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. Introduction

This review summarizes the progress in organo-f-element
hemistry during the years 2003 and 2004. “Researches on non-
lassical organolanthanide chemistry” have been highlighted by
appert and co-workers in 2003 [1]. A review entitled: “Product
lass 12: organometallic complexes of scandium, yttrium and the
anthanides” was published by Hou and Wakatsuki in 2003 [2].

. Lanthanides

.1. Lanthanide carbonyls

A comparative density functional study on metal–ligand
M–L) interactions has been performed on X3Ln(CO) (X = F,
; Ln = La, Nd) species including scalar relativistic effects by
eans of the zero-order regular approximation (ZORA) Hamil-

onian. The role of the halogen atoms in modeling the M–L inter-
ctions has been discussed for the �-ligand CO [3,4]. The equi-
ibrium geometry for the low-lying high-spin electronic state of
cCO was studied with the ab initio method. Restricted Hartree-
ock, multireference configuration interactions, and perturba-

ion calculations were done employing flexible basis sets. The
quilibrium geometry of the ScCO molecule was found to be
inear [5].

.2. Lanthanide hydrocarbyls

Whereas complexes of unsubstituted and substituted
yclopentadienyl ligands represent the vast majority of all pub-
ished compounds in organolanthanide chemistry, examples of

solated and fully characterized (including X-ray structural ana-
yses) compounds containing only �-bonded alkyl and aryl
igand are still fairly rare. The first structurally characterized
omoleptic lanthanide alkyls became available through the use

c
i
a
a

l complexes; Organometallic chemistry

f bulky mono-, bis- and tris(trimethylsilyl)-substituted methyl
igands. Simple unsolvated alkyls of the rare earth elements have
ot been synthesized until 2004.

An ab initio study on the reaction of the ground state (3D) and
he excited state (1D) of Sc+ with methane leading to Sc+-CH2
nd H2 as well as with ethane and propane has been performed
6,7]. Related studies concerned the reaction of yttrium with
yclopropane [8].

.2.1. Neutral homoleptic compounds
Reaction of 2 equiv. of KN(SiMe3)2 and a mixture

f CH2(Ph2P NC6H2Me3-2,4,6)2 and SmI2 in THF
esulted in formation of the stable samarium dialkyl
m[CH(Ph2PNC6H2Me3-2,4,6)2]2 without additional sol-
ent coordination. The deep purple-black crystals were isolated
n 72% yield and structurally characterized by X-ray methods
Fig. 1). The two bis(phosphinimino)methanide ligands act as
ridentate donors and, as a consequence, the samarium center is
ix-coordinate [9].

Intermediates containing Sc C bonds have also been dis-
ussed for the reaction mechanism of CO2 hydrogenation to
ormic acid in the presence of scandium oxide [10]. The struc-
ural and electronic properties of LnMe3 species have been
tudied by DFT calculations [11] as well as electron localization
unction studies [12]. DFT calculations have also been carried
ut on the compounds Ln[CH(SiR2R′)(SiR3)]3 for Ln = La, Sm
nd (i) R = R′ = Me, (ii) R = H, R′ = Me, and (iii) R = R′ = H. The
esults were compared with the X-ray structures that are avail-
ble from the literature for both metals and R = R′ = Me. The
alculations correctly reproduced the experimental structural
eatures in these complexes exhibiting the peculiar pyramidal

oordination geometry. The results show significant increases
n the Si C bond lengths associated with �-Si C agostic inter-
ctions, whereas little structural changes were found for �-C H
gostic interactions. The latter are in fact repulsive [13]. Recent
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Scheme 1.

Fig. 2. Molecular structure of (Dpp)2SmCl(�-Cl)Li(THF)3 [20].
Fig. 1. Molecular structure of Sm[CH(Ph2PNC6H2Me3-2,4,6)2]2 [9].

FT calculations showed that La[CH(SiMe3)2]3, whose X-ray
tructure had previously been determined, should be considered
s having a �-agostic Si C bond and not a �-agostic C H bond
14]. Large transparent single-crystals of Ln[CH(SiMe3)2]3
Ln = Pr, Nd, Sm) were obtained by slowly lowering the tem-
erature of nearly saturated solutions in n-pentane, isopentane
r methylcyclohexane from −5 to −40 ◦C within 3 days [15].

