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Abstract

The panorama of fluorenyl complexes of alkaline earth and rare-earth metals is considered. The coordination facilities and bonding abilities
of the fluorenyl ligand, common and less usual synthetic procedures of fluorenyl-based metallocenes of groups 2 and 3 elements, as well as
applications derived from these fluorenyl complexes in polymerization and organic catalysis are discussed.
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1. Introduction of a rather high-lying HOMOJ[5], as illustrated by the
DFT-computed MO diagram of {gHg~ shown inFig. 1
The introduction of fluorenyl ligands in the coordina- [6].
tion chemistry of early transition elements has opened up Due to its high energy, this orbital is expected to af-
a rich domain of investigation, which has proven espe- ford particularly strong interaction with accepting orbitals
cially valuable for the polymerization catalysis field. As of an incoming metal moiety. Its localizatiofrij. 1) fa-
reviewed by Alt and Samuel, group 4 metallocenes incor- vors bonding of the metal to the bridgehead atom and, to
porating various fluorenyl-based ligands represent a uniquea lesser extent, to the two atoms that connect their@@s.
class of complexes that afford astonishing catalytic activ- Considering the HOMO and HOMO + 1 both together, the

ities in the polymerization of ethylene andolefins [1]. same argument suggests that covalent interactions would fa-
The fluorenyl moiety can impart exceptional syndiospe- vor bonding to atoms of thegZing. From the point of view
cific control in propylene polymerization mediated &nysa of coulombic charge interaction, a comparison of the com-

metalloceneg2], an ability that has initiated a strong in- puted carbon Mulliken net chargeSaheme 1 [5], again
terest into sandwich complexes bearing sterically expansivelargely favor bonding to the bridgehead atom, while bond-
substituted fluorenyl ligandg3]. The use of fluorenyl lig- ing to the other atoms of thesCring are this time ex-
ands with alkaline earth and rare-earth metals is more re-pected to be less favored than that to the outer atoms of
cent, but the work achieved over the past decade has revealethe G rings. Nevertheless, with a set of seven occupied
a much more diverse coordination chemistry of fluorenyl- w-type orbitals delocalized over its whole carbon skele-
based ligands than so far envisioned with group 4 metals.ton, the fluorenyl anion can in principle coordinate metal
w-Complexes of early elements and lanthanides are highlyatoms by using any of its carbon atoms. The nature and
ionic by nature and can be considered as isoelectrdhic d the number of the coordinated atoms will depend on the or-
species. As a consequence, the latter can feature very simbital and electrostatic demand of the metal, but also on the
ilar, original bonding and structural properties and reactiv- steric and strain conditions the whole molecule is under con-
ity. trol.

This review focuses on important structural aspects of In this regard, one can distinguish seven limiting coor-
fluorenyl complexes of groups 2 and 3 metals, and de- dination modes of the fluorenyl ligand that have been ob-
scribes as well the main synthetic problems encountered inserved in metallocene complexes of groups 2 and 3 metals
their preparation and catalytic applications that have been(Scheme 2 The bonding inA is reminiscent of “classic”
developed thereof. Accordingly, the review is divided into metallocene architectures. Within the framework of a cova-
four main sections. Sectiod discusses the structural and lent bonding scheme,GHg~ behaves imA as a 6-electron
electronic properties of the fluorenyl anion and the vari- donor, as well as ik. In B, C andF, C13Hg™ is a 4-electron
ety of coordination modes of fluorenyl ligands that have donor. Itis a 2-electron donor D, while the situation irG
been observed in complexes of alkaline earth and rare-cannot be discriminated betweensBy~ being a 2- or a 4-
earth metals. Sectior&and 4cover the methods of prepa- electron ligand. However, ionic (coulombic) interactions can
ration and structural features of fluorenyl complexes of also be determinant in the choice of the coordination mode
divalent metals and trivalent rare-earth elements, respec-for highly electropositive metals such as those of group 3,
tively. Applications of fluorenyl complexes of these ele- and particularly of group 2.
ments in modern homogeneous catalysis are discussed in
Sectionb.

3. Fluorenyl complexes of group 2 metals and related
divalent lanthanides
2. The fluorenyl anion and its diverse bonding

facilities Fluorenyl complexes of group 2 metals and divalent lan-
thanides (namely Sm, Yb) can be surveyed in one section
The 14r-electron fluorenyl anion (3Hg ™), like the G- due to the striking similarity of their physicochemical prop-
electron cyclopentadienyl one, belongs to Huckel{2)m erties and structural features. Two pairs of these metals can be

aromatic systems. The highly aromatic character of the fluo- marked out: Ca(ll)/Yb(ll) and Sr(11)/Sm(ll). The near identi-
renyl anion is corroborated by ab initio and density func- ties of ionic radii of these metals (é'al.OO,&; Yb2* 1.02A
tional theory (DFT) computations described by Schleyer and Sf* 1.21A; Sm?* 1.22,&) [7] make their isoleptic com-
and co-workerg4]. However, GsHg~ demonstrates lower  plexes feature structural isomorphi§sh, and comparable IR
stability in terms of absolute hardness in the row of an- and NMR spectral data suggest similarity in bonding. Their
ions: fluorenyl <indenyl < cyclopentadienj$]. This trend reactivity can be very similar as w¢gh)].

is in agreement with the observed hard accessibility and The general synthetic methods of this group of metal-
instability of fluorenyl metal complexes under conditions locenesincorporating divalent metals are reminiscent ofthose
that proved to be suitable for the cyclopentadienyl ana- known for “classic” cyclopentadienyl complexes and include
logues. This relative instability is related to the existence the usual salt metathesis approagthond metathesis routes
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Fig. 1. Molecularr orbital diagram of the fluorenyl anion.

Scheme 1. Calculated Mulliken net charges for the cyclopentadienyl, indenyl and fluorenyl [&idbata 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 “(@Hg)2Ba(ether)” (1), was quan-
titatively prepared upon stirring fluorene in THF on a barium
mirror [10]. Alternatively, complexL 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-
diphenylethyleng11,12]. 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 {§Hg)2Ba(NHs)4
(2) (Fig. 2. Interestingly, despite this recrystallization pro-
cedure in THF, the barium metal & 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 that in these hypervalent (and hypercoordinated) molecules,
is presented irFig. 2 The major difference between the some of the combinations of the ligand-donating orbitals are
two conformers is the manner the fluorenyl ligand coor- non-bonding. Some weak participation of the barium 5d or-
dinates to the metal center: In one conformer, the barium bitals has been also suggesf&d]. lonic interactions should
center exhibits nearly symmetric interactions with both five- also play an important role in the bonding of this type of
membered rings of the two fluorenyl moieties (typein compound.

Scheme P whilst in the other conformer, one fluorenyl moi- Since the most common divalent precursors for the salt
ety is still n>-bonded, whereas the second fluorenyl ligand metathesis reaction are metal iodides, the use of fluorenyl
is just about to bey®-coordinated (typ®). The existence in  potassium salts is strictly preferable to facilitate the isola-
the same crystal of two different bonding modes has beention of the target compounds from alkali metal halides. In
attributed to a very shallow potential energy surface for the this regard, the SchlosserBuLi/KOR superbasefl4] are
interaction of the metal cation with the fluorenyl anida3]. prevalent powerful deprotonating agents.

A mechanical electron counting for these two conformers  Non-substituted bis(fluorenyl)samarocene;#dy)>Sm
would lead to 20 and 18 electrons, respectively. It is likely (THF), (3), was easily prepared from SpiTHF), and a

Fig. 2. The crystal structure of compl@qonly one conformer is shown).
Reprinted with permission from Rg1.3]. Copyright 1992 American Chem-
ical Society.

endocyclic n 3 endocyclic n !
M M M
=0 G0
(B) (©) D)
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Scheme 2. Coordination modes of fluorenyl ligands observed with groups 2 and 3 metals.
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Fig. 3. The crystal structure of compl&xReprinted with permission from
Ref.[15]. Copyright 1994 American Chemical Society.

two-fold excess of fluorenyl-potassium in THE5]. The
molecular structure of this complekif. 3) features two in-
equivalently coordinated fluorenyl ligands as for one con-
former of 2. While one fluorenyl moiety is symmetrically
m°-bonded to the metal center (typ@, the second ring tends
towards an3-coordination mode (typB). From the consid-
erations discussed in Secti@and concerning the GHg™
HOMO and atomic charge distribution, one may keep in mind
that, among the atoms of the; @ng, the bridgehead one is
somewhat “privileged” for bonding to metal. It follows that
the n° bonding typeA will tend to dissymmetrize with a
shorter M-bridgehead bond. This distortion towardsfie
bonding typeB can make the distinction betwegp (A) and
m2 (B) unclear. Depending on whether the second fluorenyl
unit in 3 is considered being®- or n3-coordinated3 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 typel@p» (M = d°)
[16], e.g. the numerous bis(fluorenyl)zirconocenes of general
formula (FlupZrX; (Flu = substituted or unsubstituted fluo-
renyl ligand; X =halide, amido, alky! ligand}].

