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Abstract

The panorama of fluorenyl complexes of alkaline earth and rare-earth metals is considered. The coordination facilities and bonding
of the fluorenyl ligand, common and less usual synthetic procedures of fluorenyl-based metallocenes of groups 2 and 3 elements,
applications derived from these fluorenyl complexes in polymerization and organic catalysis are discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The introduction of fluorenyl ligands in the coordina-
tion chemistry of early transition elements has opened up
a rich domain of investigation, which has proven espe-
cially valuable for the polymerization catalysis field. As
reviewed by Alt and Samuel, group 4 metallocenes incor-
porating various fluorenyl-based ligands represent a unique
class of complexes that afford astonishing catalytic activ-
ities in the polymerization of ethylene and�-olefins [1].
The fluorenyl moiety can impart exceptional syndiospe-
cific control in propylene polymerization mediated byansa-
metallocenes[2], an ability that has initiated a strong in-
terest into sandwich complexes bearing sterically expansive
substituted fluorenyl ligands[3]. The use of fluorenyl lig-
ands with alkaline earth and rare-earth metals is more re-
cent, but the work achieved over the past decade has revealed
a much more diverse coordination chemistry of fluorenyl-
based ligands than so far envisioned with group 4 metals.
�-Complexes of early elements and lanthanides are highly
ionic by nature and can be considered as isoelectronic d0

species. As a consequence, the latter can feature very sim-
ilar, original bonding and structural properties and reactiv-
ity.

This review focuses on important structural aspects of
fluorenyl complexes of groups 2 and 3 metals, and de-
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of a rather high-lying HOMO[5], as illustrated by the
DFT-computed MO diagram of C13H9

− shown in Fig. 1
[6].

Due to its high energy, this orbital is expected to af-
ford particularly strong interaction with accepting orbitals
of an incoming metal moiety. Its localization (Fig. 1) fa-
vors bonding of the metal to the bridgehead atom and, to
a lesser extent, to the two atoms that connect the C6 rings.
Considering the HOMO and HOMO + 1 both together, the
same argument suggests that covalent interactions would fa-
vor bonding to atoms of the C5 ring. From the point of view
of coulombic charge interaction, a comparison of the com-
puted carbon Mulliken net charges (Scheme 1) [5], again
largely favor bonding to the bridgehead atom, while bond-
ing to the other atoms of the C5 ring are this time ex-
pected to be less favored than that to the outer atoms of
the C6 rings. Nevertheless, with a set of seven occupied
�-type orbitals delocalized over its whole carbon skele-
ton, the fluorenyl anion can in principle coordinate metal
atoms by using any of its carbon atoms. The nature and
the number of the coordinated atoms will depend on the or-
bital and electrostatic demand of the metal, but also on the
steric and strain conditions the whole molecule is under con-
trol.

In this regard, one can distinguish seven limiting coor-
dination modes of the fluorenyl ligand that have been ob-
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cribes as well the main synthetic problems encounter
heir preparation and catalytic applications that have
eveloped thereof. Accordingly, the review is divided

our main sections. Section2 discusses the structural a
lectronic properties of the fluorenyl anion and the v
ty of coordination modes of fluorenyl ligands that h
een observed in complexes of alkaline earth and
arth metals. Sections3 and 4cover the methods of prep
ation and structural features of fluorenyl complexes
ivalent metals and trivalent rare-earth elements, res

ively. Applications of fluorenyl complexes of these e
ents in modern homogeneous catalysis are discuss
ection5.

. The fluorenyl anion and its diverse bonding
acilities

The 14�-electron fluorenyl anion (C13H9
−), like the 6�-

lectron cyclopentadienyl one, belongs to Huckel (4n+ 2)�
romatic systems. The highly aromatic character of the
enyl anion is corroborated by ab initio and density fu
ional theory (DFT) computations described by Schle
nd co-workers[4]. However, C13H9

− demonstrates lowe
tability in terms of absolute hardness in the row of
ons: fluorenyl < indenyl < cyclopentadienyl[5]. This trend
s in agreement with the observed hard accessibility
nstability of fluorenyl metal complexes under conditio
hat proved to be suitable for the cyclopentadienyl
ogues. This relative instability is related to the existe
erved in metallocene complexes of groups 2 and 3 m
Scheme 2). The bonding inA is reminiscent of “classic
etallocene architectures. Within the framework of a c

ent bonding scheme, C13H9
− behaves inA as a 6-electro

onor, as well as inE. InB,C andF, C13H9
− is a 4-electron

onor. It is a 2-electron donor inD, while the situation inG
annot be discriminated between C13H9

− being a 2- or a 4
lectron ligand. However, ionic (coulombic) interactions
lso be determinant in the choice of the coordination m

or highly electropositive metals such as those of grou
nd particularly of group 2.

. Fluorenyl complexes of group 2 metals and related
ivalent lanthanides

Fluorenyl complexes of group 2 metals and divalent
hanides (namely Sm, Yb) can be surveyed in one se
ue to the striking similarity of their physicochemical pr
rties and structural features. Two pairs of these metals c
arked out: Ca(II)/Yb(II) and Sr(II)/Sm(II). The near iden

ies of ionic radii of these metals (Ca2+ 1.00Å; Yb2+ 1.02Å
nd Sr2+ 1.21Å; Sm2+ 1.22Å) [7] make their isoleptic com
lexes feature structural isomorphism[8], and comparable I
nd NMR spectral data suggest similarity in bonding. T
eactivity can be very similar as well[9].

The general synthetic methods of this group of me
ocenes incorporating divalent metals are reminiscent of t
nown for “classic” cyclopentadienyl complexes and incl
he usual salt metathesis approach,�-bond metathesis rout
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Fig. 1. Molecular� orbital diagram of the fluorenyl anion.

Scheme 1. Calculated Mulliken net charges for the cyclopentadienyl, indenyl and fluorenyl anions[5]. Data in parentheses correspond to the numbering of
fluorenyl systems.
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(alkane and amine elimination) and even direct deprotonation
reactions.

The last method was successfully applied in the late 1960s
to the synthesis of the first examples of fluorenyl complexes
of alkaline earth metals. A bis(fluorenyl)-barium complex,
tentatively formulated “(C13H9)2Ba(ether)n” (1), was quan-
titatively prepared upon stirring fluorene in THF on a barium
mirror [10]. Alternatively, complex1 and its strontium ana-
logue were obtained by deprotonation of fluorene in THF or
DME with the corresponding metals in the presence of 1,1-
diphenylethylene[11,12]. On the basis of variable tempera-
ture UV spectroscopic investigations, an ion-paired sandwich
structure was attributed to these salts.

The first structurally characterized example of a fluorenyl-
barium complex was obtained by Schleyer and co-workers
upon reacting fluorene with barium metal (2:1) in liquid
ammonia at−80◦C [13]. Subsequent recrystallization of
the crude material from THF afforded (C13H9)2Ba(NH3)4
(2) (Fig. 2). Interestingly, despite this recrystallization pro-
cedure in THF, the barium metal in2 coordinates exclu-
sively to ammonia molecules. This probably stems from the
steric congestion in the equatorial wedge between the flu-
orenyl planes that favors the coordination of small donor
ligands. Two independent conformers in the solid-state struc-
ture of 2 were revealed by X-ray diffraction and only one
is presented inFig. 2. The major difference between the
t oor-
d rium
c ve-
m
S oi-
e and
i n
t been
a the
i
A ers
w ely

Fig. 2. The crystal structure of complex2 (only one conformer is shown).
Reprinted with permission from Ref.[13]. Copyright 1992 American Chem-
ical Society.

that in these hypervalent (and hypercoordinated) molecules,
some of the combinations of the ligand-donating orbitals are
non-bonding. Some weak participation of the barium 5d or-
bitals has been also suggested[13]. Ionic interactions should
also play an important role in the bonding of this type of
compound.

Since the most common divalent precursors for the salt
metathesis reaction are metal iodides, the use of fluorenyl
potassium salts is strictly preferable to facilitate the isola-
tion of the target compounds from alkali metal halides. In
this regard, the Schlossern-BuLi/KOR superbases[14] are
prevalent powerful deprotonating agents.

Non-substituted bis(fluorenyl)samarocene, (C13H9)2Sm
(THF)2 (3), was easily prepared from SmI2(THF)2 and a

renyl l
wo conformers is the manner the fluorenyl ligand c
inates to the metal center: In one conformer, the ba
enter exhibits nearly symmetric interactions with both fi
embered rings of the two fluorenyl moieties (typeA in
cheme 2), whilst in the other conformer, one fluorenyl m
ty is still �5-bonded, whereas the second fluorenyl lig

s just about to be�3-coordinated (typeB). The existence i
he same crystal of two different bonding modes has
ttributed to a very shallow potential energy surface for

nteraction of the metal cation with the fluorenyl anion[13].
mechanical electron counting for these two conform

ould lead to 20 and 18 electrons, respectively. It is lik

Scheme 2. Coordination modes of fluo
 igands observed with groups 2 and 3 metals.
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Fig. 3. The crystal structure of complex3. Reprinted with permission from
Ref. [15]. Copyright 1994 American Chemical Society.

two-fold excess of fluorenyl-potassium in THF[15]. The
molecular structure of this complex (Fig. 3) features two in-
equivalently coordinated fluorenyl ligands as for one con-
former of 2. While one fluorenyl moiety is symmetrically
�5-bonded to the metal center (typeA), the second ring tends
towards a�3-coordination mode (typeB). From the consid-
erations discussed in Section2 and concerning the C13H9

−
HOMO and atomic charge distribution, one may keep in mind
that, among the atoms of the C5 ring, the bridgehead one is
somewhat “privileged” for bonding to metal. It follows that
the �5 bonding typeA will tend to dissymmetrize with a
shorter M-bridgehead bond. This distortion towards the�3

bonding typeB can make the distinction between�5 (A) and
�3 (B) unclear. Depending on whether the second fluorenyl
unit in 3 is considered being�5- or �3-coordinated,3 is a
16- or 14-electron complex. The former bonding description
makes3 an isolobal analogue to a very large family of stable
16-electron compounds of the general type Cp2ML2 (M = d0)
[16], e.g. the numerous bis(fluorenyl)zirconocenes of general
formula (Flu)2ZrX2 (Flu = substituted or unsubstituted fluo-
renyl ligand; X = halide, amido, alkyl ligand)[1].