Still very little is known about the higher homologues
f the homoleptic lanthanide alkyls, i.e. germyls, stan-
yls, etc. Reactions of bis(triphenylmethyl)ytterbium and
is(triphenylgermyl)ytterbium with HgCl2, BiPh3, I2, ButOH,
C CPh, and CpH have been studied [16].

.2.2. Heteroleptic compounds
Theoretical investigations on lanthanide alkyls have been

ublished by Eisenstein and co-workers under the title “Lan-
hanide complexes: electronic structure and H H, C H, and
i H bond activation from a DFT perspective” [17].

The dimerization, unimolecular methane ejection, and
imolecular methane metathesis reactions of L2LnMe species
L = H, Cl, Cp, Cp*; Ln = Sc, Y, Lu) have been modeled at the
ensity functional level (B3LYP) using a relativistic effective
ore potential basis set [18]. The use of very bulky terphenyl-
ype ligands allowed the isolation and structural characterization
f several monoaryllanthanide dihalides (Scheme 1) [19].

Reaction of LiDpp (Dpp = 2,6-diphenylphenyl) with SmCl3
n THF afforded the ate-complex (Dpp)2SmCl(�-Cl)Li(THF)3
Fig. 2) [20] while with the 2,6-di(o-anisyl)phenyl lig-
nd (=Danip) several organolanthanide amides such as
anipYb[N(SiMe3)2]2 and DanipLn[N(SiMe2H)2]2 (Ln = Sm,
b) have been isolated and structurally characterized. Fig. 3

epicts the molecular structure of DanipYb[N(SiMe3)2]2 as a
ypical example [21].

The homoleptic alkyls Ln[CH(SiMe3)2]3 (Ln = Y, Ce)
eact with nitriles under formation of adducts rather Fig. 3. Molecular structure of DanipYb[N(SiMe3)2]2 [21].
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Fig. 4. Molecular structure of the cation in [YMe(THF)6][BPh4]2 [24].
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Scheme 2.

han �-diketiminato-metal insertion products [22]. In the
bsence of B(C6X5)3 the thermally stable trialkyls (12-
rown-4)Ln(CH2SiMe3)3 (Ln = Sc, Y, Sm, Gd, Tb, Dy, Ho,
r, Tm, Yb, Lu) can be isolated, of which the yttrium
omplex was structurally characterized [23]. The unusual
ationic yttrium alkyl complexes [YMe(THF)6][BPh4]2 and
Y(CH2SiMe3)2(THF)4][Al(CH2SiMe3)4] have been synthe-
ized and structurally characterized. The cationic portion of
YMe(THF)6][BPh4]2 is shown in Fig. 4. The structure determi-
ation revealed a pentagonal bipyramidal coordination geometry
round the yttrium center with the methyl group in the apical
osition. The Y C bond length is 2.418(3) Å [24].

A series of bis(salicylaldiminato) mono-alkyls of scandium
nd yttrium has been prepared (Scheme 2) [25].
Chelating diamides of the type [ArN(CH2)xNAr]2− have
een shown to be highly useful ligands for the stabilization of
ttrium alkyl and hydride complexes [26].

s
u
l

Scheme 3
ig. 5. Molecular structure of [(Me3Si)2NC(NPri)2]2Nd(�-Me)2Li(TMEDA)
27].

Guanidinate lanthanide methyl complexes of the
ype [(Me3Si)2NC(NPri)2]2Ln(�-Me)2Li(TMEDA) and
(Me3Si)2NC(NPri)2]2Ln(�-Me)2Li(THF)2 (Ln = Nd, Yb)
re accessible in good yields by reacting the chloro-bridged
recursors with methyllithium (Scheme 3). Fig. 5 illustrates
he molecular structure of the neodymium/TMEDA derivative
27].

�-Diketiminato (“nacnac”) ligands are becoming increas-
ngly popular as ancillary ligands in organolanthanide chem-
stry [22,28–30]. Scheme 4 summarizes typical synthetic routes
eading to diorganoscandium complexes stabilized by bulky �-
iketiminato ligands [31,32].