The fluorenyl-based ytterbocene@Elg)2Yb(THF), (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 vpitbte oflu-
orene Gcheme B[17]. Complex4 is easily converted to the
DME-adduct (G3Hg)2Yb(DME) (5) upon recrystallization
from neat dimethoxyethane.

The combined metathesis/substitution procedure be-
tween the mixed iodo-naphthalene ytterbium compound,

1225

CH3
[YBI(DME)z]s(1-C1oHe) DME ‘:‘ >\ d
— = 2 . Yoo
+ - CioHg \%/ \Oj
-Hap o \
2 C13H9K + 2 CEMG5H _o K| CHj
(6)
Scheme 4.

fluorenyl-potassium and pentamethylcyclopentadiene led
to the isolation of the mixed-ligand ytterbocene;£B8o)
(CsMes)Yb(DME) (6) (Scheme %

The X-ray diffraction analyses carried out fdrand 6
(Fig. 4a and b) revealed that, in the solid-state structures
of both complexes, the fluorenyl ligands are coordinated in
a nearly symmetria)>-fashion, although the moderate ring
slippage of 0.25-0.3& indicates a tendency to a reduced
n3-mode (typeB). These observations were related to the
relatively small ionic radius of Y& [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 compo8r{gide
supra).

Complex4 can be quantitatively oxidized with 1,4-tht-
butyl-diimine to yield the corresponding ytterbocene(lll) in-
corporating the radical-anion diimine ligang) (Scheme b
[17]. Quite different products were obtained upon treatment
of 4 with bulkier aromatic diimines under the same condi-
tions (Scheme $[18]. Thus, an unexpected-C coupling
reaction between ytterbocedeand 1,4-bis(diso-propyl)-
diimine without oxidation of the metal was demonstrated,
leading eventually to comple®. Also, the analogous re-
action of 1,4-bis(diso-propyl)-2,3-dimethyl-diimine with}
exhibits diverse EH bond activation pathways, giving the
half-sandwich Yb(ll) comple»® with concomitant elimina-
tion of proteofluorene.

The crystal structures of both compourgisnd9 (Fig. 5a
and b) feature quite different coordination modes of the fluo-
renyl moieties onto ytterbium. Whereas the bonding mode of
fluorene in9 is usual, showing moderate slippage towagéls
in accord with typeB, the uncommon open-sandwich coor-
dination environment of the metal 8presents two fluorenyl
fragment bonded in an exocyclic manner (tfe

— (7 (7

Yblg(THF)g G 2013H9K 2Kl Q 3 CH3

DME Ci d
- iy THF — oj

/e / o

5 S,

(C1oHg) Yb(THF) 2 CqzH THF 2 \CH
+ — 3

e )

Scheme

3.
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(b) ca ci5
Fig. 4. The crystal structures of complexe&) and6 (b). Reprinted with permission from RgL7]. Copyright 2001 Wiley.

Also, ansametallocenes of the divalent ytterbium and i
samarium metals were prepared by salt metathesis and char- %

acterized by'H and 13C NMR spectroscopyScheme THF _ Me,Si L

[17] Lnly(THF), + MeySi(CysHg)Ks i Q{
Bulky trimethylsilyl-substituted fluorenyl ligands were

successfully introduced in the chemistry of divalent
organolanthanides by Yasuda and co-workers. Diva- Scheme 6.
lent samarium and ytterbium complexes incorporat-

" t
tBUN=CHCH=NBu &N/

Bu
e N (7)
u

Yb

%N;
= \
Bl

; £ i ; CH THF
IPTQCGHSN—CHCH—NCGH(;!PFZ 2. E
(C1aHo)eYB(THF); S N
H 3\ :
(4) \ N
Q “CH;

iProCgHaN=CMeCMe=NC¢HaiPr, THF
O [ le ©
i N  NH
\\ /i
c—C-
s
HaC CH

Scheme 5.
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H(20A)
C(29)

Heom)

Fig. 5. The crystal structures of compleX@&) and9 (b). Reprinted with permission from Rg1.8]. Copyright 2004 Wiley.

ing the trimethylsilyl-substituted fluorene ligand (9- MeszAl or EtzAl resulted in the isolation of heterotrimetal-

Me3Si—Ci3Hg)2M(THF)2 (M =Sm (10), Yb (11)) were iso- lic complexes (9-MgSi—Cy3Hg—9-AlR3)>Sm (R =Me (2),
lated in good vyields from the reaction of the fluorenyl- Et) (Scheme Y. The consistency of both products was estab-
potassium salt with lanthanide iodide in THP®]. The crystal lished by X-ray diffraction analysis and the solid-state struc-
structure oflOwas determined by X-ray diffractiorf{g. 6). ture of the MgAl-adduct is presented iRig. 7a. Formally,

The geometry of this complex resembles that describe8 for complex12 can be considered as the substitution product by
although it demonstrates almost equal participation of all five an AIMe3 moiety of the samarium metal center, the latter
carbons from the central rings of both the fluorenyl ligands being shifted, without change in its oxidation state, from the
in binding with the samarium center (tygg. This obser- central 5-membered ring to the six-membered ring im%n
vation supports our electronic arguments about the difficulty coordination mode, also called “arene” type (type The

to discriminate between coordination typ&sandB, asso- trialkylaluminum moiety isr-bonded to the fluorenyl ligand
ciated with the suggestion of Schleyer and co-workers of a and features a bridging agostic interaction by one of the three
smooth energy profile connecting both types of coordination alkyl groups with the samarium center. Taking into account

[13]. the agostic bondd,2 is also a 16-electron complex isoelec-
Addition of trialkylaluminum derivatives revealed a very tronic to CpZrCls.
unusual reactivity of compoundl) and 11. Treatment of Similar reactivity of10 towards other organoaluminum

the samarium metallocen®0 with a five-fold excess of  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 samaroc&@aipon addition of THF
(Scheme Y.

Surprisingly, two different products were obtained upon
treatment of the ytterbocenkl with excess MgAl [19].
The first one is the heterobimetallic complex of Yb(ll) (9-
Megsi—C13H8—9'-A|Meg)Yb(Me:gSi—ClgHg) (13), which is
composed of two non-equivalent fluorenyl liganégy( 7):
one remains symmetrically®-bound to ytterbium (typd.),
whereas the coordination of the second ligand is the same

C(

c(12)

SiMe; R
o ‘S
S- \ THE  _ MRa @ A
esSi !
S S”‘\ B — Sm
NS @9
) R
. /
- | SiMes M\fﬂ
C@5) SiMeg
(10) MRn = Ale, BH3 ('1 2)

Fig. 6. The crystal structure of complég. Reprinted with permission from
Ref.[19]. Copyright 2000 American Chemical Society. Scheme 7.



1228 E. Kirillov et al. / Coordination Chemistry Reviews 249 (2005) 1221-1248

Fig. 7. The crystal structures of complexis(a) and13 (b). Reprinted with permission from Rg1.9]. Copyright 2000 American Chemical Society.

(m®, type E) as the one described for the aforementioned Plex (14), in particular how the trimethylsilyl moiety is re-
samarium complext2. Also, complex13 features agos- moved from fluorenyl, remains unclear.

tic interactions of the bridging M@l unit with the metal The mono-THF adduct of divalent ytterbocene (9-
center via two methyl groups at the same time. The sec- MesSi-CisHg)2Yb(THF) (15) was obtained from the re-
ond product isolated from this reaction is the fully disso- action of fluorenyl-sodium with ytterbium diiodide and
ciated ion pair [(GsHg) Yb(THF)4]*[AlMe 4]~ (14) in which used next for the preparation of the bimetallic species
the cation is presented by a half-sandwich, non-substituted(9-MesSi—CisHg)2YbAIH 3(NEts) (16) by treatment ofl5
fluorenyl-ytterbium tetrakis-THF-addudfig. 8) that shows ~ With alane (aluminum trihydride}21,22] The identity of
the “classic” coordination of the fluorenyl moiety (typ. both complexes was established by NMR spectroscopy but
Complex14 is a 14-electron species related to other piano- NO structural identification was reported, so that the ac-
stool CpMLsy moieties[20]. The formation of the mono-  tual coordination mode of the fluorenyl ligands remains
trimethylaluminum adducfi3 instead of heterotrimetallic ~ unknown.

complex similar to12 can be reasonably ascribed to the ~ The chemistry of alkaline-earth complexes incorporat-
smaller ionic radius of ytterbium and steric considerations ing a series of bulky silicon-substituted fluorenyl lig-

that derive thereof. However, the pathway to the second com-ands was intensively investigated by Harder et al. For in-
stance, the reaction between 2 equiv. of 938ieC;3HgK

ci17) and Cap was shown to proceed smoothly in THF to
give (9-Me&Si—Ci3Hg)2Ca(THF) (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-M638i—C13H8_]2[CaZ+(THF)G]-CGHG (18) (Fig. %a).
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
two-dimensional coordination polymer. Also, theprotons

of the coordinated THF molecules appear in close con-
tacts with thew-clouds of the six-membered rings of the
fluorenyl anions and encapsulated benzene molecule as
well (Fig. 9%). The shortest €H. - -w contact was found

to be 2.615, which is shorter than or close to the sum
Fig. 8. The crystal structure of complé®. Reprinted with permission from of the van der Waal's radii of the carbon and hydrogen
Ref.[19]. Copyright 2000 American Chemical Society. atoms.

