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Organotransition Metal Chemistry 
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Received March 9. 1994 

The coordination chemistry of cyclopentadienyl ligands that contain an additional 
cobrdination site appended to the ring-periphery by a covalent bridge Z, C&-Z- 
X or C&Z-L, is outlined. When transition metals are coordinated both to the 
cyclopentadienyl group C& and the pendent donor site X or L (X = CH,, NR’, 
0; L = H(3=CH2, NR;, PR;, OR’, SR’), the resulting complexes possess distinct 
properties due to the chelate effect. In such complexes the coordination sphere is 
defined by the nature of the bridge Z and the coordinating groups X and L and a 
series of metallacyclic complexes becomes available of which the chemistry is dif- 
ferent from that of their non-bridged analogs. 

Key Words: functionalized cyclopentadienyl ligands, metallocene complexes, semi- 
labile ligands, ligand design, chelate effect 

A. INTRODUCTION 

More than forty years have elapsed since the serendipitous dis- 
covery of bis(q5-cyclopentadieny1)iron or ferrocene’ and its sub- 
sequent structural elucidation as the prototypical sandwich com- 
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p l e ~ . ~ . ~  The introduction of the cyclopentadienyl ligand as a novel 
type of ancillary ligand in coordination chemistry4 ushered in a 
period of explosive growth of organotransition metal chemistry. 
This development does not yet appear to have come to a halt. On 
the contrary, cyclopentadienyl transition metal complexes are in- 
creasingly finding application in catalysis and organic synthesis5 
The most recent activities, such as employing bis(cyclopentadieny1) 
complexes of d- and f-block elements as catalyst components in 
homogeneous olefin polymerizations (“metallocene catalysts” 6 ,  as 
well as the use of chiral cyclopentadienyl complexes as reagents 
for stereoselective syntheses’ emphasize the growing importance 
of this ligand.8 

The present article focuses on transition metal complexes with 
cyclopentadienyl ligands that contain an additional coordinating 
site X or L tethered to the periphery of the five-membered ring 
via a bridge Z, where X is a one-electron, L a two-electron ligand 
(using the neutral ligand formalism), and Z a covalent bridge of 
appropriate length (Fig. 1). These bidentate ligands may give rise 
to chelate complexes in which the cyclopentadienyl group and the 
additional donor group X or L are both interacting with the metal 
center. To the best of our knowledge, the number of such transition 
metal complexes is still relatively small, in particular those ex- 

Carbon: X = CHI, CqaCYl); 
L = CH=CHa CH=CHCH=CH2, CeH5 

Nitrogen: X = NR’, N; 
L = NR’a NCsHd~tidyl) 

Phosphorus: 
oxygen: X=O;L=OR’  
Sulfur: L = S R  

X = PR‘; L = PR2 

FIGURE 1 General formula for a metal complex containing a bifunctional cyclo- 
pentadienyl ligand. X and X’ denote one-electron, L and L’ two-electron ligands, 
following the neutral ligand formalism. 
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amples that had been designed rationally. We believe that such 
chelate complexes possess unique properties which differ signifi- 
cantly from those of the related cyclopentadienyl complexes with- 
out a link Z. They might offer new possibilities in rationally tai- 
loring the coordination sphere around a reactive transition metal 
center. Also, by having an additional functionality L (or X) teth- 
ered to the cyclopentadienyl ligand it becomes possible to study 
intramolecular interaction of L with the metal center under con- 
ditions where substrate molecules similar to L would normally be 
reacting intermolecularly . 
Two distinct types of chelate complexes containing such ligands 

can be distinguished according to the nature of the pendent co- 
ordination site X or L: 

1. In many reactions the cyclopentadienyl ligand acts as an inert 
supporting ligand for a reactive transition metal center by not 
actively participating in a given substrate transformation. How- 
ever, under certain conditions, for example during catalytic cycles, 
the cyclopentadienyl ligand may be involved in irreversible chem- 
ical reactions or may even dissociate from the metaL9 A second 
donor Lor X tethered to the cyclopentadienyl ligand could stabilize 
the binding of the entire ligand framework by additionally “an- 
choring” the cyclopentadienyl ligand system to the metal, thus 
preventing decomposition reactions. In such cases L or X will be 
bound at least as firmly as the cyclopentadienyl ligand (prefer- 
entially also as a multiply bonding ligand) at the metal center in 
order to ensure such enhanced stability. 