A most remarkable achievement was the stabilization of
diamagnetic ScIBr molecule in a sandwich-like struc-

ure. The reaction of the �-diketiminato scandium derivative
ScBr2 (L = Et2NCH2CH2NC(Me)CHC(Me)NCH2CH2NEt2)
ith (C3H5)MgBr gave the unexpected blue-green scandium

omplex (LMgBr)2ScBr, whose structure was established by X-
ay analysis, liquid and solid-state NMR, EPR, UV–vis, and
agnetic measurements as well as DFT calculations. Correla-

ion of all results led to the conclusion that the formal oxidation

tate of scandium in this complex is one (Sc(I)) having no
npaired electrons [33]. The same tetradentate �-diketiminato
igand has been utilized for the synthesis of LLnBr2 (Ln = Y, Sm,

.
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Scheme 4.
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ig. 6. Molecular structure of LTb(CH2SiMe3)2 (L = Et2NCH2

H2NC(Me)CHC(Me)NCH2CH2NEt2) [34].
r, Yb) and the bis(alkyl)terbium complex LTb(CH2SiMe3)2
Fig. 6) [34,35]. Silyl-substituted �-diketiminato ligands have
een shown to be highly useful for the preparation of divalent
tterbium complexes [36].

p
t
i

Scheme 5
Scheme 6.

The neutral trialkyl complexes (Me3[9]aneN3)
n(CH2SiMe3)3 (Ln = Sc, Y) were made by reacting

he free ligand with Ln(CH2SiMe3)3(THF)2 (Scheme 5)
37].
Neutral and cationic yttrium and lanthanum alkyl com-
lexes have also been prepared with related linked 1,4,7-
riazacyclononane-amide monoanionic ancillary ligands as
llustrated in Scheme 6. As a typical example, the molecular

.
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ig. 7. Molecular structure of [Me2TACN(CH2)2NBut]La(CH2SiMe3)2 [38].

tructure of [Me2TACN(CH2)2NBut]La(CH2SiMe3)2 is illus-
rated in Fig. 7 [38].

Related new ligand sets for the stabilization of scandium and
ttrium alkyls have been introduced [39]. Also closely related
s a series of triamino-amide ligands, which has been utilized

o stabilize yttrium bis(alkyl) complexes [40]. A tetradentate
is(phenoxide) ligand has been used to stabilize an yttrium alkyl
omplex of the type [L]Y(CH2SiMe3)(THF) [41].

t
s
t

Scheme 7
Scheme 8.

Heteroleptic lanthanide alkyls containing one or two
H2SiMe3 ligands have also been stabilized with the
se of pyrrolylaldiminato ligands [42], chelating tridentate
iamide ligands [43], bulky anilido-imine ligands [44], ster-
cally demanding benzamidinate ligands [45], multidentate
nilido-pyridine-imine ligands [46], and C2-symmetric fluo-
ous diamino-dialkoxide ligands [47]. The use of the neutral
ris(pyrazolyl)methane ligand HC(Me2pz)3 allowed the synthe-
is of the trialkyls [HC(Me2pz)3]Ln(CH2SiMe3)3 (Ln = Sc, Y)
irectly from Ln(CH2SiMe3)3(THF)2. Further reaction of the
rialkyls with [CPh3][B(C6F5)4] afforded the cationic species
{HC(Me2pz)3}Ln(CH2SiMe3)2(THF)][B(C6F5)4] [37].

Protonation of a heteroleptic, cyclometalated lanthanum
hosphide complex with [NEt3H][BPh4] was shown to occur
t the La P and not at the La C bond, which allowed the isola-
ion of a cationic lanthanum alkyl complex as shown in Scheme 7
48,49].

Lanthanide complexes containing anionic amido N-
eterocyclic carbenes as ligands have been synthesized as illus-
rated in Scheme 8. Fig. 8 depicts the molecular structure of
he samarium derivative. The geometry around Sm is pseudo-

etrahedral, with one possible close contact with a silicon atom
uggested by a Sm–Si distance of 3.3334(5) Å. With 2.588(2) Å
he Sm–Ccarbene distance is exceptionally short [50].

.
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ig. 8. Molecular structure of [ButC3H2N2(CH2)2NBut]Sm[N(SiMe3)2]2 [50].