C(19)

ceo] > Cie)
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( a) Si

Fig. 9. The crystal structure of complé8 (a) and C-H

- - -ringgentinteractions in comple48 (b). Reprinted with permission from R¢23]. Copyright 2002

Wiley.

This highly self-organized structure is retained in ben- Me3Si—Ci3HgK and the metal dihalogenides and crystallized
zene/THF solution, as confirmed by 2D ROE$M NMR from THF/benzene mixture.
experiments. Partial loss of coordinated THF molecules oc-  Bulky 9-substituted hypersilyl fluorenyl complexes of
curs in pure benzene solution, which is presumably accompa-calcium and strontium (9-(MgSi)3Si—Ci3Hg)2M(THF)2
nied by the transformation of dicationi@to a neutral met-  (M=Ca 1), Sr 22)) were obtained in good yields from
allocene 17) through an intermediate mono-cationic species the reaction between Mland a two-fold excess of 9-
(Scheme 8 (Me3Si)3Si—-CizHgK [25]. The crystal structures of both
The isostructural magnesium and ytterbium complexes complexeskig. 10 feature close structural similarities, e.qg.,
[9-Me3Si—Ci3Hg ]2 [M2*(THF)s] CsHg (M = Mg, 19 [23]; the both compounds are bis-THF adducts and the coordina-
M=Yb, (20) [24]) were synthesized similarly from 9- tion mode of one of the two fluorenyl ligands in these com-

SiMes SiMe3
ST
THF.. — = THF..

Ca—THF Ca: THF

§

-—
+
_|
I
m

2+ SiMes | *
THF %@
THF., | THF Q

THF...

Ca
N, - -
HE T _THE THE TN

: +THF  +THF
SiMes SiMej

Scheme 8.

plexes is symmetrig° (typeA). However, the coordination

of the second fluorenyl ligand is quite unusual and differs in
both crystal structures: in the calcium compgx this moi-

ety is unsymmetrically)3-bonded to the metal with the outer
edge of one of the six-membered rings (ty@kg whilst the
strontium analogu@2 features nearly symmetrig® “arene”
coordination of the second fluorenyl moiety (tyg¢ The
reason for the coordination of the second fluorenyl ligand to
the metal center by the peripheralsystems of the benzene
rings was proposed to arise from enormous steric congestion
provided by the bulky hypersilyl substituents. This appearsto
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
inanm®-manner. These steric considerations are in agreement
with the observation that the (M8i)3Si groups are signifi-
cantly bent out (10-20 of the G plane away from the metal
both in21and22.

Analogously, alkaline earth metal compounds bear-
ing the uncommon 1,2-bis(dimethylamino)-1,2-di-9-flu-
orenyldiborate ligand were synthesized by reacting the di-
sodium salt of the latter with metal bromides in
THF [26]. Heteroansabridged complexes [M#NB(9-
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Fig. 10. The crystal structures of complexs(a) and22 (b). Reprinted with permission from Ré25]. Copyright 2003 Wiley.

Ci13Hsg)]2M(THF), of Mg, Ca @3) and Ba were isolated
in good yields. The solid-state structure of the calcium
derivative was established by X-ray analydtg( 11). The
fluorenyl fragments are nearly equivalent, displayinghan
coordination mode (type\) tending toward reduced?-
hapticity.

Alternative to salt metathesis,cabond metathesis route,

The molecular structures of both compounds were estab-
lished by X-ray diffraction studiesFHg. 12). As expected
from the differences inionic radii of the metals, complexés
and25feature diverse coordination abilities, e.g., the calcium
complexis atris-THF adduct, whereas the barium analogue is
a tetrakis-THF solvate. The unit cell 86 contains two inde-
pendent molecules that differ in the coordination mode of the

i.e. amine elimination, was used as a convenient syntheticfluorenylligand. One features the bidentate bis(fluorenyl) lig-

approach toward group 2 metal derivatives. For exam-

ple, the calcium and bariuransametalloceneq Me;Si(9-
Ci3Hg)2}M(THF), (Ca 4), n=3; Ba @5), n=4) were
obtained from the direct reaction of the correspond-
ing bis(trimethylsilyllamide metal precursors adiproteo
bis(fluorenyl)dimethylsilaneScheme P[27].

Fig. 11. The crystal structure of the calcium compBS Reprinted with
permission from Refl26]. Copyright 1994 Wiley.

and bound to barium via a distortgd-coordinated fluorenyl
moiety (typeA) and an exocyclia®>-mode for the second
fluorenyl fragment (typ&) (Fig. 12b). The second molecule

in 25 shows double exocyclig3-coordination of both fluo-
renyl ligands (typd) (Fig. 1), similar to that observed in
the calcium analogu24 (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(SiM#g2]> and the phosphorus-
bridged bis(fluorenyl) ligand MeP¢@Hg), was attempted
to generate the corresponding metallocg@8% Albeit free
amine HN(SiMe), was detected as a product by NMR,
no alkaline earth metal complex could be isolated. Another
protocol was used, by reacting Ca[N(SiMig» with phos-
phonium iodide [MeP(&sHog)2]l in THF to give the ionic
complex [MeP (Cy3Hg)2] ~[Cal(THF)]™ (26). The barium
analogue was obtained similarly. The solid-state structure of

Me,Si M(THF),
NEPRING

(24, 25)

. ) THF
M[N(SIM63)2]2 + Megsl(C13H8)H2 —_—

Scheme 9.



E. Kirillov et al. / Coordination Chemistry Reviews 249 (2005) 12211248 1231

Fig. 12. The crystal structures of comp4(a) and the two independent molecules of com@&b, c). Reprinted with permission from R27]. Copyright
1997 American Chemical Society.

26 consists of discrete six-coordinate THF-solvated calcium solution structure of the latter was established. Simi-
mono-iodide cation and phosphonium difluorenylide anion lar fluorenyl magnesium complexes were also prepared
(Fig. 13. via similar alkane elimination starting from polyamine-
The putative bis(fluorenyl)magnocene;§8g),Mg was adducts of dimethylmagnesium and unambiguously char-
suggested as the product of tleebond metathesis re- acterized[30]. MexMg(TMEDA) reacts in benzene with
action between dit+butylmagnesium andproteo fluo- lequiv. of fluorene to give the “neutral” mixed fluo-
rene [29]. However, neither the solid-state nor the renyl alkyl-magnesium complex ¢gHg)MgMe(TMEDA)

C40

Fig. 13. The crystal structure of compl@g. Reprinted with permission from Rg28]. Copyright 2000 American Chemical Society.
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Fig. 14. The crystal structures of complex@¥s(a) and28 (b). Reprinted with permission from Rg80]. Copyright 1994 Wiley.