2. If the additional ligand X or L is a weakly bonding ligand, it 
becomes possible to design so-called semilabile ligands. In such 
ligand systems, the cyclopentadienyl ligand is assumed to remain 

SCHEME 1 
porarily blocking a coordination site. 

Semi-labile ligand based on cyclopentadienyl ligand where L is tem- 
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firmly coordinated at the reactive metal center, whereas the pen- 
dent ligand X or L could easily be displaced by an incoming sub- 
strate molecule, but at the same time should be able to protect 
the metal from deactivating through bimolecular aggregation re- 
actions (Scheme 1). The weakly coordinating pendent group could 
be derived from solvent molecules such as ether groups. Phos- 
phine-ether ligand systems have in fact been widely used as selec- 
tive homogeneous catalysts,'O demonstrating the validity of this 
concept. 

By deliberately modifying the nature of each of the features 
C&, X, L, and Z in the cyclopentadienyl bifunctional ligand 
systems, a great potential for imparting novel properties to the 
resulting chelate complexes and for controlling the metal reactivity 
seems to emerge. What follows is an overview of some recent 
results, including our own. 

B. LIGANDS BASED ON A CARBON FUNCTIONALITY 

Alkyl substituted cyclopentadienyl ligands represent a somewhat 
special case of the bifunctional ligands, since an alkyl side chain 
would represent the most weakly "bonding" donor L for intra- 
molecular complexation. To date an agostic bonding between the 
alkyl chain of a cyclopentadienyl ligand and a coordinatively un- 
saturated metal center does not appear to have been detected." 
Such compounds would also be a useful model for the hitherto 
unknown metal alkane complex. Although saturated C-H and 
C-C bonds react intermolecularly with a transition metal center 
only with great difficu1ty,l1J2 it has been known that distal methyl 
groups of the pentamethylcyclopentadienyl ligand13 can undergo 
a cyclometallation reaction to form so-called tucked-in com- 
~1exes. l~ Formally, these compounds can be considered to be the 
first member of metallacyclic compounds where the metal center 
is coordinated to both the qs-cyclopentadienyl and the ql-alkyl 
group.I5 As demonstrated by Bercaw, intramolecular C-H acti- 
vation through oxidative addition16" or sigma-bond metathesis16b 
occurs preferentially at the y-position of the alkyl chain (Eq. (l)), 
leading to the formation of a five-membered metallacycle. 
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If the appended ligating group X represents another cyclopen- 
tadienyl ligand, the complexes derived from such linked bis(cyc1open- 
tadienyl) ligands are referred to as ansa-metallocenes or also as 
metallocenophanes. This class of complexes, in particular chiral 
ones, pioneered by Br in t~ inge r ,~J~  have gained tremendous im- 
portance as homogeneous olefin polymerization catalysts. Al- 
though this rapidly growing field of substantial commercial poten- 
tial cannot be included here,6,7.'7 it should be noted that many of 
these bridged cyclopentadienyl ligands have a number of properties 
in common with the bidentate functionalized cyclopentadienyl li- 
gands. 

The elegant design by Hawthorne of the highly active "one- 
armed bandit" hydrogenation catalyst based on a rhodium complex 
with the 1-(3-butenyl)-l,2-dicarbollide ligand'* prompted us to in- 
vestigate the coordination chemistry of o-alkenyl functionalized 
cyclopentadienyl ligands in more detail. At the outset of our work 
several years ago, practically no such ligand was known, although 
some other ligand systems containing an w-alkenyl function had 
been described in the literature which allowed the study of the 
intramolecular coordination of a bond at a transition metal 
center.'5J9 

From inspection of molecular models, a 3-butenyl substituent 
was decided to have the appropriate chain length to enable the 
intramolecular coordination of the terminal olefin functionality at 
a metal center when attached to the cyclopentadienyl periphery. 
An ally1 or a vinyl groupsb,*' appeared to be too short for such an 
interaction, whereas a 4-pentenyl chain also seemed to have the 
right chain length, possibly with added conformational flexibility. 
Thus, 1-(3-butenyl)-2,3,4,5-tetramethylcyclopentadiene was syn- 
thesized by addition of 3-butenyl-Grignard reagent to 2,3,4,5- 
tetramethylcyclopenten-l-one,21 following a methodology es- 
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tablished previously for the synthesis of C,Me,H.13b One of the 
persistent synthetic obstacles, the dehydration of the interme- 
diate carbinol, was overcome by the use of strongly acidic ion- 
exchange resimZ1g 'H and 13C NMR spectra of THF-soluble 
Li(C,Me4CHzCH2CH=CH2) show that the anion has C, symmetry 
and that the methyl groups of the ring and methylene protons of 
the side chain are pairwise enantiotopic. This NMR spectroscopic 
feature is diagnostic for all "open chain" complexes in which the 
olefinic bond does not interact strongly with the metal center and 
in which the metal center is not chira1.2z 