The fluorenyl-based ytterbocene (C13H9)2Yb(THF)2 (4)
was synthesized in high yield upon using both the standard
salt metathesis approach and substitution method, which in-
volves the reaction of naphthalene–ytterbium withproteoflu-
orene (Scheme 3) [17]. Complex4 is easily converted to the
D n
f

be-
t und,

Scheme 4.

fluorenyl-potassium and pentamethylcyclopentadiene led
to the isolation of the mixed-ligand ytterbocene (C13H9)
(C5Me5)Yb(DME) (6) (Scheme 4).

The X-ray diffraction analyses carried out for4 and 6
(Fig. 4a and b) revealed that, in the solid-state structures
of both complexes, the fluorenyl ligands are coordinated in
a nearly symmetric�5-fashion, although the moderate ring
slippage of 0.25–0.38̊A indicates a tendency to a reduced
�3-mode (typeB). These observations were related to the
relatively small ionic radius of Yb2+ [7], which results in
consequent steric hindrance of the bulky fluorenyl ligands.
We suggest that the major reason of this slippage is rather of
electronic origin as discussed above for compound3 (vide
supra).

Complex4can be quantitatively oxidized with 1,4-di-tert-
butyl-diimine to yield the corresponding ytterbocene(III) in-
corporating the radical-anion diimine ligand (7) (Scheme 5)
[17]. Quite different products were obtained upon treatment
of 4 with bulkier aromatic diimines under the same condi-
tions (Scheme 5) [18]. Thus, an unexpected CC coupling
reaction between ytterbocene4 and 1,4-bis(di-iso-propyl)-
diimine without oxidation of the metal was demonstrated,
leading eventually to complex8. Also, the analogous re-
action of 1,4-bis(di-iso-propyl)-2,3-dimethyl-diimine with4
exhibits diverse CH bond activation pathways, giving the
half-sandwich Yb(II) complex9 with concomitant elimina-
t

a uo-
r e of
fl s
i or-
d yl
f

heme
ME-adduct (C13H9)2Yb(DME) (5) upon recrystallizatio
rom neat dimethoxyethane.

The combined metathesis/substitution procedure
ween the mixed iodo-naphthalene ytterbium compo

Sc
ion of proteofluorene.
The crystal structures of both compounds8and9 (Fig. 5a

nd b) feature quite different coordination modes of the fl
enyl moieties onto ytterbium. Whereas the bonding mod
uorene in9 is usual, showing moderate slippage toward�3

n accord with typeB, the uncommon open-sandwich co
ination environment of the metal in8presents two fluoren

ragment bonded in an exocyclic manner (typeF).

3.
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Fig. 4. The crystal structures of complexes4 (a) and6 (b). Reprinted with permission from Ref.[17]. Copyright 2001 Wiley.

Also, ansa-metallocenes of the divalent ytterbium and
samarium metals were prepared by salt metathesis and char-
acterized by1H and 13C NMR spectroscopy (Scheme 6)
[17].

Bulky trimethylsilyl-substituted fluorenyl ligands were
successfully introduced in the chemistry of divalent
organolanthanides by Yasuda and co-workers. Diva-
lent samarium and ytterbium complexes incorporat-

Scheme 6.
Scheme
 5.
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Fig. 5. The crystal structures of complexes8 (a) and9 (b). Reprinted with permission from Ref.[18]. Copyright 2004 Wiley.

ing the trimethylsilyl-substituted fluorene ligand (9-
Me3Si–C13H8)2M(THF)2 (M = Sm (10), Yb (11)) were iso-
lated in good yields from the reaction of the fluorenyl-
potassium salt with lanthanide iodide in THF[19]. The crystal
structure of10was determined by X-ray diffraction (Fig. 6).
The geometry of this complex resembles that described for3,
although it demonstrates almost equal participation of all five
carbons from the central rings of both the fluorenyl ligands
in binding with the samarium center (typeA). This obser-
vation supports our electronic arguments about the difficulty
to discriminate between coordination typesA andB, asso-
ciated with the suggestion of Schleyer and co-workers of a
smooth energy profile connecting both types of coordination
[13].

Addition of trialkylaluminum derivatives revealed a very
unusual reactivity of compounds10 and11. Treatment of
the samarium metallocene10 with a five-fold excess of

F m
R

Me3Al or Et3Al resulted in the isolation of heterotrimetal-
lic complexes (9-Me3Si–C13H8–9′-AlR3)2Sm (R = Me (12),
Et) (Scheme 7). The consistency of both products was estab-
lished by X-ray diffraction analysis and the solid-state struc-
ture of the Me3Al-adduct is presented inFig. 7a. Formally,
complex12can be considered as the substitution product by
an AlMe3 moiety of the samarium metal center, the latter
being shifted, without change in its oxidation state, from the
central 5-membered ring to the six-membered ring in an�6-
coordination mode, also called “arene” type (typeE). The
trialkylaluminum moiety is�-bonded to the fluorenyl ligand
and features a bridging agostic interaction by one of the three
alkyl groups with the samarium center. Taking into account
the agostic bonds,12 is also a 16-electron complex isoelec-
tronic to Cp2ZrCl2.

Similar reactivity of10 towards other organoaluminum
and organoboron derivatives was observed, yielding products
of presumably identical structure as judged by NMR. Note-
worthy, those heterotrimetallic complexes can be reversibly
converted to the parent samarocene10upon addition of THF
(Scheme 7).

Surprisingly, two different products were obtained upon
treatment of the ytterbocene11 with excess Me3Al [19].
The first one is the heterobimetallic complex of Yb(II) (9-
Me3Si–C13H8–9′-AlMe3)Yb(Me3Si–C13H8) (13), which is
composed of two non-equivalent fluorenyl ligands (Fig. 7b):
o
w ame
ig. 6. The crystal structure of complex10. Reprinted with permission fro
ef. [19]. Copyright 2000 American Chemical Society.
ne remains symmetrically�5-bound to ytterbium (typeA),
hereas the coordination of the second ligand is the s

Scheme 7.
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Fig. 7. The crystal structures of complexes12 (a) and13 (b). Reprinted with permission from Ref.[19]. Copyright 2000 American Chemical Society.

(�6, type E) as the one described for the aforementioned
samarium complex12. Also, complex13 features agos-
tic interactions of the bridging Me3Al unit with the metal
center via two methyl groups at the same time. The sec-
ond product isolated from this reaction is the fully disso-
ciated ion pair [(C13H9)Yb(THF)4]+[AlMe4]− (14) in which
the cation is presented by a half-sandwich, non-substituted
fluorenyl-ytterbium tetrakis-THF-adduct (Fig. 8) that shows
the “classic” coordination of the fluorenyl moiety (typeA).
Complex14 is a 14-electron species related to other piano-
stool CpML4 moieties[20]. The formation of the mono-
trimethylaluminum adduct13 instead of heterotrimetallic
complex similar to12 can be reasonably ascribed to the
smaller ionic radius of ytterbium and steric considerations
that derive thereof. However, the pathway to the second com-

F m
R

plex (14), in particular how the trimethylsilyl moiety is re-
moved from fluorenyl, remains unclear.

The mono-THF adduct of divalent ytterbocene (9-
Me3Si–C13H8)2Yb(THF) (15) was obtained from the re-
action of fluorenyl-sodium with ytterbium diiodide and
used next for the preparation of the bimetallic species
(9-Me3Si–C13H8)2YbAlH3(NEt3) (16) by treatment of15
with alane (aluminum trihydride)[21,22]. The identity of
both complexes was established by NMR spectroscopy but
no structural identification was reported, so that the ac-
tual coordination mode of the fluorenyl ligands remains
unknown.