(27). In contrast, the reaction of fluorene with the monomeric mono-THF adducts, whereas comf@2exists
pentamethylethylenetriamine-adduct Nég(PMETA) un- as a dimer with bridging benzylic carbon atoms. As a con-
der the same conditions led to solvent-separated dica-sequence, the G& bonds in32 are slightly elongated (ca.
tionic derivative [MgMeo(PMETA)]2*[C13Ho ]2 (28). The 0.03,&) as compared to those B0 and31. Obviously, the
solid-state structure of the “neutral” Grignard-like alkyl- dimeric structure 082 arises from the absence of substituent
magnesium comple®7 clearly features monodentate- atthe benzyl methylene group. The coordination modes of the
bonding of the fluorenyl ligand to magnesium via the fluorenyl ligands are very similar in all the three complexes
electron-rich head-on atom (tyj (Fig. 14a). Thus the Mg and approach an-mode, with a slight distortion towards an
atom is sp-hybridized and satisfies the octet rule. This is not allylic n3-coordination (typeB).
the case in the dimeric speci&8, where the coordination The heteroleptic speci€30 and31 retain their composi-
sphere of each metal atom is completely saturated with thetion in solution without any dismutative ligand exchange, as
solvent molecule making the fluorenyl anions moved aside judged by NMR spectroscopy. Fastinversion of the chiral car-
(Fig. 14). The latter are discrete and do not bond to the mag- banion at benzylic carbon atom takes place in solution upon
nesium atoms but participate in non-valent close contacts byraising the temperature. The thermodynamic parameters for
m-systems of the six- and five-membered rings with the pro- this process were estimated to bes* = 18.8 kcal mot?®
tons of the methylene groups in PMETA donor ligand. for 30and AG* = 17.2 kcal mot? for 31. Addition of small
Triphenylmethylcalcium chloride metallates fluorene amounts of THF atroom temperature also results in fastinver-
in THF solution to yield the half-sandwich complex sion of configuration at the chiral center via a THF-assisted
(C13Hg)CaCI(THF) (29) [31]. The consistency of complex  bond-breaking procesS§¢heme 1)L Complex32 preserves
29 was established by IR and NMR spectroscopies. Also, its dimeric structure in benzene solution as established by
the hydrolysis oP9 liberates fluorene and its carboxylation NMR spectroscopy but dissolving it in THF leads to the im-
yields 9-fluorene-carboxylic acid. mediate formation of the dicationic ion-paired derivath#&
Theo-bond metathesis reaction between homoleptic cal- [23]. The intermediate for such transformation is likely to
cium bis(benzyl) precursors and trimethylsilyl-substituted be the monomeric THF-adduct (9-N&i—C;3Hg)Ca(CH—o-
fluorene proceeded at 25-85 in benzene to give half- CgHs—NMex)(THF) that is isostructural t80 and31.

sandwich calcium complexes (9-N®i—C;3Hg)Ca(RCH-e- A divalent ytterbium complex analogous t80, (9-
CesHs—NMex)(THF), (R =SiMe; (30), n=1[32]; Me (31), Me3Si—Ci3Hg) Yb(Me3SiCH-0-CsHs—NMeo)(THF)  (33),
n=1[33]; R=H (32), n=0[34]) (Scheme 1) was prepared via-bond metathesis reacti¢p4]. Although

The molecular structures of complex&3-32 are shown the solid-state structure could not be resolved, the unit cell
in Fig. 15 Two of these compounds, hameél@ and31, are parameters are comparable to those found for complex
The IH NMR spectrum of33 in benzene displays nearly

H SiMes equal chemical shifts to those &0, the concentration-
independent coalescence temperature and activation energy
N measured being slightly differennG# = 17.0 kcal mot 1)
= [24].
—_— . .
] The unusual producd4 derived from the 9-substituted
. hypersilyl fluorenyl ligand was obtained in the attempted
) NMgz = synthesis of the heteroleptic calcium complex analogous to
-THF (30-32) 30 and31 (Scheme 1P[33]. No mixed-ligand intermediate

could be detected by NMR, indicating that a fast intramolec-
Scheme 10. ular G-H activation (or cyclometallation) takes place. The
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Fig. 15. The crystal structures of complex@s(a), 31 (b) and32 (c). Reprinted with permission from Ref{82-34] Copyright 2001 Wiley, Elsevier 2003,
American Chemical Society 2002.

X-ray diffraction study revealed that, in the solid st&éjs portant class of materials for modelling complex interme-
a dimer with bridging methylene—silylene grousd. 16). diates and investigating their properties, as well as for de-
The fluorenyl ligands are equivalent, showing symmetrical veloping new single-site catalyst systems. It is thus not
m®-bonding onto calcium (typd), but the calcium atoms  surprising that many attempts to prepare grougr®a
have a dissimilar coordination sphere. One metal atom bindsmetallocenes of general formulgR,E(Cp')(Cp?)}LNn(R)
to a THF molecule, whereas the second metal center displaygCpt, Cp? = cyclopentadienyl-type fragments,R= linking
shortinteractions to the edge of a fluorenyl ligand. In benzene group (e.g., RSi, R,C); R =alkyl) were undertaken. This
solution, these inequivalent fluorenyl ligands are in slow ex- section describes three main categoriesan$afluorenyl
change, as observed by NMR spectroscopy. Addition of THF complexes: (i) Single-carbon bridgeshsametallocenes of
results in the formation of the monomeric species. lanthanides, which are excellent candidates for polymeriza-
tion purposes, taking into account that group 4 isoleptic
cationic analogues were shown to be among the most active
4. Fluorenyl complexes of trivalent lanthanides and and stereoselective cataly$¥. (i) Silylene-bridgedansa
related group 3 metals metallocenes that feature wider bite angles and are to be com-
pared with ethylene-bridged fluorenyl complexes. (iii) The
Cyclopentadienyl and related complexes of trivalent lan- more recent class of “constrained geometry” half-sandwich
thanides are isoelectronic analogues of group 4 cationic complexes incorporating fluorenyl ligands, which is related
species, which are the real active species in olefin poly- to anew generation of highly stereospecific catalysts for ethy-
merization catalysis. They are, therefore, a strategically im- lene andx-olefin polymerization.
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Scheme 11.

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

The first fluorenyl organolanthanides 1@Eg)2LNnCl>
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 TH85,36]
These complexes were suggested to have m@ahd o-
bond on the basis of spectroscopic data. The mono-fluoreny
anionic complex [(G3Hg)La(CzHs)3] ~[Li(C 4HgO2)2]* (35)

was isolated in low yield from the reaction of the allyl precur-
sor [La(GHs)4] ~[Li(C 4HgO2),]* with an equimolar amount

of proteofluorene[37]. No crystallographic study was car-
ried out, but am>-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 callede-complexes) of “small” group

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

Fig. 16. The crystal structure of compl@&4. Reprinted with permission
from Ref.[33]. Copyright 2003 Elsevier.

3 elements {PI’]zC(C13H8)(C5H4)}LnC|2]7[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
I(La, Nd) with this ligand system was successful only when
tetraborohydride lanthanide precursors Ln@dTHF),
(Ln=La, Nd) were used. Thus, the anionic compounds
[{Ph.C(C13Hg)(CsHa) ILN(BHa)2] ~[Li(THF)4]* (Ln=La,

38; Nd, 39) and [{PhpC(C13Hsg)(CsHa4) }Nd(BH4)2] ~[K(18-
crown-6)] @0) were isolated39]. The structurally charac-
terized37 and40 were 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 CpML, (M=d°) [16]). The coordination modes

H Si(SiMe3s)s
CH
. MeoSi—™ |
4 Me MeoN, Me Ca—(THF)g5
Fio - “-Ca (Me3Si)sSi~__|
i Noai “YATHF i D
MesN,  HY-Me TP fie (Me38 ™ we L.
"2 (34)

Scheme

12.
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Fig. 17. The crystal structures of the anions of com@@%a) and complex
40 (b). Reprinted with permission from R¢89]. Copyright 2001 Elsevier.

of the fluorenyl moieties 837 and40 are also very similar,
that ism>-bonding (typeA) with a minor tendency towards a
reducedn®-mode.

Further reaction of the dichloro comple87 with
KN(SiMes), afforded the “neutral” base-free amido deriva-
tive {PhpC(C13Hs)(CsH4) }LU[N(SiMe3)7] (41) [40], which
features a nearly symmetrically,Y) coordinated fluorenyl

Fig. 18. The molecular structure of complkk 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-
allocened7, 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 allowst1to achieve the stable 16-electron count
of compounds of the generd! €p,ML , 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(SiMes)2]3 (Ln=Y, La, Nd) with the isopropylidene-
bridged ligand MeC(C13Hg)(CsHs) [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 intermedia#? was detected by
NMR spectroscopy in the reaction between equimolar
amounts ofdiproteoligand and Y[N(SiMeg),]3 in THF at
5°C (Scheme 1B Subsequent transformation df into
the bis(cyclopentadienyl) comple43 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
an X-ray diffraction study. In solution43 progressively
converts into tris(cyclopentadienyl) produg4 via further
disproportionation. However, upon refluxing in THF and
removing of concomitantly formed amine, compl&d
undergoes an intramolecular amine elimination reaction to
giveansametallocenel5with a pendant fluorenyl arm. This
process is reversible as demonstrated by the retroformation
of the bis(cyclopentadienyl)amidd3 upon addition of
excess of amine HN(SiMg» to a toluene solution of5.