A number of transition metal derivatives of this ligand as well 
as the homologous 4-pentenyl system have been described, some 
of which could be converted into complexes containing intramo- 
lecular C=C bond coordination. This novel binding mode was 
demonstrated for cobalt,zl~zzc iridium,zza and nickelzzb complexes 
(Fig. 2). These chelate complexes represent a new class of chiral 
organometallic complexes in which the asymmetry arises from a 
quasi-helical arrangement of the entire ligand framework rather 
than from a distinct chiral center, resembling the C,-symmetric 
ansa-metall~cenes'~ and the resolvable D,-symmetric (all-trans- 
cyclododecatriene) nickel .23 

As shown by NMR spectroscopic studies, the chelate complexes 
of cobalt(1) appear to be conformationally fairly rigid. The tem- 
perature independence of the 'H NMR spectrum of C0(q5:qz- 
C,Me,CH2CH2CH=CHz)(CO) in the range - 80- + 80°C, for in- 
stance, suggests that no fluxional behavior such as ring inversion 
processes are occurring. The chelate ring is obviously also without 
much strain, since all the dihedral angles of the 3-butenyl chain 

L = co. P b  CIh. c2% x r CI, Br, I, Me L i. C0,PPhS 

FIGURE 2 Examples of cyclopentadienyl complexes containing intramolecularly 
coordinated w-alkenyl appendage [Co (Refs. 21a and 21c), Ni (Ref. 22b)l. 
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HK HD HL HC HM 

J 
J 

FIGURE 3 A portion of the 'H NMR spectrum of (400 MHz, C6D6. 25°C) Co(qs:q*- 
C,Me,CH,CH,CH=CH,)(CO). 

show unexceptional values estimated from the "J(H,H) coupling 
constants using the Karplus equation. Moreover, the configura- 
tional stability of the chelate complexes in solution is documented 
by the observation that prochiral groups such as the four methylene 
protons of the 3-butenyl chain in these complexes remain diaste- 
reotopic in the 'H NMR spectrum (Fig. 3). A racemization process 
according to Eq. (2) therefore has to be slow on the NMR time 
scale.21a,b,d 
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High-pressure NMR studies using the easily accessible ethylene 
complex Co(q5:q2-C5Me4CH2CH2CH=CH2)(q2-C2H4) demon- 
strated that the equilibrium according to Eq. (3) lies significantly 
on the side of the chelate complex. Since the difference between 
the ligand dissociation enthalpy of ethylene and that of the olefinic 
side chain is expected to be marginal, the apparent stability of 
Co(q5:q2-C5Me4CH2CH2CH=CH2)(q2-~H4) versus the open-chain 
complex Co(q5-C5Me4CH2CH2CH=CH2) (q2-C2H4)2 has to be as- 
cribed to the chelate effect.21f 

The ethylene complex indeed serves as a useful source for the 
16-electron fragment Co(q5:q2-CsMe4CH2CH2CH=CH2), since 
substitution of the ethylene ligand with various non-chelating two- 
electron ligands L’ takes place smoothly to give complexes with 
the chelate structure retained. Furthermore, the prochiral olefin 
dimethyl fumarate reacts with Co(q5:q2-C5Me4CH2CH2-CH=CH2)- 
(q2-GH4) to give a 67:33 mixture of two isomers (Eq. (4)). Ac- 
cording to NMR spectroscopic data the isomers are diastereomers 
solely differing in the arrangement of the ester groups relative to 
the chelated 3-butenyl chain. Evidently, at a certain stage of the 
substitution reaction, the re and si faces of the incoming olefin are 
differentiated at the chiral cobalt fragment, a situation similar to 
that found for the thoroughly studied [Re(q5-CSH,)(NO)(PPh3)] + 