.3. Lanthanide alkenyl and alkynyl compounds

Reaction pathways for the Y-induced acetylene
HCCH)–vinylidene (CCH2) rearrangement in the gas
hase have been identified by density functional and coupled
luster calculations with basis set extrapolations [51]. The
tterbium(II) phenylethynyl complex (PhC C)2Yb(THF)4
eacts with Me3SiCl, Ph3GeCl, and Ph3SnCl to give a mixture
f (PhC C)YbCl(THF)2 and YbCl2(THF)2 [52].
.4. Lanthanide allyls

Recent contributions to the chemistry of lanthanide
llyl complexes addressed the use of substituted allyl lig-

7

t
G

Scheme 9
ig. 9. Molecular structure of [�-K(THF)2]2[Sm{C3H3(SiMe3)2}3]2 [53].

nds [53–55]. The reaction of the bulky allyl anion [1,3-
3H3(SiMe3)2]− with SmI2(THF)2 gave the allyl-bridged dimer

�-K(THF)2]2[Sm{C3H3(SiMe3)2}3]2 as dark green crystals
n 62% yield (Scheme 9) as the first structurally authenticated
m(II) allyl complex. The unusual molecular structure of this
ompound is highlighted in Fig. 9 [53].

Similar treatment of NdI3(THF)3.5 with 2 equiv. of the potas-
ium salt gave a mixture of products, from which the dark green
1,3-C3H3(SiMe3)2]2NdI(THF)2 (Fig. 10) could be isolated in
1% yield [54,55].
A new class of anionic allyl-lanthanide complexes of the
ype [K(THF)4][{1,3-C3H3(SiMe3)2}3LnI] (Ln = Ce, Pr, Nd,
d, Tb, Dy, Er) have been prepared and isolated by reaction of

.
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Fig. 10. Molecular structure of [1,3-C3H3(SiMe3)2]2NdI(THF)2 [55].

equiv. of the 1,3-bis(trimethylsilyl)allyl anion with LnI3. The
eutral complex [1,3-C3H3(SiMe3)2]3Nd(THF) (green crystals,
ig. 11) has been isolated from the reaction of the triflate pre-
ursor Nd(O3SCF3)3 with 3 equiv. of K[1,3-C3H3(SiMe3)2].
hese complexes have been structurally characterized using sin-
le crystal X-ray diffraction [56].

The synthetic route has been extended to the preparation of
he first ansa-bis(allyl)lanthanide complexes (Scheme 10). The
rystal structure determination of the La derivative (Fig. 12)
evealed the presence of a coordination polymer with potassium
ridging two allyl moieties of two neighboring lanthanide units

nd close K· · ·CH3Si contacts [57].

Fig. 11. Molecular structure of [1,3-C3H3(SiMe3)2]3Nd(THF) [56].

o
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t
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c

F
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Scheme 10.

.5. Lanthanide cyclopentadienyl compounds

.5.1. CpLnX compounds
Reactions of the aminosilylcyclopentadienes (C5Me4H)

iMe2NHR (R = Et, allyl, Prn, But) with YbI2(THF)2 in the
resence of 2 equiv. of potassium 1,2-diphenylethylenide in
HF at room temperature gave the diamagnetic half-sandwich
omplexes [(C5Me4SiMe2NHR)YbLn(�-I)]2 (L = THF, n = 2;
= DME, n = 1) (Scheme 11). The t-butylamido complex was

haracterized by X-ray structural analysis as a binuclear com-
lex containing a non-chelating aminosilylcyclopentadienyl lig-
nd. In pyridine partial dissociation into a mononuclear species
ccurs (Scheme 11) [58].

Exemplary synthetic routes leading to �-alkyl complexes
ontaining a silylene-linked cyclopentadienyl-phosphido lig-
nd are outlined in Scheme 12. These complexes represent

he first examples of rare earth alkyl and hydride complexes
earing cyclopentadienyl-phosphido ligands, which are in sharp
ontrast both structurally and chemically with the analogous
yclopentadienyl-amido complexes. As can be seen in Fig. 13,

ig. 12. Molecular structure of [La{(�3-C3H3SiMe3)2SiMe2}2{�-
(THF)}·0.5THF]∞ [57].
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he Lu(III) center in the intermediate bis(alkyl) complex is
onded to one cyclopentadienyl unit, two CH2SiMe3 ligands,
nd one THF ligand. The main difference with respect to
he cyclopentadienyl-amide analogues is that the PHAr unit is
irected away from the metal center. An X-ray structure analysis
f the thermolysis product confirmed the metallation at both the

atom and a methyl group of an ortho-But group in the PHAr

nit (Fig. 14). The Y–P distance is 2.789(2) Å, and the Y–C(�)
ond length is 2.363(5) Å [59].