Similar reactivity trends were observed starting from
lanthanum and neodymium amidd4]. Using an analogous
synthetic protocol,ansalanthanidocenes{Me,C(Cy3Hs)
(CsHa)}Ln(n>-{Me2C(C13H9)(CsH4)})(THF)  (Ln=La,

46; Nd, 47) were prepared in good yields. X-ray diffraction
studies carried out fod6 and 47 (Fig. 19 corroborated
the composition and ligand-bonding pattern established by
NMR spectroscopy for diamagnetic Y and La species. In
both complexes, the bond distances between tgeing

of the fluorenyl fragment in the chelating ligand and
the metal center are consistent with &R-coordination
mode (typeA). A mechanical electron counting for these
species would end-up to unrealistic value of 20. It turns
out that the Cp ligand associated to the non-chelating
fluorenyl moiety approaches thg3-coordination (type
B). Taking into account that the°>-coordination of the
coordinated fluorenyl unit is also unsymmetricalf
should be best described as an 18-electron complex.
Effective direct ansachelation of MeC(Cy3Hg)(CsHs)
onto lanthanides was achieved afterwards by using a salt
metathesis rout§42]. The reaction between Y&ITHF),
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/N(SiM83)2

YIN(SiMe3g)als s
—_—
THF,5°C  Mmé

- HN(SiMe3)2

Y. THF, 20°C i
\N(SiMes)g T - 3
- 5 Y[N(SiMeg)zls

(42)

THF, 23°C
7 days 2

1 YIN(SMez)zla

Y—N (SiMEg)g

/
)
QO THF reflux

Me
Me - —
' HN(SiMe3)»

toluene

Y

(43)

Scheme 13.

and 1lequiv. of the dilithium salt of this ligand in & to 49 and YCL~ during the recrystallization course
solution unexpectedly led to the isolation of the bis(ligand) (Scheme 1%

chlorine-freeansametallocene49, the first example of a Interestingly, on using slightly different recrystallization
bis-ansametallocene. The reaction proceeds first through protocols, three different crystal samples of the one and same
the dichloro atecomplex [MeC(Cy3Hg)(CsHa)YClo]™ compound49, i.e. monoclinic, triclinic and orthorhombic
[Li(ether)s]™ (48), which further disproportionates polymorphs, could be isolated and studied by X-ray analy-
sis. Though the general atom connectivity of the three crystal
structures is essentially the santgg; 20, noticeable dif-
ferences in the geometric parameters and bonding features
exist between these polymorphs, which arise from the large
flexibility of this molecule. Comple#9comprises 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 m3-bonding mode (typ€) is found for one of the two
fluorenyl moieties of the three polymorphs4$. The other
fluorenyl moiety in the three polymorphs differs from the first
one with an unprecedenteft-bonding mode (typ&) that
involves merely one carbon (C(34)) of the benzene ring.

Fig. 19. The molecular structure of compk% Reprinted with permission The bonding patterns of the fluorenyl ligands4@clar-
from Ref.[41]. Copyright 2002 American Chemical Society. ified from X-ray data were corroborated by a DFT study
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[42]. The Y-C Mulliken overlap populations determined by
single-point calculations performed on the three experimen-
tal molecular structures are in agreement withifdonding
mode of one fluorenyl moiety angt-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), and 1lequiv. of [MeC(Ci3Hg)(CsHa4)]Li2
led to the isolation of the parent ionic complex
[{Me2C(Cy3Hg)(CsHa) }oLa] ~[Li(Et20)z]* (50). The lan-
thanum analogue af9features 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 exocych@-mode (typeF)
that apparently arises from the large difference of ionic radii
of yttrium and lanthanum.

The yttrium complexd9 in THF solution features a sym-
metric coordination of both Mg&(Cy13Hg)(CsH4) moieties
to the metal center on the NMR timescale. This observation
suggests rapid exchange of bonding mo@esdF between
the two fluorenyl moieties and/or rapid symmetrization of Fig. 21. The molecular structure of comp®s& Reprinted with permission
bonding within each fluorenyl moiety via slippage from one from Ref.[42]. Copyright 2003 American Chemical Society.

CO @iy C5

Fig. 20. The structure of the anion of one of the polymorphs of comf®eReprinted with permission from Rg#2]. Copyright 2003 American Chemical
Society.
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Scheme 15.

six-membered ring to the opposite side. The solution behav-

ior of the lanthanum compleXx0 revealed also a symmetric
bis@nsametallocene) structure on the NMR time scale, con-
sistent with dissociation of the ion pair. Not considering the
Li cation, the solid-state molecular structured® (Fig. 21)

The fluorenyl ligand irb1 was found to coordinate sym-
metrically to the yttrium center in an3-fashion (typeB),
indicative of a congested chelation. The constraint is also
illustrated by the narrow bite angle ggarC—Flucent of
110.85.

corresponds to a 20-electron species. It can be suggested, The most remarkable feature in the structur& band52

however, that the Cp ring, which coordinates both La and Li,

is the presence of a coordinated THF molecule despite the

donates only four electrons to La and behaves as a 2-electrorsignificant steric crowding of the metal center provided by

donor to Li, via its totally in-phase-bonding orbital. Within
this hypothesis, the solid-state structGéavould correspond

the bulky fluorenyl/cyclopentadienyl and bis(trimethylsilyl)
ligands. This coordinated THF molecule is labile in solution

to an 18-electron complex. It is possible that the dissociation on the NMR time scale, leading to an equilibrium between a

of the ion pair in solution leads to partial decoordination of
one of the fluorenyl moiety from?3 (typeF) to ! (type D)
orn?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-complex48 was successfully applied to
the preparation of neutral yttrocene alkyl derivatives incor-
porating the MeC(Cy3Hg)(CsHj) ligand systenfd3]. It was
shown that, despite the disproportionation via ligand redistri-
bution observed upon crystallization4f, the latter reacts in
solution as a single ¥Cl species $cheme 1h Thus, alkyl
complexessl and 52 were isolated in high yields and the
identity of the former was confirmed by an X-ray diffraction

study Fig. 22.

L C17 ,,_91 2 ‘{ C33

[P

A

5 h Si1 ""'IM:\L‘)CBZ
Ung 4
w a4
‘ % \ C35
BN %
\\ f, }/C34
A (’;'51.3036
%

Fig. 22. The molecular structure of complgk[43].

THF-free species and a THF adduct. Variable-temperature
IH NMR allowed the measurement of the enthalpy and
entropy of this dissociative process for both complexes
(5L AH=28+2kJmol?!, AS=58+10kImotlK-1
52 AfH=31+2kImol?l, A,S=50+10kJ mot 1 K1),
Attempt to generate the corresponding benzyl complex
by reacting48 with PhCHMgBr unexpectedly led to the
isolation of [(n®,m°-{Me2C(C13Hg)(CsHa)})Y (1-B)]2 (53)
[43]. Complex53is 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 atomsHig. 23. In this case, no coordinated THF
molecule is present in the coordination sphere of yttrium and
both fluorenyl fragments are unambiguoughtcoordinated

Fig. 23. The molecular structure of comple Reprinted with permission
from Ref.[43]. Copyright 2004 American Chemical Society.
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Fig. 24. The molecular structure of comple& Reprinted with permission
from Ref.[44]. Copyright 2004 American Chemical Society.

(typeA), allowing the metals to achieve the stable 16-electron
configuration in CpML » type of environment.
In striking contrast with the above-described reaction Fig. 25. The molecular structure of complgx Reprinted with permission