fragment.24 
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The ethylene complex undergoes a variety of reactions with 
alkynes to give some products which bear relevance to the [2 + 
2 + 21 cycloaddition of alkynes mediated by organocobalt com- 
plexes. Again, the conformational rigidity of the 3-butenyl group 
accounts for the peculiarity of the products formed in the ligand 
sphere of Co(q5:qZ-C,Me,CHzCHzCH=CH2), as summarized in 
Scheme 2. It is noteworthy that alkyne trimerization is completely 
suppressed, whereas [2 + 2 + 21 cycloaddition involving the 3- 
butenyl group takes place with activated alkynes to give a cyclo- 
hexadiene moiety linked to the cyclopentadienyl ligand.zlc,d*e 

A number of related complexes with functionalized side chains 

SCHEME 2 
ment (Refs. 21c, 21d and Zle). 

Reactivity of alkynes at the Co(q5:qZ-C,Me,CH2CH2CHZCH=CH,) frag- 
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containing intramolecularly coordinated additional ligands L such 
as diene25 and areneZ6 have been reported. 

C. LIGANDS BASED ON A NITROGEN FUNCTIONALITY 

One of the problems associated with the bis(cyclopentadieny1) li- 
gand systems is the substantial steric blocking of the metal-centered 
reaction site due to the characteristic electronic structure of the 
bent metallocene unit.4b Enhancement of reactivity is observed 
when the two ring ligands are “tied back” by a dimethylsilanediyl 
link as in some ansa-metallocene c~rnp lexes .~J~  However, even in 
such cases the “wedge” of the metallocene moiety may still be too 
congested to allow, for instance, the smooth polymerization of a- 
alkenes. In order to alleviate this steric constraint at the metal 
center, Bercaw and Shapiro replaced one ring ligand in the per- 

FIGURE 4 Scandium complexes containing a linked amido-cyclopentadienyl ligand 
that are examples of homogeneous single-component 1-olefin polymerization cata- 
lysts (Ref. 27). 

194 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
6
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



methylscandocene complex Sc{(q5-C,Me4),SiMe,}R with a tert- 
butyl amido group. The new ligand system differs both electron- 
ically and sterically from the linked bis(cyclopentadieny1) ligand 
in Brintzinger-type ansa-metallocene derivatives, since the amido 
group can be regarded, at most, as a 3-electron ligand (including 
ndonation from the trigonal planar nitrogen atom). Whereas Sc{(q5- 
C,Me,),SiMeJR dimerize a-olefins, the clearly more Lewis-acidic 
derivatives [Sc{q5:q'-C5Me4(SiMe2NCMe,)( pH)], and 
[Sc{q5:q1-C,Me4(SiMe2NCMe3)}( p-CH,CH,CH,)], (Fig. 4) were 
found to polymerize a-olefins in a quasi-living manner.27 

Linked amido-cyclopentadienyl ligands were used by us in the 
context of stabilizing coordinatively unsaturated iron half-sandwich 
complexes with the aid of sterically demanding cyclopentadienyl 
ligands.' Although it proved not possible to isolate [Fe{qs:q'- 
C,H3(CMe3)(SiMe,NCMe3)}] , we soon recognized that a number 
of ring-substituted ligands could be prepared and that titanium 
complexes such as Ti(qS:q1-C5H,(CMe,)(SiMe,NCMe,))X, (X 
= C1, alkyl) were easily accessible.2* Based on 'H and 13C NMR 
spectroscopic observation of inequivalent resonances for the bridg- 
ing SiMe, group, the amido-cyciopentadienyl ligand was shown 
to generate a configurationally stable (on the NMR time scale) 
chiral coordination sphere. The 'H NMR spectrum of Ti{q5:q1- 
C,H,(CMe,)(SiMe,NCMe,))Me, is depicted in Fig. 5 .  