A
M
[

Scheme 1
1.

A theoretical study of divalent lanthanide complexes of a
riazacyclononane-functionalized tetramethylcyclopentadienyl
igand has been reported [60]. Donor-functionalized amide lig-
nds such as N-(methoxyphenyl)-N-(trimethylsilyl)amide have
een employed as ancillary ligands in the preparation of
imeric mono(cyclopentadienyl)lanthanide chloride complexes.

s a representative example, the molecular structure of [(o-
eOC6H4NSiMe3)(MeC5H4)Yb(�-Cl)]2 is shown in Fig. 15

61].

2.
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Mono(cyclopentadienyl)lanthanide diiodides are readily
accessible utilizing the very bulky 1,2,4-tris(trimethylsilyl)-
ig. 13. Molecular structure of [Me2Si(C5Me4)P(H)Ar]Lu(CH2SiMe3)2(THF)
Ar = C6H2But

3-2,4,6) [59].

.5.2. Cp2Ln compounds
The synthesis and characterization of a new class of divalent

anthanide complexes, [Li(DME)3]2[{C5H4(CMe2Ph)}2Ln(�-
)]2 (Ln = Sm, X = I (black crystals); Ln = Yb, X = Cl (dark red

rystals)) has been reported. In the solid state both complexes
onsist of two [Li(DME)3]+ cations and halide-bridged dimeric
nions (Fig. 16) [62].

The tethered olefin cyclopentadienyl ligand
C5Me4SiMe2(CH2CH CH2)]− forms unsolvated metal-
ocenes, [C5Me4SiMe2(CH2CH CH2)]2Ln (Ln = Sm, Eu, Yb),
rom K[C5Me4SiMe2(CH2CH CH2)] and LnI2(THF)2 in good
ield. In the solid state each complex has both tethered olefins
riented toward the Ln metal center with the Ln–C (terminal
lkene carbon) distances 0.2–0.3 Å shorter than the Ln–C

internal alkene carbon) distances. Fig. 17 illustrates the molec-
lar structure of the europium derivative as a representative
xample [63].

ig. 14. Molecular structure of [Me2Si(C5Me4)PAr′]Lu(CH2SiMe3)2(THF)
Ar′ = CH2CMe2C6H2But

2-2,4,6) [59].
F
[

ig. 15. Molecular structure of [(o-MeOC6H4NSiMe3)(MeC5H4)Yb(�-Cl)]2

61].

.5.3. CpLnX2 compounds
The reduced lanthanide iodides of the composition LnIx

Ln = Sc, Y, La, Ce, Pr, Nd, Gd, Dy, Ho, Er; x < 3), obtained by
he reaction of an excess of the appropriate metal with iodine at
igh temperature, react with cyclopentadiene to afford the com-
lexes CpLnI2(THF)3 with yields up to 60% [64]. CpTbCl2 has
een reported to form adducts with pyrazole and triphenylphos-
ig. 16. Molecular structure of the [{C5H4(CMe2Ph)}2Sm(�-X)]2
2− dianion

62].
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diphosphinoamide ligands being both � -coordinated to the Yb
center [72].

The synthesis of cyclopentadienyl lanthanide pyrazolate
complexes and their reactivity towards dimethylsilicone has
ig. 17. Molecular structure of [C5Me4SiMe2(CH2CH CH2)]2Eu [63].

yclopentadienyl ligand (=Cp′′′). A typical example is depicted
n Scheme 13 [66]. Cp′′′LaI2(THF)3 also served as a
seful starting material for the preparation of a series
f mono(cyclopentadienyl)lanthanum anilido complexes. The
olecular structure of Cp′′′LaI(NHC6H3Me2-2,6)(THF)2 is

hown in Fig. 18 [67].
Reduction of 2,5-di-t-butylcyclopentadienone with 2 equiv.

f thulium diiodide in THF gave a binuclear thulium(III)
omplex containing a cyclopentadienyl oxide ligand, [�5-
5H2But

2OTmI2(THF)3]TmI2(THF)2 as orange crystals in
6% yield [68].