with benzylmagnesium bromide, the allyl Grignard reagent from Ref.[43]. Copyright 2004 American Chemical Society.
C3HsMgCl reacts withd8in toluene solution to yield the de-
sired allyl complex{Me,C(Ci3Hg)(CsHa)}Y(C3Hs)(THF)
(54) [44]. The La 65), Nd (56) and Sm §7) homologues  tive incorporating a fluorenyl-based ligand, i.enm®°-
were prepared similarly in a “one-pot” procedure fromthe ap- {M€2C(C13Hg)(CsHa)})Y (-H)(THF)]2, was prepared by
propriate lanthanide trichloride and M&(Cy3Hg)(CsHa)Li» the reaction of eithebl or 52 with standard hydrogenoly-
in Et,O and subsequent reaction witglsMgCl in toluene  Sis agents (b, PhSik) in benzene solutiofé3]. Alterna-
solution. Diamagnetic complex&g and55 were character-  tively, the reduction of the chloro complé8with NaBHE#
ized by NMR spectroscopy and the solid-state structure of Nd in toluene solution provides a more direct rout&# Com-
complex56 was determined by X-ray diffractiorF{g. 24. plex57features a dimeric solid-state molecular structure with
The crystal structure 06 is reminiscent of the structures  bridging hydride and “spanned” M€(Cy3Hg)(CsHa) lig-
of the above-mentioned yttrium carbyls. The coordination of ands €ig. 25. The Y-H bond lengths were found to be short,
the fluorenyl unit is also best described asi@mmode (type  1.99(4) and 2.01(4), and both fluorenyl moieties are clearly
B), although a (distorted)® (type A) mode would describe ~ m°-bonded to yttrium (typé).
56 as an 18-electron Comp|ex_ Comp|§8 features a very The influence of bU'ky substituents on the coordina-
narrow bite angle Cn—C—Flugent Of 93.88, the smallest tion sphere of the metal center was investigated with
as ever seen iansalanthanidocenes to our knowledge. The the modified ligand system [(Bu—GsHz)-CMe;—Flu*~
allyl fragment isn3-bonded with the three carbon atoms dis- (Scheme 1P [43]. The salt elimination reaction of the
playing nearly equal participation. dilithium salt of this ligand with YCG(THF)35 gave [(3-
Hydrogenolysis of the lanthanide alkyls constitutes a 'Bu—-CsH3)-CMe—FIu]YCI(THF) (58), which was subse-
convenient synthetic approach toward hydrido derivatives, duently treated with 1 equiv. of LICH(SiMg, to afford the
which are another important class of complexes. The first THF-free alkyl complex9in high yield. The consistency of
crystallographically characterized example of such deriva- both yttrocenes was confirmed by NMR spectroscopy.

YC|3 +
Mes
Lt G 0 LICH(SiMeg)»
@ @ s toluene
I Li -LiCl

Scheme 16.
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«Cl.,, OEty NaN(SiMegs)» g
L —

Me,Si : i .
(LI{)Z(OEtg) Et,O 2 XF/Y\CI/ OE[ toluene MeQSl\%\(N(SlMES)E

Scheme 17.

Fig. 26. The molecular structures of comples@ga) and61 (b). Reprinted with permission from Ré#5]. Copyright 1999 American Chemical Society.

4.3. ansa-Metallocenes bearing silylene-bridged and61 are 125.3 and 123.7, respectively. An endocyclic
fluorenyl-based ligands m3-coordination (typeB) of the fluorenyl moiety with yt-
trium was clearly concluded in complé®, whereas in com-

This class of fluorenyl complexes of lanthanides is thus plex 61 the coordination is intermediate between tffeand

far limited to a few examples described in the works of Qian m° modes Fig. 26b). X-ray diffraction data also revealed a

and Do. strong agostic interaction between a carbon atom from the
The bulky silylene-bridged fluorenyl-tetramethylcyclo- bis(trimethylsilyl)amido group and the metal centebih

pentadienyl ligand was used by Do and co-workers to A series of silylene-bridgedinsametallocenes of yt-

prepare thensayttrocenes{Me;Si(Ci13Hg)(CsMes) } YCl2 trium, lutetium, dysprosium and erbium incorporating flu-
Li(Et20), (60) and{Me,Si(C13Hg)(CsMes) } YIN(SiMe3)2] orenyl/cyclopentadienyl ligands were synthesized by Qian
(61) (Scheme 1y[45]. et al. using a salt metathesis approasbhieme 18[46,47].

Complex 60 constitutes a rare example of a “classic” In contrast to the fluorenyl-tetramethylcyclopentadienyl yt-
ate complex bearing a fluorenyl ligand in which both the trocene60, neutral dimeric complexes are formed in this
yttrium and lithium centers are linked to the bridging Cl case, i.e. {R»Si(Ci3Hg)(R'CsH3)}LnCl]> (R=Me, R=H,
atoms Fig. 26). The large steric crowding in the coordina- Ln=Y, 62; Lu, 63; Dy, 64; Er, 65, R=Ph; R='Bu, Ln=Y,
tion sphere of thesansalanthanidocenes can be evaluated 66; Dy, 67).

from the bite angle values, which are normally 10=esger The crystal structures of two of thenbZ and 66)
for silylene-bridged metallocenes than those for carbon- were determined by X-ray analysis and shown to feature
bridged systems. The bite angles &f#-C—Flucent in 60 a “spanned” coordination of the fluorenyl/cyclopentadienyl

) .
s -, L“_C'a,, MIE(SiMes),] 2 pMe
’ L'+)2(0Et2) Et,0 oluene . RS N

toluene % N\ eSiMes
e
H =3
R R (62-67) (68-71)

Scheme 18.
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(b)

Fig. 27. The molecular structures of compleg2ga) and66 (b). Reprinted with permission from Refd6,47] Copyright 2000 American Chemical Society
and 2002 Elsevier.

ligands, independent on the nature and bulkiness of the sub-was prepared by the reaction of p&(C13Hg)2Li 2 salt with

stituents on the bridge and Cp rirfgig. 27a and b). However, NdCls in THF [48]. No exhaustive characterization was pro-

the bonding modes of the fluorenyl unitsd@and66 are not vided for this complex that has been used as a polymerization

exactly the same, that is a? coordination (typeA) and a catalyst precursor (vide infra).

slipped mode toward® (type B), respectively. The “extended” amine elimination reaction of homolep-
Treatment of these chloro complexes with LICH(Si\te tic yttrium amide Y[N(SiHMe),]3(THF), with dipro-

and KN(SiMg), resulted in the formation of the alkyl and teo Me;Si(cyclopentadienyl-H) was investigated in de-

amido derivatives{Me,Si(Cy3Hg)(CsHa) }LN[E(SiMes)2] tail by Anwander and co-workerf19]. However, partly

(E=N, Ln=Dy, 68; Er, 69; E=CH, Ln=Dy, 70; Er, 71) because of the low acidity of fluorenyl protons in

(Scheme 18 This reaction is accompanied by the rearrange- Me;Si(Cy3Hg)2, this reaction appeared to be disfavored and

ment of the “spanned” ligand into amsachelating pattern,  gave a poor yield (<7%) of thansametallocene product

as confirmed by the X-ray diffraction studies performe®8n  {Me,Si(Ci3Hg)2 }Ln[N(SiHMep)2] (73).

and70(Fig. 28). Both these complexes show close structural

similarities; in particular, the bonding features of the fluo- 4.4. Constrained-geometry fluorenyl-based systems

renyl moieties with metals are nearly the same, i.e. slipped

tom? from° (typeB). However, the amido comple8 fea- Theo-bond metathesis approach was intensively investi-
tures an agostic interaction of a trimethylsilyl carbon atom gated as a convenient entry toward half-sandwich lanthanide
with dysprosium, while no interaction was foundi@. complexes incorporating constrained-geometry fluorenyl-
Also, a “neutral” silylene-bridged bis(fluorenyl) neody- based ligandg50]. The amine elimination reaction be-
mocene, tentatively formulated M®i(C13Hg)2NdCI (72), tween homoleptic lanthanide amides Ln[N(Sii)tds and

Fig. 28. The molecular structures of compleg&ga) and70 (b). Reprinted with permission from Refd6,47] Copyright 2000 American Chemical Society
and 2002 Elsevier.
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| 'Bu
'Bu
(74)
Scheme 19.

diproteo RSi(3,6!BuyCy3H7)(NH!Bu) (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), proved to be a much more efficient
route Scheme 1P Quantitative conversion of thdipro-
teo ligand MeSi(3,6!1Bu,Ci3H7)(NH!BU) into the half-
sandwich compleX4was readily achieved, whereas the more
bulky ligand PhSi(3,6{Bu,Cy3H7)(NH!'Bu) appeared less
reactive toward Y(CHSiMe3)3(THF), (and the final prod-
uct more thermally sensitive), resulting in low yields.

The crystal structure of4revealed that, in the solid state,
the fluorenyl moiety is bonded with yttrium in an unusual
exocyclicn3-fashion (typeF) (Fig. 29. The presence of an
additional THF molecule i@4, 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 reduceg 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.

Generation of the related hydrido derivative from the yt-
trium carbyl 74 by reaction of the latter with Hor PhSiH;
gave a yellow product7) that is insoluble in common or-
ganic solvents (aromatic hydrocarbons, chlorinated solvents

Q\

M928|
N
|

1Bu

Ho (1 atm 24h) u

PhSle 5 eq, 1h)
74
benzene 25°C

'‘Bu

(75)

Scheme

/\/\

ét

THF), despite the presence of twert-butyl substituents
(Scheme 2)) The reaction of this putative hydride with an
excess of pyridine at 7QC resulted in the new pyridine-
insertion “constrained-geometry” yttrium amido comp¥éx

the identity of which was established by NMR spectroscopy
and X-ray analysisKig. 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-

Ch1 L ;
f'/“'-l i2
y C16

Fig. 29. The molecular structure of complé4 Reprinted with permission
yfrom Ref.[50]. Copyright 2003 American Chemical Society.