Recently, Teuben et al. synthesized zirconium and hafnium com- 
plexes of the type M(q5:q'-C,H4CH2CH2CH,NMe)(NMe,), (M 
= Zr, Hf) containing a similar amido-cyclopentadienyl ligand by 
aminolysis of zirconium and hafnium tetrakis(dimethy1amide) ac- 
cording to Eq. (5a). Selective cleavage of the non-linked amino 
groups under retention of the chelate structure led to a series of 
halo and alkyl derivatives (Eq. (5b)).29 
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Group 4 metal complexes containing an amido-cyclopentadienyl 
ligand C,R,-Z-NR' have gained considerable importance as ho- 
mogeneous polymerization catalysts in the presence of methyl al- 
umoxane.6 Copolymers of ethylene and l-alkene with improved 
comonomer incorporation and distribution have been claimed by 
Exxon and Dow using such types of cyclopentadienyl complexes. 
According to patent literat~re,~' practically all possible parame- 
ters, viz. the metal (Ti, Zr, Hf), substitution pattern of the ring 
(C,R4), nature of the bridge (SiMe,, SiMe,SiMe,, CH,CH,), and 
the nitrogen substituent R' appear to have been vaned. However, 
consistent structure-activity/selectivity relationships for the poly- 
merization reaction of ethylene and 1-alkene cannot be recognized 
yet. 

We became interested in zirconium complexes of the fluorenyl- 
amido ligand, since mono(fluoreny1)zirconium chemistry was vir- 
tually unknown. Also, it was reported by Canich that Zr{qs:ql- 
(C13H8)(SiMe2NCMe3)}~12/methylalumoxane produces isotactic 
polypropylene whereas a cyclopentadienyl analogue, Zr{qs:q5- 
(C,~,)CMe,(C5H4))CI2, represents a syndiospecific catalyst.31a The 
modified coordination sphere generates a fairly Lewis-acidic zir- 
conium center (Scheme 3),28b reminiscent of mono(cyc1opentadi- 
eny1)zirconium rather than zirconocene 

Green et al. developed a bridged cyclopentadienyl-imido ligand 
containing a 3-carbon link between the cyclopentadienyl ligand 
and the imido moiety (Fig. 6) .  An interesting isolobal analogy 
between an organoimido ligand R P -  and a cyclopentadienyl li- 
gand C,R,-, both 21~,la &electron ligands, was proposed by 
S ~ h r o c k ~ ~  based on a series of organoimido complexes that can be 
classified as structural analogues of group 4 metallocene complexes 
according to the relation Mo(NR),Cl, f* Nb(q5-CsHs)(NR)Cl, f* 
Zr(qs-CsHs)2C12. The molecular structure of the niobium deriva- 
tive Nb(qs:q1-C5&CH2CH2CH2N)Cl2(PMe3) exhibits a strain-free 
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R=Mc R = CH#IMe,, Ph 

SCHEME 3 Four- and five-coordinate zirconium complexes containing an amido- 
fluorenyl ligand (Ref. 28b). 

FIGURE 6 Examples of complexes with imido and amine functionalities. 

chelate ring, indicating a close analogy to Brintzinger-type ansa- 
zirconocene complexes.33 It will be interesting to see whether the 
polymerization properties of this niobium imido complex towards 
olefins will be comparable with those of zirconocene  derivative^.^^ 

As typically hard ligands, amines have been used much less 
frequently in organotransition metal chemistry than phosphine li- 
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gands. It is therefore striking that alkylamino groups can be co- 
ordinated to a soft organotransition metal fragment once it is 
tethered to the cyclopentadienyl ligand (Fig. 6).35 Structurally char- 
acterized examples containing the ligand of the general type 
q5:q1-C5R4CHzCHzNR; include Mn(q5:~1-C5H4CH,CHMeNMe- 
(CH2CH=CHz)}(C0)2,35a cis-Mo(qS:q1-CSH4CH2CH2NMe2)- 
(CO)21,35b CO(~~:~’-C~M~,CH~CH~NM~~)I~,~~~ and {Ti($$- 
C5H4CMe2C5H4N)C1(p-O)}z.35e Photolysis of {Mo(q5-C5H4CH2- 
CH,NH:)(CO),}, proceeded via completely different pathways 
compared to those of Mo{(q5-C,H4Me)(CO),),, even in the pres- 
ence of CH,CH,NH;. This finding was ascribed to the “supra- 
molecular” reaction of the pendent group with unstable interme- 
diates.% 