The chemistry of alkaline-earth complexes incorporat-
ing a series of bulky silicon-substituted fluorenyl lig-
ands was intensively investigated by Harder et al. For in-
stance, the reaction between 2 equiv. of 9-Me3Si–C13H8K
and CaI2 was shown to proceed smoothly in THF to
give (9-Me3Si–C13H8)2Ca(THF)2 (17) [23]. Recrystalliza-
tion of 17 from benzene in the presence of a small
amount of THF gave surprisingly the ion-paired deriva-
tive [9-Me3Si–C13H8

−]2[Ca2+(THF)6]·C6H6 (18) (Fig. 9a).
The octahedral coordination of the calcium atom by six
THF molecules apparently prevents bonding of the fluo-
renyl anions, which are equidistant from the metal cen-
ter and parallel to each other. The whole molecule inter-
acts with two neighboring molecules, which results in a
t
o con-
t he
fl le as
w d
t um
o gen
a

ig. 8. The crystal structure of complex14. Reprinted with permission fro
ef. [19]. Copyright 2000 American Chemical Society.
wo-dimensional coordination polymer. Also, the�-protons
f the coordinated THF molecules appear in close

acts with the�-clouds of the six-membered rings of t
uorenyl anions and encapsulated benzene molecu
ell (Fig. 9b). The shortest CH· · ·� contact was foun

o be 2.615̊A, which is shorter than or close to the s
f the van der Waal’s radii of the carbon and hydro
toms.
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Fig. 9. The crystal structure of complex18 (a) and C H· · ·ringcent interactions in complex18 (b). Reprinted with permission from Ref.[23]. Copyright 2002
Wiley.

This highly self-organized structure is retained in ben-
zene/THF solution, as confirmed by 2D ROESY1H NMR
experiments. Partial loss of coordinated THF molecules oc-
curs in pure benzene solution, which is presumably accompa-
nied by the transformation of dicationic18 to a neutral met-
allocene (17) through an intermediate mono-cationic species
(Scheme 8).

The isostructural magnesium and ytterbium complexes
[9-Me3Si–C13H8

−]2 [M2+(THF)6] C6H6 (M = Mg, 19 [23];
M = Yb, (20) [24]) were synthesized similarly from 9-

Me3Si–C13H8K and the metal dihalogenides and crystallized
from THF/benzene mixture.

Bulky 9-substituted hypersilyl fluorenyl complexes of
calcium and strontium (9-(Me3Si)3Si–C13H8)2M(THF)2
(M = Ca (21), Sr (22)) were obtained in good yields from
the reaction between MI2 and a two-fold excess of 9-
(Me3Si)3Si–C13H8K [25]. The crystal structures of both
complexes (Fig. 10) feature close structural similarities, e.g.,
the both compounds are bis-THF adducts and the coordina-
tion mode of one of the two fluorenyl ligands in these com-
plexes is symmetric�5 (typeA). However, the coordination
of the second fluorenyl ligand is quite unusual and differs in
both crystal structures: in the calcium complex21, this moi-
ety is unsymmetrically�3-bonded to the metal with the outer
edge of one of the six-membered rings (typeC), whilst the
strontium analogue22 features nearly symmetric�6 “arene”
coordination of the second fluorenyl moiety (typeE). The
reason for the coordination of the second fluorenyl ligand to
the metal center by the peripheral�-systems of the benzene
rings was proposed to arise from enormous steric congestion
provided by the bulky hypersilyl substituents. This appears to
be severe in the case of the calcium compound, inducing ex-
trusion of the second fluorenyl ligand from the coordination
sphere. In the case of the strontium analogue, the larger co-
ordination sphere of the metal with larger ionic radius makes
possible the second fluorenyl ligand to bind more effectively
i ment
w -
c al
b

ear-
i flu-
o e di-
s in
T
Scheme 8.
n an�6-manner. These steric considerations are in agree
ith the observation that the (Me3Si)3Si groups are signifi
antly bent out (10–20◦) of the C5 plane away from the met
oth in21and22.

Analogously, alkaline earth metal compounds b
ng the uncommon 1,2-bis(dimethylamino)-1,2-di-9-
renyldiborate ligand were synthesized by reacting th
odium salt of the latter with metal bromides
HF [26]. Hetero-ansa-bridged complexes [Me2NB(9-
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Fig. 10. The crystal structures of complexes21 (a) and22 (b). Reprinted with permission from Ref.[25]. Copyright 2003 Wiley.

C13H8)]2M(THF)2 of Mg, Ca (23) and Ba were isolated
in good yields. The solid-state structure of the calcium
derivative was established by X-ray analysis (Fig. 11). The
fluorenyl fragments are nearly equivalent, displaying an�5-
coordination mode (typeA) tending toward reduced�3-
hapticity.

Alternative to salt metathesis, a�-bond metathesis route,
i.e. amine elimination, was used as a convenient synthetic
approach toward group 2 metal derivatives. For exam-
ple, the calcium and bariumansa-metallocenes{Me2Si(9-
C13H8)2}M(THF)n (Ca (24), n= 3; Ba (25), n= 4) were
obtained from the direct reaction of the correspond-
ing bis(trimethylsilyl)amide metal precursors anddiproteo
bis(fluorenyl)dimethylsilane (Scheme 9) [27].

F
p

The molecular structures of both compounds were estab-
lished by X-ray diffraction studies (Fig. 12). As expected
from the differences in ionic radii of the metals, complexes24
and25feature diverse coordination abilities, e.g., the calcium
complex is a tris-THF adduct, whereas the barium analogue is
a tetrakis-THF solvate. The unit cell of25contains two inde-
pendent molecules that differ in the coordination mode of the
fluorenyl ligand. One features the bidentate bis(fluorenyl) lig-
and bound to barium via a distorted�5-coordinated fluorenyl
moiety (typeA) and an exocyclic�3-mode for the second
fluorenyl fragment (typeF) (Fig. 12b). The second molecule
in 25 shows double exocyclic�3-coordination of both fluo-
renyl ligands (typeF) (Fig. 12c), similar to that observed in
the calcium analogue24(Fig. 12a). Such unusual type of co-
ordination involves the bridgehead carbon atom of the central
ring and the two adjacent carbon atoms of one six-membered
ring.

A similar amine elimination approach between calcium
and barium amides M[N(SiMe3)2]2 and the phosphorus-
bridged bis(fluorenyl) ligand MeP(C13H9)2 was attempted
to generate the corresponding metallocenes[28]. Albeit free
amine HN(SiMe3)2 was detected as a product by1H NMR,
no alkaline earth metal complex could be isolated. Another
protocol was used, by reacting Ca[N(SiMe3)2]2 with phos-
phonium iodide [MeP(C13H9)2]I in THF to give the ionic
complex [MeP+(C13H9)2]−[CaI(THF)5]+ (26). The barium
a re of
ig. 11. The crystal structure of the calcium complex23. Reprinted with
ermission from Ref.[26]. Copyright 1994 Wiley.
nalogue was obtained similarly. The solid-state structu

Scheme 9.
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Fig. 12. The crystal structures of complex24(a) and the two independent molecules of complex25(b, c). Reprinted with permission from Ref.[27]. Copyright
1997 American Chemical Society.

26consists of discrete six-coordinate THF-solvated calcium
mono-iodide cation and phosphonium difluorenylide anion
(Fig. 13).

The putative bis(fluorenyl)magnocene (C13H8)2Mg was
suggested as the product of the�-bond metathesis re-
action between di-n-butylmagnesium andproteo fluo-
rene [29]. However, neither the solid-state nor the

solution structure of the latter was established. Simi-
lar fluorenyl magnesium complexes were also prepared
via similar alkane elimination starting from polyamine-
adducts of dimethylmagnesium and unambiguously char-
acterized[30]. Me2Mg(TMEDA) reacts in benzene with
1 equiv. of fluorene to give the “neutral” mixed fluo-
renyl alkyl-magnesium complex (C13H9)MgMe(TMEDA)

Fig. 13. The crystal structure of complex26. Reprinted with permission from Ref.[28]. Copyright 2000 American Chemical Society.
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Fig. 14. The crystal structures of complexes27 (a) and28 (b). Reprinted with permission from Ref.[30]. Copyright 1994 Wiley.

(27). In contrast, the reaction of fluorene with the
pentamethylethylenetriamine-adduct Me2Mg(PMETA) un-
der the same conditions led to solvent-separated dica-
tionic derivative [Mg2Me2(PMETA)]2+[C13H9

−]2 (28). The
solid-state structure of the “neutral” Grignard-like alkyl-
magnesium complex27 clearly features monodentate�-
bonding of the fluorenyl ligand to magnesium via the
electron-rich head-on atom (typeD) (Fig. 14a). Thus the Mg
atom is sp3-hybridized and satisfies the octet rule. This is not
the case in the dimeric species28, where the coordination
sphere of each metal atom is completely saturated with the
solvent molecule making the fluorenyl anions moved aside
(Fig. 14b). The latter are discrete and do not bond to the mag-
nesium atoms but participate in non-valent close contacts by
�-systems of the six- and five-membered rings with the pro-
tons of the methylene groups in PMETA donor ligand.

Triphenylmethylcalcium chloride metallates fluorene
in THF solution to yield the half-sandwich complex
(C13H9)CaCl(THF)2 (29) [31]. The consistency of complex
29 was established by IR and NMR spectroscopies. Also,
the hydrolysis of29 liberates fluorene and its carboxylation
yields 9-fluorene-carboxylic acid.