The preparation and reaction chemistry of �-diketiminato
tterbium complexes containing an additional cyclopentadienyl
igand have been investigated. Reaction of Li[(DIPPh)2nacnac]
(DIPPh)2nacnac = N,N-diisopropylphenyl-2,4-pentanediimine
nion) with 1 equiv. of anhydrous YbCl3 in THF afforded the
ark red monomeric complex [(DIPPh)2nacnac]YbCl2(THF)2
n high yield. Further treatment of this complex with

a(C5H4Me) in a 1:1 molar ratio in THF gave the mixed-ligand
tterbium chloride (C5H4Me)[(DIPPh)2nacnac]YbCl as red
rystals in 84% yield. This compound readily undergoes

Scheme 13.
ig. 18. Molecular structure of Cp′′′LaI(NHC6H3Me2-2,6)(THF)2 [67].

etathesis reactions with LiNPh2 and LiNPri
2 in THF to

orm the compounds (C5H4Me)[(DIPPh)2nacnac]YbNPh2 and
C5H4Me)[(DIPPh)2nacnac]YbNPri

2, respectively [68–70].
ono(cyclopentadienyl)lanthanide derivatives have also been

solated from reactions of Cp3Ln with salicylaldehyde thiosemi-
arbazone [71]. The ytterbium complex Cp*Yb[N(PPh2)2]2
ontains two diphosphinoamide ligands in the coordination
phere of Sm (Fig. 19). The compound adopts a distorted
quare pyramidal conformation in the solid state with the

2

Fig. 19. Molecular structure of Cp*Yb[N(PPh2)2]2 [72].
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ig. 20. Molecular structure of [C5Me4SiMe2(C4H3O-2)]Lu(CH2SiMe3)2

THF) [74].

een reported. Reactions of Cp3Ln (Cp = Cp; Ln = Ho, Dy, Yb,
m) with 2 equiv. of HPzMe2 (HPzMe2 = 3,5-dimethylpyrazole)

n THF at room temperature yield complexes of the type
pLn(PzMe2)2 (Ln = Ho, Dy) and Cp2Yb(PzMe2)(HpzMe2)
nd Sm(PzMe2)3, respectively. Similar reactions have been car-
ied out with the methylcyclopentadienyl lanthanide precursors
C5H4Me)3Ln (Ln = Nd, Gd, Dy) [73].

Rare earth metal bis(alkyls) of the type
C5Me4SiMe2(C4H3O-2)]Ln(CH2SiMe3)2(THF) (Ln = Y,
u; Fig. 20) have been prepared by �-bond metathesis of
n(CH2SiMe3)3(THF) with the 2-furyl-substituted tetra-
ethylcyclopentadiene (C5Me4H)SiMe2(C4H3O-2) [74].
Similar ortho-metalation products have been obtained from

eactions of (�5:�1-C5Me4SiMe2NBut)Y(CH2SiMe3)(THF)
ith anisole and 3- and 4-methylanisole [75]. Both the

utetium and ytterbium alkyl complexes were subjected to
ydrogenolysis with dihydrogen or with phenylsilane in pen-
ane at room temperature to give the dimeric hydrides [(�5:�1-

5Me4SiMe2NCMe2R)Ln(THF)(�-H)]2 (Ln = Lu, Yb, Y)

Scheme 14). Because of the thermal instability of the alkyl
omplexes of lutetium and ytterbium, it proved advantageous to
repare the hydride complexes in a one-pot procedure without
solating the alkyl complexes [76].

[
f
C
b

Scheme 1
ig. 21. Molecular structure of [(�5:�1-C5Me4SiMe2NBut)Y(�-
H2CH2CH2CH3)]2 [76].

The hydrido complex [(�5:�1-C5Me4SiMe2NBut)
(THF)(�-H)]2 smoothly reacts with stoichiometric amounts
f olefinic substrates such as ethylene, �-olefins, butadiene,
nd styrenes to give the corresponding alkyl or allyl com-
lexes, respectively (Scheme 15). The molecular structure of
he n-butyl-bridged dimer [(�5:�1-C5Me4SiMe2NBut)Y(�-
H2CH2CH2CH3)]2, prepared from n-butene, is shown in
ig. 21 [76].