1
Bu By
CO )
(excess, 1h) D
s
=

(76)

SiMe

2 2 MeQSi

_—
toluene, 70 °C

20.
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Fig. 31. The molecular structure of complé& Reprinted with permission
from Ref.[50]. Copyright 2003 American Chemical Society.

Fig. 30. The molecular structure of complé& Reprinted with permission
from Ref.[51]. Copyright 2004 Wiley. cess. The identity of both complexes was unambigu-
ously established by single-crystal X-ray diffraction studies

ridinyl group in 76, respectively. However, in contrast with  (Fig. 32a and b).

the unusual non-symmetric, exocyclié coordination mode The molecular structure @M in the solid state comprises

of the fluorenyl moiety observed in the solid-state structure a fully dissociated ion pair in which the cation consists of

of 74, that of 76 features a symmetrig® coordination (type  a lithium atom coordinated by four THF molecules. The

A) resulting in a higher electron count (14-e). neodymium atom is coordinated in a distorted trigonal bipyra-
Salt elimination reactions between the dilithium salt midal geometry by one THF molecule and a pair of amido

Me,Si(3,6!Bu,C13He)(N'Bu)Li, and lanthanide trichloride  and fluorenyl moieties. In contrast with the parent anionic

precursors were explored and resulted in most cases inbis(ligand) lanthanum comple®8, but similarly to neutral

the formation of the anionic bis(ligand) disproportiona- yttrium carbyl74, both fluorenyl moieties if79 are coordi-

tion products of general formuld/1e;Si(3,6'BuzCi3Hs) nated to Nd in a dissymmetric fashion. A clear dissymmetric

(N'Bu)}oLn]~[Li(ethery]* (Ln=Y, ether=THF,n=4, 77, m3-bonding mode (typ&) is established for one fluorenyl

Ln=La, ether=E1O, n=2, 78) [50]. These diamagnetic ligand. The corresponding N¢(Flu) bond distances for the

complexes were isolated in good yields and authenticatedsecond ligand indicates that this fluorenyl ring may be in a

by NMR spectroscopy and an X-ray diffraction study & stage of approaching towards reduced hapticify ¢r n*

(Fig. 31). The solid-state structure @8 features a closely  bonding mode, typ&).

associated ion pair. Each of the fluorenyl moieties is coordi-

nated in am3-fashion involving the bridgehead carbon atom 4.5. Miscellaneous reactions

ofthe central five-membered ring and the two adjacent carbon

atoms fusing the five- and six-membered rings. Such allylic  Introduction of fluorenyl fragments in the coordina-

coordination of the two fluorenyl units is, however, not as tion environment of samarium metal by reduction of

symmetric as in the ideal cag and the lanthanum atom  N-phenyl-fluorenimine with divalent samarium precursors

is, therefore, slipped on one side of the fluorenyl system. A Sm(OArk(THF)3 and Sm[N(SiMg)2]2(THF), was demon-

limit view of ann? coordination mode for both fluorenyl units ~ strated by Hou et alScheme 2p[52]. The crystal structures

would rendef78isostructural and isoelectronic to tetrahedral of the recovered produc®l and 82 appeared to be very

ML 4 8-electron complexes. similar, featuring identical bonding fashions of the fluorenyl
When the same salt metathesis synthetic approach wasnoieties with samarium via the bridgehead atom (tij)e

applied to neodymium chemistry, the disproportionation (Fig. 33 and b).

product fy3,m-{(3,6{Bu>C13He)SiMeN'Bu} oNd(THF)]~

[Li(THF)4]* (79) was isolated in poor yieldScheme 21

[50]. Crystallization of the crude product fromJ&i:hexane 5. Applications in catalysis

solution allowed the isolation of the neutral chloro comp-

lex [n°,m1-{(3,64BuxC13He)SiMezN'Bu}Nd(-Cl)(THF)]2 Applications in catalysis of fluorenyl complexes of groups

(80), which is the major product formed in this pro- 2 and 3 metals are promising since, in principle, they could
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THF/toluene/pentane
Bu -30 °C

Li* NdClIg(THF),
MGQSI\ Et,0

EtoO/hexane, -30 °C

Li(THF)4

Scheme 21.

(a)

Fig. 32. The molecular structures of complex@4a) and80 (b). Reprinted with permission from Rg&0]. Copyright 2003 American Chemical Society.

2 Sm(X)o(THF)g .0 Tl
. t, 3 days, THF SmL «
L ey, the —
Qi
THF
oS &
Q X = 2,6-tBuy-4-Me-CgH,0O (81)
X = [(MesSi)oN] (82)

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 €C and G-X (X=H, B, N, Si, P)
bond-forming reaction§54]. They could also take advan-
tage of the unique features brought by the fluorenyl moiety
in group 4 metallocene chemistfg]. 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 complegdga) and82 (b). Reprinted with permission from R¢&2]. Copyright 2003 American Chemical Society.

5.1. Polymerization of polar monomers

The divalent bis(fluorenyl)samaroceBewvas shown by

Evans and Katsumata to be active in the ring-opening copoly-

merization of ethylene carbonate (EC) andaprolactone
(e-CL) at room temperaturfs5]. The copolymer, obtained
in 63% yield, contained ca. 14 mol% &fCL and had a
number-average molecular weid¥ig of 28,000 and a rather
large polydispersityMy,/M;, of 2.3. Monometallic10 and
heterotrimetallicl2 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 M, =5500-7300) and very narrow polydisper-
sity (Mw/M, =1.17-1.20]19]. The divalent ytterbium com-
plex 15 and its dinuclear derivativd6 initiate the poly-
merization of MMA at —40°C giving isotactic-enriched
PMMA (mmtriads~ 80%) with My = 127,000—244,000 and
Mw/Mp =1.62-2.08[21,22] The activity of 16 was found
to be ca. 5 times higher than that &6 and amounts to
1.4x 10~ >%conversionmol~t min~1.

The trivalent carbon-bridgeainsametallocene amidél
was found to be only slightly active in the polymerization of
MMA giving syndiotactic-enriched polymerr(triads 59%)
with M, = 24,000 and/,,/Mp = 2.27[40]. A somewhat higher
activity was noted towards-CL andd-valerolactone, cyclic
monomers which are traditionally more reactive. In com-
parison, the yttrium hydrocarbykl and52 were found to
be much more active in the polymerization of MMA un-
der mild conditions £15 to 20°C), yielding syndiotactic-
enriched PMMA (r 60—66%) with high molecular weight
(Mp=271,000-376,000) arMd,/M, = 1.43-1.8743]. Com-
parable and even higher activity for MMA polymeriza-
tion was provided by silicon-bridge@nsametallocenes
of trivalent lanthanides. For example, complés gave
syndiotactic-enriched PMMAr{ 56-58%) with M,=ca.
110,000 andMy/M,=1.29-1.39[45]. Also, complexes

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 THE6].

The “constrained-geometry” yttrium alkyl4 and “hy-
dride” 75 complexes were found almost inactive towards
MMA, whereas the anionic complex of lanthanu@8
smoothly reacts with MMA in the temperature range
20-50°C to give atactic PMMA with high molecular weight
(My =216,000-250,000) ard,,/M, = 2.8-3.6[50].

5.2. Polymerization of styrene

The divalent complexes of ytterbiugh and samarium
10 and 12 polymerize styrene (St) only sluggishly under
ambient conditiongd56]. In contrast, effective controlled
syndiotactic polymerization of St was achieved by Harder
et al. by using benzylic-fluorenyl complexes of alkaline-
earth metal$32,34] The polymerization proceeded in bulk
St in the temperature range20 to 20°C in the presence
of benzyl calcium complexe80-32 and gave PSt with
Mp =96,000-109,000 anifl,,/M, =2.04-2.35. The signifi-
cant syndiotacticity rf =83—-86%) of the PSt samples was
illustrated by the'*C{H} NMR spectrum of the aromatic
region Fig. 34 [57]. The benzyl-ytterbium analog3 fea-
tured similar high activity (100% conversion) giving PSt with
M;,=201,000 andV/M,=2.30, but lower syndiotacticity
(rr ca. 67%)[24].