The�-bond metathesis reaction between homoleptic cal-
cium bis(benzyl) precursors and trimethylsilyl-substituted
fluorene proceeded at 25–65◦C in benzene to give half-
sandwich calcium complexes (9-MeSi–C H )Ca(RCH–o-
C
n

i

monomeric mono-THF adducts, whereas complex32exists
as a dimer with bridging benzylic carbon atoms. As a con-
sequence, the CaC bonds in32 are slightly elongated (ca.
0.03Å) as compared to those in30 and31. Obviously, the
dimeric structure of32arises from the absence of substituent
at the benzyl methylene group. The coordination modes of the
fluorenyl ligands are very similar in all the three complexes
and approach an�5-mode, with a slight distortion towards an
allylic �3-coordination (typeB).

The heteroleptic species30 and31 retain their composi-
tion in solution without any dismutative ligand exchange, as
judged by NMR spectroscopy. Fast inversion of the chiral car-
banion at benzylic carbon atom takes place in solution upon
raising the temperature. The thermodynamic parameters for
this process were estimated to be�G�= = 18.8 kcal mol−1

for 30and�G�= = 17.2 kcal mol−1 for 31. Addition of small
amounts of THF at room temperature also results in fast inver-
sion of configuration at the chiral center via a THF-assisted
bond-breaking process (Scheme 11). Complex32preserves
its dimeric structure in benzene solution as established by
NMR spectroscopy but dissolving it in THF leads to the im-
mediate formation of the dicationic ion-paired derivative18
[23]. The intermediate for such transformation is likely to
be the monomeric THF-adduct (9-Me3Si–C13H8)Ca(CH2–o-
C6H4–NMe2)(THF) that is isostructural to30and31.

A divalent ytterbium complex analogous to30, (9-
M
w
t t cell
p x
T rly
e -
i nergy
m
[

d
h ted
s us to
3 te
c lec-
u he
3 13 8

6H4–NMe2)(THF)n (R = SiMe3 (30), n= 1 [32]; Me (31),
= 1 [33]; R = H (32), n= 0 [34]) (Scheme 10).
The molecular structures of complexes30–32 are shown

n Fig. 15. Two of these compounds, namely30and31, are

Scheme 10.
e3Si–C13H8)Yb(Me3SiCH–o-C6H4–NMe2)(THF) (33),
as prepared via�-bond metathesis reaction[24]. Although

he solid-state structure could not be resolved, the uni
arameters are comparable to those found for comple30.
he 1H NMR spectrum of33 in benzene displays nea
qual chemical shifts to those of30, the concentration

ndependent coalescence temperature and activation e
easured being slightly different (�G�= = 17.0 kcal mol−1)

24].
The unusual product34 derived from the 9-substitute

ypersilyl fluorenyl ligand was obtained in the attemp
ynthesis of the heteroleptic calcium complex analogo
0 and31 (Scheme 12) [33]. No mixed-ligand intermedia
ould be detected by NMR, indicating that a fast intramo
lar C H activation (or cyclometallation) takes place. T
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Fig. 15. The crystal structures of complexes30 (a),31 (b) and32 (c). Reprinted with permission from Refs.[32–34]. Copyright 2001 Wiley, Elsevier 2003,
American Chemical Society 2002.

X-ray diffraction study revealed that, in the solid state,34 is
a dimer with bridging methylene–silylene groups (Fig. 16).
The fluorenyl ligands are equivalent, showing symmetrical
�5-bonding onto calcium (typeA), but the calcium atoms
have a dissimilar coordination sphere. One metal atom binds
to a THF molecule, whereas the second metal center displays
short interactions to the edge of a fluorenyl ligand. In benzene
solution, these inequivalent fluorenyl ligands are in slow ex-
change, as observed by NMR spectroscopy. Addition of THF
results in the formation of the monomeric species.

4. Fluorenyl complexes of trivalent lanthanides and
related group 3 metals

Cyclopentadienyl and related complexes of trivalent lan-
thanides are isoelectronic analogues of group 4 cationic
species, which are the real active species in olefin poly-
merization catalysis. They are, therefore, a strategically im-

portant class of materials for modelling complex interme-
diates and investigating their properties, as well as for de-
veloping new single-site catalyst systems. It is thus not
surprising that many attempts to prepare group 3ansa-
metallocenes of general formula{R2E(Cp1)(Cp2)}Ln(R)
(Cp1, Cp2 = cyclopentadienyl-type fragments; R2E = linking
group (e.g., R2Si, R2C); R = alkyl) were undertaken. This
section describes three main categories ofansa-fluorenyl
complexes: (i) Single-carbon bridgedansa-metallocenes of
lanthanides, which are excellent candidates for polymeriza-
tion purposes, taking into account that group 4 isoleptic
cationic analogues were shown to be among the most active
and stereoselective catalysts[2]. (ii) Silylene-bridgedansa-
metallocenes that feature wider bite angles and are to be com-
pared with ethylene-bridged fluorenyl complexes. (iii) The
more recent class of “constrained geometry” half-sandwich
complexes incorporating fluorenyl ligands, which is related
to a new generation of highly stereospecific catalysts for ethy-
lene and�-olefin polymerization.
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Scheme 11.

4.1. Early work on non-bridged half-sandwich
complexes

The first fluorenyl organolanthanides (C13H9)2LnCl2
Li(THF)2 (Ln = La, Nd, Sm, Ho, Lu) reported by Belet-
skaya and co-workers in the early 1980s were prepared from
fluorenyl-lithium and lanthanide trichlorides in THF[35,36].
These complexes were suggested to have metalligand �-
bond on the basis of spectroscopic data. The mono-fluorenyl
anionic complex [(C13H8)La(C3H5)3]−[Li(C4H8O2)2]+ (35)
was isolated in low yield from the reaction of the allyl precur-
sor [La(C3H5)4]−[Li(C4H8O2)2]+ with an equimolar amount
of proteofluorene[37]. No crystallographic study was car-
ried out, but an�5-coordination of the fluorenyl moiety onto
lanthanum was suggested.

4.2. ansa-Metallocenes bearing carbon-bridged
fluorenyl-based ligands

The preparation of trivalent lanthanide species incorpo-
rating carbon-bridged fluorenyl-cyclopentadienyl ligands by
salt metathesis routes was first developed by Qian et al. An-
ionic complexes (also calledate-complexes) of “small” group

Fig. 16. The crystal structure of complex34. Reprinted with permission
from Ref.[33]. Copyright 2003 Elsevier.

3 elements [{Ph2C(C13H8)(C5H4)}LnCl2]−[Li(THF)4]+

(Ln = Y, 36; Lu, 37) bearing a diphenylmethylene-bridged
fluorenyl-cyclopentadienyl ligand were prepared by react-
ing the dilithium salt of the ligand with metal trichlorides
[38]. The synthesis of the complexes of larger lanthanides
(La, Nd) with this ligand system was successful only when
tetraborohydride lanthanide precursors Ln(BH4)3(THF)n
(Ln = La, Nd) were used. Thus, the anionic compounds
[{Ph2C(C13H8)(C5H4)}Ln(BH4)2]−[Li(THF)4]+ (Ln = La,
38; Nd,39) and [{Ph2C(C13H8)(C5H4)}Nd(BH4)2]−[K(18-
crown-6)] (40) were isolated[39]. The structurally charac-
terized37and40were shown to display comparable geom-
etry and bonding features of the ligand with metal in the
solid state (Fig. 17). Both products comprise a fully disso-
ciate alkaline metal cation and lanthanide-based anion, and
the latter adopts a pseudotetrahedral coordination environ-
ment of the metal center that is observed in a variety of
[Cp2LnX2]− anions (which is, as aforementioned, isolobal to
the large family of stable 16-electron compounds of the gen-
eral type Cp2ML2 (M = d0) [16]). The coordination modes

heme 1
Sc
 2.
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Fig. 17. The crystal structures of the anions of complex37 (a) and complex
40 (b). Reprinted with permission from Ref.[39]. Copyright 2001 Elsevier.

of the fluorenyl moieties in37 and40 are also very similar,
that is�5-bonding (typeA) with a minor tendency towards a
reduced�3-mode.

Further reaction of the dichloro complex37 with
KN(SiMe3)2 afforded the “neutral” base-free amido deriva-
tive {Ph2C(C13H8)(C5H4)}Lu[N(SiMe3)2] (41) [40], which
features a nearly symmetrically (�5) coordinated fluorenyl

Fig. 18. The molecular structure of complex41. Reprinted with permission
from Ref.[40]. Copyright 2002 Elsevier.

ligand (Fig. 18). The difference in bonding of the fluorenyl
ligand in41, as compared to that observed in the parent met-
allocene37, was related to the lower steric constrains of a sole
amido group relative to two chlorine atoms. Additional sta-
bilization of the complex by agostic interaction of the metal
with the carbon atom C(32) was shown from X-ray diffrac-
tion data. It allows41 to achieve the stable 16-electron count
of compounds of the general d0 Cp2ML2 type.

