-MeCsH),ZrCl, 1218 721 [98€]
Rac-(Me2Si)2(IndHs)2ZrCly 1225 729 [983]
show slightly lower activities than GgrCl, [87]. A kind (Me,SiOSiMe)2(CsHz)2ZrCly 2225 1373 441 [98¢]
of novel rigid ansa-metallocene catalystsS¢heme 2B 2 Two independent molecules in a unit cell.

has been synthesized by Mannich-type carbon—carbon

coupling, and exhibits high activity for ethylene homo- and dimethylcyclopentadienyl) and  bis(tetrahydroindenyl)
co-polymerizatior{88], with characteristics similar to those  zirconocene systemS¢heme 25 which give very low poly-
typically shown by the “constrained-geometry” catalysts. mer yields, presumably after degradation to a single bridged
However, the activities for propylene polymerization are low species[98e]. The doubly dimethylsilylene bridged met-
and atactic PP is obtained. The long unsaturatgdabd allocene catalysts (M&i),(CsHoR)2MCl> (R=H, SiMes;
Cio-bridged zirconocene catalystSaqheme 2jand (ChH)o M = Ti, Zr) show high activities for ethylene polymerization,
and (Ch)12 bridged zirconocene catalysts have similar put display very low activities for propylene polymerization
structures and high activities for ethylene polymerization. and afford almost completely atactic F¥8h]. The exciting
The activities for propylene polymerization are lower and work concerning the doubly bridged metallocene catalysts
atactic PPs or propylene oligomers are obtained. The X-rayis the new class of zirconocene catalysts for syndiospecific
crystal structure analysis reveals the metallocene confor-polymerization of propylene, developed by Bercaw and co-
mations where the long bridges are oriented toward the workers[98i—k]. The series of's- andCy-symmetric doubly
lateral sector of the bent metallocene wedge conformationspridged metallocene complexes (Mi)>(4-RGsH2)(3,5-

in a largely unstrained fashid89]. Complexes with chain  ;Pr,CsH)ZrCl, (Scheme 2§ when activated with MAO
lengths of G2 or longer seem to be similar to non-bridged

complexes with rather open metal centers.

5. Doubly bridged metallocene catalysts Mezs‘ & <l Me’s' \erI
2 2

MC-;S[ Mcz&
The doubly bridged metallocene catalysts have attracted @
interest due to their increased stereorigidity. However, only

limited kinds of doubly bridged metallocene complexes have

been prepared and only a few have been applied for olefinScheme 25. Substituted doubly dimethylsilylene bridged metallocene com-
polymerization[le,2a,98] From the structural parameters plexes.

listed in Table 5it can be seen that after introduction of a

second bridge, the opening of the metallocene wedge usually

further increases, and is larger than the ;Biebridged Me,Sic
metallocene complexes but smaller than the,@léridged \zrc1
metallocene complexes. When substituents are introduced Me2s'

to the cyclopentadienyl rings, the dihedral angles between
two cyclopentadienyl planes further increase and are even
larger than that of the M€ bridged metallocene complexes.
Similar to the poor stability of MgC(CsH4)2ZrCl, [19b],
decomposition of catalysts during the polymerization iS scheme 26. Substituted doubly dimethylsilylene bridged metallocene com-
observed for the doubly dimethylsilylene bridged bis(3,4- plexes.

R=H, CHMez, SiMes, CMe;, CHMeEt,
CHMeCMej, (+)-menthyl R = CHMe,, CHEt,, CHCy,



B. Wang / Coordination Chemistry Reviews 250 (2006) 242-258

/MClz M = Zr, Hf
V..
M€251

Scheme 27. Doubly disiloxane bridged metallocene complexes.
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has a very large influence on the reaction space of the metal
centers and the stability of the catalysts by altering the molec-
ular framework and the electronic density of the metal centers
with the bridges as special substituents. Short single atom
bridges open up the dihedral angle between thertvligand
planes and decrease théCen—M—Cen angle, resulting

in decreased steric hindrance of the ligand and increased
activities for olefin polymerization. The electronic nature and

or borate co-catalysts, serve as high active, stereospecificatom radius of the bridging atom have significant effects on

catalysts for the polymerization of propylene. The activities

the geometry parameters and catalytic activities otitlve-

are higher and the polymer polydispersities are general lowermetallocene catalysts. For the bridged bis(cyclopentadienyl)

than those of PHC(CsHa)(Flu)ZrClo. The Cs-symmetric
catalysts (R=H,Pr, SiMg, CMe3) display high activity
and syndiospecificity (>99.5%) in liquid propylene when
activated with MAO. TheCi-symmetric catalysts (R rec-
CHMeEt, rac-CHMeCMe;, (1R, 25, 5R)-menthyl) display
markedly different polymerization behavior, switching from
moderately syndiospecific to isospecific when propylene
concentration is decreased. By contrast, ag-symmetric
zirconocene catalyst (M8&i)2(3,5iPrCsH)2ZrCly dis-
plays a low activity for propylene polymerization and
affords an atactic polyme©8Kk]. The reactivity ratios for
ethylene—propylene co-polymerization are also strongly
influenced by both the transition metal and the ancillary
ligands[98l]. When an enantiopure methylneopentyl sub-
stituent is introduced on the “upper” cyclopentadienyl ring,
the resulting optically activeansa-zirconocene catalysts
(Scheme 2Bshow unprecedented activity for the polymer-
ization of bulky racemic monomers bearing substitution at
the 3- and/or 4-positions, and effect kinetic resolution of
racemic monomers: the polymeric product is enriched with
the faster reacting enantiomer, while recovered monomer is
enriched with the slower reacting enantiorf@m].
Introduction of two long disiloxaneScheme 2)results in

metallocene catalysts, the dimension of the small carbon
bridge matches up well to the co-ordination requirement of
the small titanium atom, while the dimension of the large sil-
icon bridge matches up well to the co-ordination requirement
ofthe large zirconium atom. Both of these bridged complexes
achieve the largest reaction space of the metal center while
retaining the stability of the metallocene complexes, and
show higher activities than the unbridged and other bridged
metallocene complexes. The substituents at the bridging
atom have effects on the catalytic activities, but mainly on
the stability of catalysts and polymer properties. The long
bridged metallocene catalysts show high activities for ethy-
lene polymerization in many cases but are practically inactive
in propylene polymerization. Introduction of a doubly bridge
efficiently increases the reaction space of the metal center by
increasing the dihedral angle, but is accompanied by reduced
stability of the catalyst, which in turn reduces the activity.
However, the doubly bridged metallocene catalysts provide
a more rigid molecular framework and have been applied
successfully for stereospecific propylene polymerization.
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