Upon exploring the catalytic activity of the carbon-bridged
ansaallyl-lanthanide complexe§4-57, highly syndiospe-
cific polymerization of styrene was achiev§dd]. Poly-
merization of bulk St led to 70—-85% maximum monomer
conversions, while introduction of toluene in polymeriza-
tion media was found detrimental for catalyst activity. The
polymerization activity of the allyl complexes was in the
order Nd 66)>Sm 67)>La (55 >Y (54), featuring a re-
markably high activity of 250-1710kgPS mdlh—1 for
complex 56. The molecular weights were in the range
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(HAI('Bu)o/n-BuLi/Y = 40:40:1; cyclohexane, 8@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 midh—1), of-
fering quite low-molecular-weight polyethylen#{ =900,
Mw/Mp=2.02, T, =124°C) [43].
Interestingly, the “constrained-geometry” yttrium hydro-
carbyl 74 was found to be inactive towards ethylefs®],
in contrast to its cyclopentadienyl equivaldB8]. 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
ML IS i shown to decoordinate rather fast in soluti68]. The neutral
dimeric neodymium chlorid80, when activated with 1 equiv
Fig. 34. Thé*C{H} signal of the phenyl Geoin the syndiotactic-enriched  Of LICH(SiMe3)2, polymerizes ethylene with low activity
polystyrenes obtained from complexa®-32. (1.3kg PEmotth~latm™1 at 20°C and 4 atm of GHy) to
yield PE withTy, =134°C, My, = 140,000 andM,/Mp, =2.46
Mn =10,000-135,000 with narrow to usual molecular weight [50]. Also, only traces of PE were obtained on using in situ
distributionsM\y/My, of 1.25-2.10. The very high syndiotac- combinations80/Mg(™$Bu), (1:40) or LO/HAI('Bu),/"BuLi
ticity (rrr pentads >99%) of the PSt samples obtained was (1:20:20) as catalyst system under similar conditions.
illustrated by**C{*H} NMR spectroscopyRig. 35 and other
techniques. 5.4. Copolymerization of dienes and ethylene

5.3. Polymerization of ethylene An interesting and specific application of fluorenyl-
lanthanide complexes in catalysis consists of the copoly-
The potential of fluorenyl-lanthanide complexes merization of dienes with ethylene andiolefins, which
to catalyze ethylene polymerization was investigated is a quite demanding process. Recently, Boisson et al. have
as well, but rather modest performances have beenshown that theansaneodymocen&?2 upon activation with
reached thus far. Both monometallic and trimetallic alkylating agents, e.g. [HAIBu)>("Bu)]~Li* or Mg(alkyl)s,
samarocene$0 and12 produce polyethylene (PE) (activity enables the copolymerization of ethylene with butadiene at
0.03-1.72kg PEmoft h~tatm! at 25-65C and 1atm of ~ 80°C and 4 bar to give polymers with low to high molec-
CoHg) with low molecular weight¥, = 26,000-53,000) and  ular weight ,=8000-148,000) and controlled polydis-
monomodal, though rather broad polydispersity of 1.98-2.56 persity (Mw/Mn=1.2-3.1)[59]. The copolymers featured
[19]. Only traces of PE were obtained using the THF-free unusual microstructures with high content (53-57%) of 1,2-
bromo complex53 activated with [HAI(Bu),(n-Bu)]~Li* cyclohexane rings. The latter could be rationally explained
on the basis of a 2,1-insertion of butadiene, followed by two
successive ethylene insertions and a final intramolecular in-
sertion of a pending vinyl unit from butadien8gheme 28

FI
dﬁ % cyclobutane
[Nd]
CHFy WgCHz
— D P
15,6 pom [N:]x_\ [Nd]"\\;_f
P

[Nd]-P
"2,1-insertion”

/ C
[Nd] P
L] T L] L] T L] L] T L] T T T L] T T T T T T Ll T T T T T T T L] L} \
148 144 140 136 132 128 124 120 ?j
(ppm)

1,2-cyclohexane

Fig. 35. Aromatic region of th&C{*H} NMR spectrum of highly syndio-
tactic PSt obtained from complex84-57. Scheme 23.
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5.5. Comparison of polymerization catalytic

performances of groups 2 and 3 fluorenyl complexes with 74
related catalyst systems = NH, ——— =
5 mol % N
Considering the aforementioned synthetic difficulties in- 60 °C, 3h H
herent to groups 2 and 3 metal chemistry and also to the
fluorenyl ligands (as compared to group 4 metal chemistry Scheme 24.

and more easily introduced simple Cp ligands), it is worth
questioning about the added value that those systems could. Conclusion
bring to polymerization catalysis. The examples depicted in
Section$.1-5.4clearly demonstrate a contrasting situation. The fluorenyl ligand offers a surprisingly large variety of
The poor activities observed in the polymerization of ethy- coordination modesScheme 2 Among them, those cor-
lene and above all of higher-olefins are in striking contrast  responding to typé (n°) and typeB (n3) are by far the
with the outstanding abilities of fluorenyl-based group 4 met- most common. The reasons for this preference are essen-
allocenes and hemi-metallocenes (constrained-geometry cattially electronic in origin. In particular, the bridgehead car-
alysts), which have demonstrated, in addition to high activity, bon is expected in general to bind to a metal atom much more
very high efficiency in controlling the stereospecificity and strongly than the other fluorenyl atoms. As a consequence,
livingness of the polymerizations of these mononi@is If then® coordination of typeA often shows a clear tendency
this situation is not surprising for the polymerizationcof to asymmetry, with a metal slippage towards the bridgehead
olefins, which has remained since the 1980s probably the ma-atom, i.e. towards thg® coordination of typeB. It follows
jor limitation for lanthanideg53a,b] the generally modest  that the energy profile of the pathway connecting types
ethylene polymerization performances were less expected.andB is particularly flat. For the same metal, coordination
Also, even if interesting results have been obtained in the typesA andB or intermediate can be very close in energy,
polymerization of polar monomers such as MMA or capro- so that the definitive choice will be made by small perturba-
lactone, fluorenyl complexes of alkaline earth and rare-earthtions such as crystal packing forces or steric interactions, for
metals do not challenge simpler lanthanidocenes or in situ bi- instance. Such a situation is rather surprising, owing to the
nary combinations of lanthanide salts and alkylating agents fact that GaHg™ provides the metal with different numbers
[53c]. of electrons depending on whether it issthor n° (6 and 4,
Much more significant are the recent advances obtainedrespectively) fashion, at least formally.
in the homopolymerization of styrene and the copolymeriza-  Fluorenyl complexes of group 2 tend to form hypercoor-
tion of dienes with ethylene at-olefins. Clearly, fluorenyl  dinated and hypervalent molecules in which the ionic bond-
complexes of alkaline earth and lanthanides have offered ac-ing is likely to be very important. Some participation to the
tivities and tacticities for styrene polymerization that have no bonding of the metal valence d orbitals could possibly ex-
precedent thus far with group 4 metallocenes. In this regard, ist for the heavier elements of this gro{48]. In the case
one may argue that the dramatic improvement of activity for of the more covalent complexes of group 3, the most com-
styrene polymerization may originate in the higherionic char- monly encountered architecture is that containing the motif
acter of groups 2 and 3 metal complexes as compared to thabf the well-known stable 16-electron compounds of the type
of analogous group 4 complexes. Even more promising is CppML 2 [16]. In this motif, the metal binds to the fluorenyl
the unique ability of some fluorenyl-neodymium systems to Cs ring(s) either in thé\ or B form, depending on the nature
achieve effective copolymerization of butadiene with ethy- of the compound. The particular stability of this architecture
lene and evew-olefins and afford original microstructures. is demonstrated in several examples by the existence of an
Comparable investigations with group 4 metallocenes have agostic interaction at the right place when only one L lig-
thus far provided poor results, i.e., a large decrease in activ-and is present in the metal coordination sphere. Other often-
ity in the presence of conjugated dienes and low butadienecomplicated structures have been characterized with group

insertion[59]. 3 metals, exhibiting various types of fluorenyl coordination

modes. Most of them are electron-deficient, but a few are able

5.6. Miscellaneous applications in catalysis for fine to accommodate enough ligands in their coordination sphere

chemicals for satisfying the 18-electron rule.

The chemistry of fluorenyl complexes of groups 2 and

The intramolecular hydroamination/cyclization @fw- 3 obviously sets up challenges for both organometallic and
aminoalkenes catalyzed by the constrained-geometry alkylcomputational chemists. The large variety of coordination
complex74was briefly investigatedScheme 24[60]. High modes provides opportunities to control the coordination

selectivity but moderate activity was observed for this pro- sphere and saturation of the metal center, and the overall com-
cess, in contrast to highly active cyclopentadienyl-based lan- plex geometry. These factors, when approaching the usual
thanidocenefb4b], most likely due to competitive coordina-  limits (e.g. very narrow bite angles), can affect significantly

tion between molecules of THF #land the amino substrate. the electronic properties of the metal site in complexes and
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therefore the reactivity of the latter, making them interesting [30] H. Viebrock, D. Abeln, E. Weiss, Z. Naturforsch. Teil B 49 (1994)

candidates for a variety of catalytic applications.
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