An alternative entry toward fluorenyl-based lan-
thanidocene amides via amine elimination was investi-
gated in details from the reaction of lanthanide amides
Ln[N(SiMe3)2]3 (Ln = Y, La, Nd) with the isopropylidene-
bridged ligand Me2C(C13H9)(C5H5) [41]. The formation of
various cyclopentadienyl derivatives that have free hanging
fluorene moieties was observed, presumably because of the
much lower acidity of the fluorenyl proton as compared
to the cyclopentadienyl proton. Thus, the formation of
the mono-substituted intermediate42 was detected by
NMR spectroscopy in the reaction between equimolar
amounts ofdiproteo ligand and Y[N(SiMe3)2]3 in THF at
5◦C (Scheme 13). Subsequent transformation of42 into
the bis(cyclopentadienyl) complex43 takes place slowly
under these conditions and can be accelerated by heating.
Unlike the mono-substituted bis(amido) intermediate,
43 appeared to be kinetically more stable and could be
isolated and characterized by NMR spectroscopy and
a
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n X-ray diffraction study. In solution,43 progressively
onverts into tris(cyclopentadienyl) product44 via further
isproportionation. However, upon refluxing in THF a
emoving of concomitantly formed amine, complex43
ndergoes an intramolecular amine elimination reactio
iveansa-metallocene45with a pendant fluorenyl arm. Th
rocess is reversible as demonstrated by the retroform
f the bis(cyclopentadienyl)amide43 upon addition o
xcess of amine HN(SiMe3)2 to a toluene solution of45.

Similar reactivity trends were observed starting fr
anthanum and neodymium amides[41]. Using an analogou
ynthetic protocol,ansa-lanthanidocenes{Me2C(C13H8)
C5H4)}Ln(�5-{Me2C(C13H9)(C5H4)})(THF) (Ln = La,
6; Nd, 47) were prepared in good yields. X-ray diffracti
tudies carried out for46 and 47 (Fig. 19) corroborated
he composition and ligand-bonding pattern establishe
MR spectroscopy for diamagnetic Y and La species
oth complexes, the bond distances between the C5-ring
f the fluorenyl fragment in the chelating ligand a

he metal center are consistent with an�5-coordination
ode (typeA). A mechanical electron counting for the

pecies would end-up to unrealistic value of 20. It tu
ut that the Cp ligand associated to the non-chela
uorenyl moiety approaches the�3-coordination (type
). Taking into account that the�5-coordination of the
oordinated fluorenyl unit is also unsymmetrical,46
hould be best described as an 18-electron com
ffective direct ansa-chelation of Me2C(C13H9)(C5H5)
nto lanthanides was achieved afterwards by using a
etathesis route[42]. The reaction between YCl3(THF)n



1236 E. Kirillov et al. / Coordination Chemistry Reviews 249 (2005) 1221–1248

Scheme 13.

and 1 equiv. of the dilithium salt of this ligand in Et2O
solution unexpectedly led to the isolation of the bis(ligand)
chlorine-freeansa-metallocene49, the first example of a
bis-ansa-metallocene. The reaction proceeds first through
the dichloro ate-complex [Me2C(C13H8)(C5H4)YCl2]−
[Li(ether)4]+ (48), which further disproportionates

Fig. 19. The molecular structure of complex47. Reprinted with permission
from Ref.[41]. Copyright 2002 American Chemical Society.

to 49 and YCl4− during the recrystallization course
(Scheme 14).

Interestingly, on using slightly different recrystallization
protocols, three different crystal samples of the one and same
compound49, i.e. monoclinic, triclinic and orthorhombic
polymorphs, could be isolated and studied by X-ray analy-
sis. Though the general atom connectivity of the three crystal
structures is essentially the same (Fig. 20), noticeable dif-
ferences in the geometric parameters and bonding features
exist between these polymorphs, which arise from the large
flexibility of this molecule. Complex49comprises a fully dis-
sociated ion pair in the solid state with the cation composed
by a lithium atom coordinated by four ether molecules. The
yttrium atom in the anion is coordinated in a distorted tetra-
hedral geometry by two non-equivalent ligand units. An exo-
cyclic �3-bonding mode (typeF) is found for one of the two
fluorenyl moieties of the three polymorphs of49. The other
fluorenyl moiety in the three polymorphs differs from the first
one with an unprecedented�1-bonding mode (typeG) that
involves merely one carbon (C(34)) of the benzene ring.

The bonding patterns of the fluorenyl ligands in49 clar-
ified from X-ray data were corroborated by a DFT study
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Scheme 14.

[42]. The Y C Mulliken overlap populations determined by
single-point calculations performed on the three experimen-
tal molecular structures are in agreement with the�3-bonding
mode of one fluorenyl moiety and�1-bond of the second one
with yttrium. This complicated coordination sphere around
the metal atom allows it to satisfy the 18-electron rule.

Likewise, salt metathesis experiments conducted from
LaCl3(THF)n and 1 equiv. of [Me2C(C13H8)(C5H4)]Li 2
led to the isolation of the parent ionic complex
[{Me2C(C13H8)(C5H4)}2La]−[Li(Et2O)2]+ (50). The lan-
thanum analogue of49 features a closely associated ion pair
with a Cp-ring doubly coordinated to the lanthanum and
lithium centers (Fig. 21). In contrast to49, both fluorenyl
units in50are coordinated in an exocyclic�3-mode (typeF)
that apparently arises from the large difference of ionic radii
of yttrium and lanthanum.

The yttrium complex49 in THF solution features a sym-
metric coordination of both Me2C(C13H8)(C5H4) moieties
to the metal center on the NMR timescale. This observation
suggests rapid exchange of bonding modesG andF between
the two fluorenyl moieties and/or rapid symmetrization of
bonding within each fluorenyl moiety via slippage from one

Fig. 21. The molecular structure of complex50. Reprinted with permission
from Ref.[42]. Copyright 2003 American Chemical Society.

F lex9. Reprinted with permission from Ref.[42]. Copyright 2003 American Chemical
S

ig. 20. The structure of the anion of one of the polymorphs of comp4
ociety.
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Scheme 15.

six-membered ring to the opposite side. The solution behav-
ior of the lanthanum complex50 revealed also a symmetric
bis(ansa-metallocene) structure on the NMR time scale, con-
sistent with dissociation of the ion pair. Not considering the
Li cation, the solid-state molecular structure of49 (Fig. 21)
corresponds to a 20-electron species. It can be suggested,
however, that the Cp ring, which coordinates both La and Li,
donates only four electrons to La and behaves as a 2-electron
donor to Li, via its totally in-phase�-bonding orbital. Within
this hypothesis, the solid-state structure50would correspond
to an 18-electron complex. It is possible that the dissociation
of the ion pair in solution leads to partial decoordination of
one of the fluorenyl moiety from�3 (typeF) to �1 (typeD)
or �2 in order to maintain the 18-electron count of the metal.
As for 50, rapid exchange of the bonding modes of the two
fluorenyl ligands would render them symmetric on the NMR
time scale.

The dichloroate-complex48was successfully applied to
the preparation of neutral yttrocene alkyl derivatives incor-
porating the Me2C(C13H8)(C5H4) ligand system[43]. It was
shown that, despite the disproportionation via ligand redistri-
bution observed upon crystallization of48, the latter reacts in
solution as a single YCl species (Scheme 15). Thus, alkyl
complexes51 and52 were isolated in high yields and the
identity of the former was confirmed by an X-ray diffraction
study (Fig. 22).

The fluorenyl ligand in51was found to coordinate sym-
metrically to the yttrium center in an�3-fashion (typeB),
indicative of a congested chelation. The constraint is also
illustrated by the narrow bite angle Cpcent C Flucent of
110.85◦.

The most remarkable feature in the structure of51and52
is the presence of a coordinated THF molecule despite the
significant steric crowding of the metal center provided by
the bulky fluorenyl/cyclopentadienyl and bis(trimethylsilyl)
ligands. This coordinated THF molecule is labile in solution
on the NMR time scale, leading to an equilibrium between a
THF-free species and a THF adduct. Variable-temperature
1H NMR allowed the measurement of the enthalpy and
entropy of this dissociative process for both complexes
(51: �rH= 28± 2 kJ mol−1, �rS= 58± 10 kJ mol−1 K−1;
52: �rH= 31± 2 kJ mol−1, �rS= 50± 10 kJ mol−1 K−1).

Attempt to generate the corresponding benzyl complex
by reacting48 with PhCH2MgBr unexpectedly led to the
isolation of [(�5,�5-{Me2C(C13H8)(C5H4)})Y(�-Br)]2 (53)
[43]. Complex53 is only sparingly soluble in aromatic hy-
drocarbons and appeared to be unstable in THF hampering
its authentication by NMR. However, its solid-state structure
was determined and revealed a dimeric complex with bridg-
ing bromine atoms (Fig. 23). In this case, no coordinated THF
molecule is present in the coordination sphere of yttrium and
both fluorenyl fragments are unambiguously�5-coordinated

F n
f
Fig. 22. The molecular structure of complex51 [43].
ig. 23. The molecular structure of complex53. Reprinted with permissio
rom Ref.[43]. Copyright 2004 American Chemical Society.
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Fig. 24. The molecular structure of complex56. Reprinted with permission
from Ref.[44]. Copyright 2004 American Chemical Society.

(typeA), allowing the metals to achieve the stable 16-electron
configuration in Cp2ML2 type of environment.