D. LIGANDS BASED ON A PHOSPHORUS 
FUNCTIONALITY 

Cyclopentadienyl ligands functionalized with a tethered phosphine 
group -PR; are the oldest examples of the ligand types under 
consideration here.37a In view of the general importance of phos- 
phine ligands in organometallic chemistry and homogeneous ca- 
talysis, it is somewhat surprising that only limited attention has 
been given to this type of ligand system.37 Available data clearly 
suggest that the cyclopentadienyl-phosphino ligand, as a 5 + 2 
electron ligand, forms a fairly rigid chelate ring with late transition 
metal centers. The optimum bridge length seems to be a 2 or 3 
carbon chain corresponding to a five- or six-membered metalla- 
cycle, although a certain conformational mobility was reported for 
RU[~~:~~-C~H~CH,CH~PP~,](PP~~)C~~~~ as well as for C0[q5:q’- 
C,H4CH2CH2PR,](L) (L = CO, C2H4).37e The cobalt ethylene 
complex Co[q5:q1-C5H4CH,CHzPRz](qz-C2H4) undergoes an un- 
expected alkyne-vinylidene rearrangement within the C0[q5:q2- 
C,H,CH,CH,PR,] fragment, in contrast to the behavior of con- 
ventional half-sandwich complexes containing non-linked phos- 
phine ligands (Eq. (6)).37d,e 
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By using a cyclopentadienyl ligand with two pendent diisopropyl 
phosphino groups, 1 ,3-C5H,(SiMe,CH,PiPr,),, the first isolable 
zirconium alkylidene complex Zr{q5:q1:q1-l ,3-C5H,(SiMe,CH,Pi 
Pr,),(=CHPh)Cl} was reported (Fig. 7). Obviously a highly rigid 
ligand sphere around the zirconium center allows a benzylidene 
complex to form by a-hydrogen e l i r n i n a t i ~ n . ~ ~  

FIGURE 7 A zirconium complex containing a 1,3-difunctionalized cyclopenta- 
dienyl ligand which represents the first isolable zirconium alkylidene complex (Ref. 
38). 

E. LIGANDS BASED ON AN OXYGEN OR A SULFUR 
FUNCTIONALITY 

In the context of studying the intramolecular attack of a nucleo- 
phile on a carbonyl ligand, a cyclopentadienyl ligand with a hy- 

CI CI Me 

FIGURE 8 Titanium complexes of ether-functionalized cyclopentadienyl ligands 
(Ref. 41). 
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droxyalkyl function, C5H4CH2CH20H, was synthesized which 
formed an alkoxycarbonyl ligand .39a,b The number of transition 
metal complexes containing bridged cyclopentadienyl-alkoxo li- 
gands remains small, although appropriate ligand precursors are 
fairly readily available, e.g., by reaction of cyclopentadienyl anions 
with e p ~ x i d e s . ~ ~ '  One reason for the scarcity of such complexes, 
at least in the case of the early transition metals, might be the 
tendency of alkoxo complexes to di- and oligomerize with for- 
mation of bridging alkoxo groups. However, linked cyclopenta- 
dienyl-alkoxo ligand systems may be generated through other syn- 
thetic pathways, e.g., according to Eq. (7)."O +- OMe 

A large number of cyclopentadienyl ligands containing a pendent 
ether functionality such as 2-metho~yethyl~~" and a-tetrahydrofuryl- 
methy141b have been described in the literature (Fig. 8). These 
chelating ligands have drawn some attention in the context of 
synthesizing lipophilic and volatile mononuclear earth alkaline and 
lanthanide complexes.41c On the other hand, transition metal de- 
rivatives of these chelating ligands should be promising candidates 
for designing semi-labile l i g a n d ~ , ~ l ~  although available data so far 
do not allow a conclusive judgment on how strongly the oxygen 
atom is bonded, e.g., in Ti(q5:q'-C5H4CH2CH20Me)C13.41 A se- 
ries of titanocene derivatives of functionalized cyclopentadienyl 
ligands has been studied as homogeneous catalysts for the isom- 
erization of 1 ,5-he~adiene .~ l~  

A cationic ruthenium half-sandwich complex, containing a 2- 
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thienylmethyl group, forming a chelate ring with a ruthenium- 
sulfur interaction was shown to react reversibly with hydrogen and 
hydrogen sulfide according to Eq. (8).42 

F. CONCLUSION 

Ligand design is a crucial step during the development of an ef- 
ficient homogeneous catalyst, especially when high activity and 
selectivity are pursued. We believe that the use of the chelate 
effect43 of bi- and polydentate cyclopentadienyl ligands offers a 
new method to control a reactive metal center more rationally and 
to generate a more stereochemically defined coordination sphere. 
It should be noted that in the area of macrocyclic ligand design a 
similar concept, using an intramolecular pendent group, has been 
successfully realized for quite some time.44 
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