In striking contrast with the above-described reaction
with benzylmagnesium bromide, the allyl Grignard reagent
C3H5MgCl reacts with48 in toluene solution to yield the de-
sired allyl complex{Me2C(C13H8)(C5H4)}Y(C3H5)(THF)
(54) [44]. The La (55), Nd (56) and Sm (57) homologues
were prepared similarly in a “one-pot” procedure from the ap-
propriate lanthanide trichloride and Me2C(C13H8)(C5H4)Li2
in Et2O and subsequent reaction with C3H5MgCl in toluene
solution. Diamagnetic complexes54and55were character-
ized by NMR spectroscopy and the solid-state structure of Nd
complex56was determined by X-ray diffraction (Fig. 24).
The crystal structure of56 is reminiscent of the structures
of the above-mentioned yttrium carbyls. The coordination of
the fluorenyl unit is also best described as an�3-mode (type
B), although a (distorted)�5 (typeA) mode would describe
56 as an 18-electron complex. Complex56 features a very
narrow bite angle Cpcent C Flucent of 93.88◦, the smallest
as ever seen inansa-lanthanidocenes to our knowledge. The
allyl fragment is�3-bonded with the three carbon atoms dis-
playing nearly equal participation.

Hydrogenolysis of the lanthanide alkyls constitutes a
convenient synthetic approach toward hydrido derivatives,
which are another important class of complexes. The first
crystallographically characterized example of such deriva-

Fig. 25. The molecular structure of complex57. Reprinted with permission
from Ref.[43]. Copyright 2004 American Chemical Society.

tive incorporating a fluorenyl-based ligand, i.e. [(�5,�5-
{Me2C(C13H8)(C5H4)})Y(�-H)(THF)]2, was prepared by
the reaction of either51 or 52 with standard hydrogenoly-
sis agents (H2, PhSiH3) in benzene solution[43]. Alterna-
tively, the reduction of the chloro complex48with NaBHEt3
in toluene solution provides a more direct route to57. Com-
plex57features a dimeric solid-state molecular structure with
bridging hydride and “spanned” Me2C(C13H8)(C5H4) lig-
ands (Fig. 25). The Y H bond lengths were found to be short,
1.99(4) and 2.01(4)̊A, and both fluorenyl moieties are clearly
�5-bonded to yttrium (typeA).

The influence of bulky substituents on the coordina-
tion sphere of the metal center was investigated with
the modified ligand system [(3-tBu–C5H3)–CMe2–Flu]2−
(Scheme 16) [43]. The salt elimination reaction of the
dilithium salt of this ligand with YCl3(THF)3.5 gave [(3-
tBu–C5H3)–CMe2–Flu]YCl(THF) (58), which was subse-
quently treated with 1 equiv. of LiCH(SiMe3)2 to afford the
THF-free alkyl complex59 in high yield. The consistency of
both yttrocenes was confirmed by NMR spectroscopy.

heme 1
Sc
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Scheme 17.

Fig. 26. The molecular structures of complexes60 (a) and61 (b). Reprinted with permission from Ref.[45]. Copyright 1999 American Chemical Society.

4.3. ansa-Metallocenes bearing silylene-bridged
fluorenyl-based ligands

This class of fluorenyl complexes of lanthanides is thus
far limited to a few examples described in the works of Qian
and Do.

The bulky silylene-bridged fluorenyl-tetramethylcyclo-
pentadienyl ligand was used by Do and co-workers to
prepare theansa-yttrocenes{Me2Si(C13H9)(C5Me4)}YCl2
Li(Et2O)2 (60) and{Me2Si(C13H9)(C5Me4)}Y[N(SiMe3)2]
(61) (Scheme 17) [45].

Complex 60 constitutes a rare example of a “classic”
ate complex bearing a fluorenyl ligand in which both the
yttrium and lithium centers are linked to the bridging Cl
atoms (Fig. 26a). The large steric crowding in the coordina-
tion sphere of theseansa-lanthanidocenes can be evaluated
from the bite angle values, which are normally 10–15◦ larger
for silylene-bridged metallocenes than those for carbon-
bridged systems. The bite angles Cpcent C Flucent in 60

and61 are 125.3◦ and 123.7◦, respectively. An endocyclic
�3-coordination (typeB) of the fluorenyl moiety with yt-
trium was clearly concluded in complex60, whereas in com-
plex61 the coordination is intermediate between the�3 and
�5 modes (Fig. 26b). X-ray diffraction data also revealed a
strong agostic interaction between a carbon atom from the
bis(trimethylsilyl)amido group and the metal center in61.

A series of silylene-bridgedansa-metallocenes of yt-
trium, lutetium, dysprosium and erbium incorporating flu-
orenyl/cyclopentadienyl ligands were synthesized by Qian
et al. using a salt metathesis approach (Scheme 18) [46,47].
In contrast to the fluorenyl-tetramethylcyclopentadienyl yt-
trocene60, neutral dimeric complexes are formed in this
case, i.e. [{R2Si(C13H8)(R′C5H3)}LnCl]2 (R = Me, R′ = H,
Ln = Y, 62; Lu, 63; Dy, 64; Er, 65; R = Ph; R′ = tBu, Ln = Y,
66; Dy, 67).

The crystal structures of two of them (62 and 66)
were determined by X-ray analysis and shown to feature
a “spanned” coordination of the fluorenyl/cyclopentadienyl

heme 1
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Fig. 27. The molecular structures of complexes62 (a) and66 (b). Reprinted with permission from Refs.[46,47]. Copyright 2000 American Chemical Society
and 2002 Elsevier.

ligands, independent on the nature and bulkiness of the sub-
stituents on the bridge and Cp ring (Fig. 27a and b). However,
the bonding modes of the fluorenyl units in62and66are not
exactly the same, that is an�5 coordination (typeA) and a
slipped mode toward�3 (typeB), respectively.

Treatment of these chloro complexes with LiCH(SiMe3)2
and KN(SiMe3)2 resulted in the formation of the alkyl and
amido derivatives{Me2Si(C13H8)(C5H4)}Ln[E(SiMe3)2]
(E = N, Ln = Dy, 68; Er, 69; E = CH, Ln = Dy, 70; Er, 71)
(Scheme 18). This reaction is accompanied by the rearrange-
ment of the “spanned” ligand into anansa-chelating pattern,
as confirmed by the X-ray diffraction studies performed on68
and70(Fig. 28). Both these complexes show close structural
similarities; in particular, the bonding features of the fluo-
renyl moieties with metals are nearly the same, i.e. slipped
to �3 from �5 (typeB). However, the amido complex68 fea-
tures an agostic interaction of a trimethylsilyl carbon atom
with dysprosium, while no interaction was found in70.

Also, a “neutral” silylene-bridged bis(fluorenyl) neody-
mocene, tentatively formulated Me2Si(C13H8)2NdCl (72),

was prepared by the reaction of Me2Si(C13H8)2Li2 salt with
NdCl3 in THF [48]. No exhaustive characterization was pro-
vided for this complex that has been used as a polymerization
catalyst precursor (vide infra).

The “extended” amine elimination reaction of homolep-
tic yttrium amide Y[N(SiHMe2)2]3(THF)n with dipro-
teo Me2Si(cyclopentadienyl–H)2 was investigated in de-
tail by Anwander and co-workers[49]. However, partly
because of the low acidity of fluorenyl protons in
Me2Si(C13H9)2, this reaction appeared to be disfavored and
gave a poor yield (<7%) of theansa-metallocene product
{Me2Si(C13H8)2}Ln[N(SiHMe2)2] (73).

4.4. Constrained-geometry fluorenyl-based systems

The�-bond metathesis approach was intensively investi-
gated as a convenient entry toward half-sandwich lanthanide
complexes incorporating constrained-geometry fluorenyl-
based ligands[50]. The amine elimination reaction be-
tween homoleptic lanthanide amides Ln[N(SiMe3)2]3 and

F d with ety
a

ig. 28. The molecular structures of complexes68 (a) and70 (b). Reprinte
nd 2002 Elsevier.
permission from Refs.[46,47]. Copyright 2000 American Chemical Soci
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Scheme 19.

diproteo R2Si(3,6-tBu2C13H7)(NHtBu) (R = Me, Ph) lig-
ands was found inoperative, again most likely due to
the low acidity and, consequently, poor reactivity of both
fluorenyl and amido groups. In remarkable contrast to
amine elimination, alkane elimination from yttrium trialkyl
Y(CH2SiMe3)3(THF)2 proved to be a much more efficient
route (Scheme 19). Quantitative conversion of thedipro-
teo ligand Me2Si(3,6-tBu2C13H7)(NHtBu) into the half-
sandwich complex74was readily achieved, whereas the more
bulky ligand Ph2Si(3,6-tBu2C13H7)(NHtBu) appeared less
reactive toward Y(CH2SiMe3)3(THF)2 (and the final prod-
uct more thermally sensitive), resulting in low yields.

The crystal structure of74revealed that, in the solid state,
the fluorenyl moiety is bonded with yttrium in an unusual
exocyclic�3-fashion (typeF) (Fig. 29). The presence of an
additional THF molecule in74, as compared to “constrained-
geometry” cyclopentadienyl-based yttrium analogues that
contain only one coordinated-THF molecule, constitutes a
specific feature of this 12-electron complex that may be di-
rectly connected to the reduced hapticity of the fluorenyl lig-
and. Interestingly, the reduced�3 hapticity of the fluorenyl
unit seems to be preserved in solution, as judged by variable-
temperature NMR spectroscopy. One of the two coordinated
THF molecules is labile on the NMR time scale and involved
into a dissociative process between the mono- and di-solvated
forms of complex74.

yt-
t
g r-
g ents,

THF), despite the presence of twotert-butyl substituents
(Scheme 20). The reaction of this putative hydride with an
excess of pyridine at 70◦C resulted in the new pyridine-
insertion “constrained-geometry” yttrium amido complex76,
the identity of which was established by NMR spectroscopy
and X-ray analysis (Fig. 30) [51]. Complex76 displays a
pseudo-five-coordinate geometry that is very similar to its
alkyl parent74, with the THF molecules and the alkyl group
in 74being replaced by pyridine molecules and a dihydropy-

F n
f

heme 20.
Generation of the related hydrido derivative from the
rium carbyl74 by reaction of the latter with H2 or PhSiH3
ave a yellow product (75) that is insoluble in common o
anic solvents (aromatic hydrocarbons, chlorinated solv

Sc
ig. 29. The molecular structure of complex74. Reprinted with permissio
rom Ref.[50]. Copyright 2003 American Chemical Society.
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Fig. 30. The molecular structure of complex76. Reprinted with permission
from Ref.[51]. Copyright 2004 Wiley.

ridinyl group in76, respectively. However, in contrast with
the unusual non-symmetric, exocyclic�3 coordination mode
of the fluorenyl moiety observed in the solid-state structure
of 74, that of76 features a symmetric�5 coordination (type
A) resulting in a higher electron count (14-e).

Salt elimination reactions between the dilithium salt
Me2Si(3,6-tBu2C13H6)(NtBu)Li2 and lanthanide trichloride
precursors were explored and resulted in most cases in
the formation of the anionic bis(ligand) disproportiona-
tion products of general formula [{Me2Si(3,6-tBu2C13H6)
(NtBu)}2Ln]−[Li(ether)n]+ (Ln = Y, ether = THF,n= 4, 77;
Ln = La, ether = Et2O, n= 2, 78) [50]. These diamagnetic
complexes were isolated in good yields and authenticated
by NMR spectroscopy and an X-ray diffraction study for78
(Fig. 31). The solid-state structure of78 features a closely
associated ion pair. Each of the fluorenyl moieties is coordi-
nated in an�3-fashion involving the bridgehead carbon atom
of the central five-membered ring and the two adjacent carbon
atoms fusing the five- and six-membered rings. Such allylic
coordination of the two fluorenyl units is, however, not as
symmetric as in the ideal caseB and the lanthanum atom
is, therefore, slipped on one side of the fluorenyl system. A
limit view of an�2 coordination mode for both fluorenyl units
would render78 isostructural and isoelectronic to tetrahedral
ML4 8-electron complexes.

When the same salt metathesis synthetic approach was
a tion
p
[
[
s p-
l
( ro-

Fig. 31. The molecular structure of complex78. Reprinted with permission
from Ref.[50]. Copyright 2003 American Chemical Society.

cess. The identity of both complexes was unambigu-
ously established by single-crystal X-ray diffraction studies
(Fig. 32a and b).

The molecular structure of79 in the solid state comprises
a fully dissociated ion pair in which the cation consists of
a lithium atom coordinated by four THF molecules. The
neodymium atom is coordinated in a distorted trigonal bipyra-
midal geometry by one THF molecule and a pair of amido
and fluorenyl moieties. In contrast with the parent anionic
bis(ligand) lanthanum complex78, but similarly to neutral
yttrium carbyl74, both fluorenyl moieties in79 are coordi-
nated to Nd in a dissymmetric fashion. A clear dissymmetric
�3-bonding mode (typeF) is established for one fluorenyl
ligand. The corresponding NdC(Flu) bond distances for the
second ligand indicates that this fluorenyl ring may be in a
stage of approaching towards reduced hapticity (�2 or �1

bonding mode, typeG).

4.5. Miscellaneous reactions

Introduction of fluorenyl fragments in the coordina-
tion environment of samarium metal by reduction of
N-phenyl-fluorenimine with divalent samarium precursors
Sm(OAr)2(THF)3 and Sm[N(SiMe3)2]2(THF)2 was demon-
strated by Hou et al. (Scheme 22) [52]. The crystal structures
of the recovered products81 and 82 appeared to be very
s nyl
m
(

5

ups
2 ould
pplied to neodymium chemistry, the disproportiona
roduct [�3,�1-{(3,6-tBu2C13H6)SiMe2NtBu}2Nd(THF)]−

Li(THF)4]+ (79) was isolated in poor yield (Scheme 21)
50]. Crystallization of the crude product from Et2O:hexane
olution allowed the isolation of the neutral chloro com
ex [�5,�1-{(3,6-tBu2C13H6)SiMe2NtBu}Nd(�-Cl)(THF)]2
80), which is the major product formed in this p
imilar, featuring identical bonding fashions of the fluore
oieties with samarium via the bridgehead atom (typeD)

Fig. 33a and b).

. Applications in catalysis

Applications in catalysis of fluorenyl complexes of gro
and 3 metals are promising since, in principle, they c
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Scheme 21.

Fig. 32. The molecular structures of complexes79 (a) and80 (b). Reprinted with permission from Ref.[50]. Copyright 2003 American Chemical Society.

Scheme 22.

cover the same areas as those efficiently performed by a
plethora of cyclopentadienyl group 3 metal complexes, in
particular polymerization of polar and non-polar monomers
[53], and a variety of CC and C X (X = H, B, N, Si, P)
bond-forming reactions[54]. They could also take advan-
tage of the unique features brought by the fluorenyl moiety
in group 4 metallocene chemistry[2]. Recent years have in-
deed witnessed a growing interest in the investigation of the
catalytic performances of these groups 2 and 3 metal fluorenyl
complexes, although only a restricted numbers of convincing
examples have been disclosed thus far.
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Fig. 33. The molecular structures of complexes81 (a) and82 (b). Reprinted with permission from Ref.[52]. Copyright 2003 American Chemical Society.

5.1. Polymerization of polar monomers

The divalent bis(fluorenyl)samarocene3 was shown by
Evans and Katsumata to be active in the ring-opening copoly-
merization of ethylene carbonate (EC) and�-caprolactone
(�-CL) at room temperature[55]. The copolymer, obtained
in 63% yield, contained ca. 14 mol% of�-CL and had a
number-average molecular weightMn of 28,000 and a rather
large polydispersityMw/Mn of 2.3. Monometallic10 and
heterotrimetallic12 samarocenes displayed no activity to-
wards methyl methacrylate (MMA) but were highly ac-
tive in the ring-opening polymerization of�-CL, provid-
ing at full conversion PCL polymers with low molecu-
lar weight (Mn = 5500–7300) and very narrow polydisper-
sity (Mw/Mn = 1.17–1.20)[19]. The divalent ytterbium com-
plex 15 and its dinuclear derivative16 initiate the poly-
merization of MMA at −40◦C giving isotactic-enriched
PMMA (mmtriads≈ 80%) withMn = 127,000–244,000 and
Mw/Mn = 1.62–2.08[21,22]. The activity of16 was found
to be ca. 5 times higher than that of15 and amounts to
1.4× 10−5%conversionmol−1 min−1.

The trivalent carbon-bridgedansa-metallocene amide41
was found to be only slightly active in the polymerization of
MMA giving syndiotactic-enriched polymer (rr triads 59%)
withMn = 24,000 andMw/Mn = 2.27[40]. A somewhat higher
activity was noted towards�-CL and�-valerolactone, cyclic
m om-
p
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68–71 initiate MMA polymerization from−78 to 20◦C to
yield syndiotactic-enriched polymers with very high molec-
ular weights that are insoluble in THF[46].

The “constrained-geometry” yttrium alkyl74 and “hy-
dride” 75 complexes were found almost inactive towards
MMA, whereas the anionic complex of lanthanum78
smoothly reacts with MMA in the temperature range
20–50◦C to give atactic PMMA with high molecular weight
(Mw = 216,000–250,000) andMw/Mn = 2.8–3.6[50].

5.2. Polymerization of styrene

The divalent complexes of ytterbium4 and samarium
10 and 12 polymerize styrene (St) only sluggishly under
ambient conditions[56]. In contrast, effective controlled
syndiotactic polymerization of St was achieved by Harder
et al. by using benzylic-fluorenyl complexes of alkaline-
earth metals[32,34]. The polymerization proceeded in bulk
St in the temperature range−20 to 20◦C in the presence
of benzyl calcium complexes30–32 and gave PSt with
Mn = 96,000–109,000 andMw/Mn = 2.04–2.35. The signifi-
cant syndiotacticity (rr = 83–86%) of the PSt samples was
illustrated by the13C{1H} NMR spectrum of the aromatic
region (Fig. 34) [57]. The benzyl-ytterbium analogue33 fea-
tured similar high activity (100% conversion) giving PSt with
M = 201,000 andM /M = 2.30, but lower syndiotacticity
(

ed
a -
c
m er
c za-
t he
p the
o -
m
c ge
onomers which are traditionally more reactive. In c
arison, the yttrium hydrocarbyls51 and52 were found to
e much more active in the polymerization of MMA u
er mild conditions (−15 to 20◦C), yielding syndiotactic
nriched PMMA (rr 60–66%) with high molecular weig
Mn = 271,000–376,000) andMw/Mn = 1.43–1.87[43]. Com-
arable and even higher activity for MMA polymeriz

ion was provided by silicon-bridgedansa-metallocene
f trivalent lanthanides. For example, complex61 gave
yndiotactic-enriched PMMA (rr 56–58%) withMn = ca.
10,000 andMw/Mn = 1.29–1.39 [45]. Also, complexe
n w n
rr ca. 67%)[24].

Upon exploring the catalytic activity of the carbon-bridg
nsa-allyl-lanthanide complexes54–57, highly syndiospe
ific polymerization of styrene was achieved[44]. Poly-
erization of bulk St led to 70–85% maximum monom

onversions, while introduction of toluene in polymeri
ion media was found detrimental for catalyst activity. T
olymerization activity of the allyl complexes was in
rder Nd (56) > Sm (57) > La (55) > Y (54), featuring a re
arkably high activity of 250–1710 kg PS mol−1 h−1 for

omplex 56. The molecular weights were in the ran
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Fig. 34. The13C{1H} signal of the phenyl Cipso in the syndiotactic-enriched
polystyrenes obtained from complexes30–32.

Mn = 10,000–135,000 with narrow to usual molecular weight
distributionsMw/Mn of 1.25–2.10. The very high syndiotac-
ticity (rrrr pentads > 99%) of the PSt samples obtained was
illustrated by13C{1H}NMR spectroscopy (Fig. 35) and other
techniques.

5.3. Polymerization of ethylene

The potential of fluorenyl-lanthanide complexes
to catalyze ethylene polymerization was investigated
as well, but rather modest performances have been
reached thus far. Both monometallic and trimetallic
samarocenes10and12produce polyethylene (PE) (activity
0.03–1.72 kg PE mol−1 h−1 atm−1 at 25–65◦C and 1 atm of
C2H4) with low molecular weight (Mn = 26,000–53,000) and
monomodal, though rather broad polydispersity of 1.98–2.56
[19]. Only traces of PE were obtained using the THF-free
bromo complex53 activated with [HAl(iBu)2(n-Bu)]−Li+

F -
t

(HAl( iBu)2/n-BuLi/Y = 40:40:1; cyclohexane, 80◦C, 8 atm)
[43]. Applying the same activator and polymerization con-
ditions with thetert-butyl-substituted mono-THF precursor
58 gave a moderately active catalyst (76 kg mol−1 h−1), of-
fering quite low-molecular-weight polyethylene (Mn = 900,
Mw/Mn = 2.02,Tm = 124◦C) [43].

Interestingly, the “constrained-geometry” yttrium hydro-
carbyl 74 was found to be inactive towards ethylene[50],
in contrast to its cyclopentadienyl equivalent[58]. The in-
activity of the former most likely stems from the presence
of two THF molecules in the coordination sphere of yttrium
that might block the “active-site”; indeed, the cyclopentadi-
enyl equivalent contains only one THF molecule, which was
shown to decoordinate rather fast in solution[58]. The neutral
dimeric neodymium chloride80, when activated with 1 equiv
of LiCH(SiMe3)2, polymerizes ethylene with low activity
(1.3 kg PE mol−1 h−1 atm−1 at 20◦C and 4 atm of C2H4) to
yield PE withTm = 134◦C,Mn = 140,000 andMw/Mn = 2.46
[50]. Also, only traces of PE were obtained on using in situ
combinations80/Mg(n,sBu)2 (1:40) or10/HAl( iBu)2/nBuLi
(1:20:20) as catalyst system under similar conditions.

5.4. Copolymerization of dienes and ethylene

An interesting and specific application of fluorenyl-
l oly-
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ig. 35. Aromatic region of the13C{1H} NMR spectrum of highly syndio
actic PSt obtained from complexes54–57.
anthanide complexes in catalysis consists of the cop
erization of dienes with ethylene and/or�-olefins, which

s a quite demanding process. Recently, Boisson et al.
hown that theansa-neodymocene72 upon activation with
lkylating agents, e.g. [HAl(iBu)2(nBu)]−Li+ or Mg(alkyl)2,
nables the copolymerization of ethylene with butadien
0◦C and 4 bar to give polymers with low to high mole
lar weight (Mn = 8000–148,000) and controlled polyd
ersity (Mw/Mn = 1.2–3.1) [59]. The copolymers feature
nusual microstructures with high content (53–57%) of
yclohexane rings. The latter could be rationally expla
n the basis of a 2,1-insertion of butadiene, followed by
uccessive ethylene insertions and a final intramolecul
ertion of a pending vinyl unit from butadiene (Scheme 23).

Scheme 23.
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5.5. Comparison of polymerization catalytic
performances of groups 2 and 3 fluorenyl complexes with
related catalyst systems

Considering the aforementioned synthetic difficulties in-
herent to groups 2 and 3 metal chemistry and also to the
fluorenyl ligands (as compared to group 4 metal chemistry
and more easily introduced simple Cp ligands), it is worth
questioning about the added value that those systems could
bring to polymerization catalysis. The examples depicted in
Sections5.1–5.4clearly demonstrate a contrasting situation.

The poor activities observed in the polymerization of ethy-
lene and above all of higher�-olefins are in striking contrast
with the outstanding abilities of fluorenyl-based group 4 met-
allocenes and hemi-metallocenes (constrained-geometry cat-
alysts), which have demonstrated, in addition to high activity,
very high efficiency in controlling the stereospecificity and
livingness of the polymerizations of these monomers[2]. If
this situation is not surprising for the polymerization of�-
olefins, which has remained since the 1980s probably the ma-
jor limitation for lanthanides[53a,b], the generally modest
ethylene polymerization performances were less expected.
Also, even if interesting results have been obtained in the
polymerization of polar monomers such as MMA or capro-
lactone, fluorenyl complexes of alkaline earth and rare-earth
metals do not challenge simpler lanthanidocenes or in situ bi-
n ents
[
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Scheme 24.

6. Conclusion

The fluorenyl ligand offers a surprisingly large variety of
coordination modes (Scheme 2). Among them, those cor-
responding to typeA (�5) and typeB (�3) are by far the
most common. The reasons for this preference are essen-
tially electronic in origin. In particular, the bridgehead car-
bon is expected in general to bind to a metal atom much more
strongly than the other fluorenyl atoms. As a consequence,
the�5 coordination of typeA often shows a clear tendency
to asymmetry, with a metal slippage towards the bridgehead
atom, i.e. towards the�3 coordination of typeB. It follows
that the energy profile of the pathway connecting typesA
andB is particularly flat. For the same metal, coordination
typesA andB or intermediate can be very close in energy,
so that the definitive choice will be made by small perturba-
tions such as crystal packing forces or steric interactions, for
instance. Such a situation is rather surprising, owing to the
fact that C13H9

− provides the metal with different numbers
of electrons depending on whether it is an�5 or �3 (6 and 4,
respectively) fashion, at least formally.

Fluorenyl complexes of group 2 tend to form hypercoor-
dinated and hypervalent molecules in which the ionic bond-
ing is likely to be very important. Some participation to the
bonding of the metal valence d orbitals could possibly ex-
ist for the heavier elements of this group[13]. In the case
o om-
m otif
o type
C yl
C re
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i of an
a lig-
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ary combinations of lanthanide salts and alkylating ag
53c].

Much more significant are the recent advances obta
n the homopolymerization of styrene and the copolyme
ion of dienes with ethylene or�-olefins. Clearly, fluoreny
omplexes of alkaline earth and lanthanides have offere
ivities and tacticities for styrene polymerization that hav
recedent thus far with group 4 metallocenes. In this reg
ne may argue that the dramatic improvement of activity
tyrene polymerization may originate in the higher ionic c
cter of groups 2 and 3 metal complexes as compared t
f analogous group 4 complexes. Even more promisin

he unique ability of some fluorenyl-neodymium system
chieve effective copolymerization of butadiene with e

ene and even�-olefins and afford original microstructure
omparable investigations with group 4 metallocenes

hus far provided poor results, i.e., a large decrease in a
ty in the presence of conjugated dienes and low butad
nsertion[59].

.6. Miscellaneous applications in catalysis for fine
hemicals

The intramolecular hydroamination/cyclization of�,�-
minoalkenes catalyzed by the constrained-geometry
omplex74was briefly investigated (Scheme 24) [60]. High
electivity but moderate activity was observed for this
ess, in contrast to highly active cyclopentadienyl-based
hanidocenes[54b], most likely due to competitive coordin
ion between molecules of THF in74and the amino substra
f the more covalent complexes of group 3, the most c
only encountered architecture is that containing the m
f the well-known stable 16-electron compounds of the
p2ML2 [16]. In this motif, the metal binds to the fluoren
5 ring(s) either in theA orB form, depending on the natu
f the compound. The particular stability of this architec

s demonstrated in several examples by the existence
gostic interaction at the right place when only one L
nd is present in the metal coordination sphere. Other o
omplicated structures have been characterized with g
metals, exhibiting various types of fluorenyl coordina
odes. Most of them are electron-deficient, but a few are

o accommodate enough ligands in their coordination sp
or satisfying the 18-electron rule.

The chemistry of fluorenyl complexes of groups 2
obviously sets up challenges for both organometallic

omputational chemists. The large variety of coordina
odes provides opportunities to control the coordina

phere and saturation of the metal center, and the overall
lex geometry. These factors, when approaching the

imits (e.g. very narrow bite angles), can affect significa
he electronic properties of the metal site in complexes
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therefore the reactivity of the latter, making them interesting
candidates for a variety of catalytic applications.
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