This chemistry has also been extended to yttrium alkyl
nd hydrido complexes stabilized by tridentate-linked amido-
yclopentadienyl ligands. A typical synthetic route is illustrated
n Scheme 16. The molecular structures of both products are
ighlighted in Figs. 22 and 23. Especially remarkable is the
solation of a pure THF-free hydrido complex, which could be
chieved by recrystallization of the crude product from heptane
77].

Synthetic routes leading to tetranuclear yttrium and
utetium hydride clusters have been worked out. The com-
lexes are accessible by reacting precursors of the type
C5Me4SiMe2R)Ln(CH2SiMe3)2(THF) (R = Me, Ph; Ln = Y,
u) with either H2 (Scheme 17) [78,79] or PhSiH3 [80], and

heir reactivity has been studied [79,81,82]. This includes for
xample hydrogenation of carbon dioxide and aryl isocyanates

82]. The effective group potentials (EGP) method has been used
or predicting the properties of the trinuclear hydride clusters
p6Lu3H3 and Cp6Lu3H4

− [83]. Related compounds have also
een synthesized with the use of the (C5Me4Prn)− ligand [84].

4.
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Fig. 24 shows an ORTEP-drawing of the overall molecular
tructure of the yttrium hydride cluster (C5H5SiMe3)4Y4(�-
)4(�3-H)4(THF)2, while the Y4H8 core in this complex is
ighlighted in Fig. 25. The X-ray crystal structure determination
evealed the presence of an unsymmetrical tetrahedral config-
ration of four [Y(C5H5SiMe3)] units, two of which contain
ach one molecule of THF. Each yttrium atom is bonded to two
2-bridging as well as three �3-bridging hydrido ligands [78].

The scandium 2,3-dimethyl-1,3-butadiene complex [�5:�1-
5H4(CH2)2NMe2]Sc(C6H10) has been obtained as red crystals

n 48% yield by the two-step procedure outlined in Scheme 18.
ig. 26 clearly shows that the prone-oriented butadiene frag-
ent has considerable 2-ene-1,4-diyl character, as indicated
y the relatively short central C C bond of 1.386(3) Å and
elatively long C CH2 bonds of 1.455(3) and 1.464(3) Å
85].

m
L
t

Scheme 1
5.

The scandium diene complex reacts with PhCN via ini-
ial nitrile insertion into the Sc-diene bond to give a dimeric
2-imido species, but with a 2,2′-bipyridine via the elimina-

ion of the free diene (Scheme 19). The latter reaction shows
hat [�5:�1-C5H4(CH2)2NMe2]Sc(C6H10) can be used to gen-
rate the reactive fragment [�5:�1-C5H4(CH2)2NMe2]ScI. The
olecular structure of the black crystalline bis(2,2′-bipyridine)

roduct is depicted in Fig. 27 [85].
The mono(cyclopentadienyl)lutetium complex

pLu(2�1:�2-guaiazulene)(DME) has been prepared in
he form of blue crystals by reduction of guaiazulene with the
aphthalene–lutetium complex CpLu(�1:�2-C10H8)(DME)
n DME (Scheme 20). According to an X-ray analysis, the
olecule has a skewed pseudo-sandwich structure in which the
u atom is 2�1:�2-coordinated by the seven-membered ring of

he guaiazulene dianion ligand [86].

6.
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ig. 22. Molecular structure of (�5:�1-C5Me4CH2SiMe2NCH2CH2NMe2)
(CH2SiMe3)(THF) [77].

.5.4. Cp2LnX compounds
Density functional studies have been carried out on the com-

lexes Cp2LnCl and Cp2LnX(THF) (Ln = La–Lu; X = F, Cl, Br,
). In these mixed-ligand complexes, Ln Cp and Ln THF bonds
re more covalent as compared to Ln X [87,88]. Density func-
ional theory (DFT) calculations have been performed on the lan-

hanidocene complexes Cp2LnX(THF) (Ln = La, Gd, Lu; X = F,
l, Br, I), and the calculated geometries were in good agreement
ith the available experimental data [89]. DFT calculations have

lso been carried out to elucidate the coordination geometry in

t

t
s

Scheme 1
ig. 23. Molecular structure of [(�5:�1-C5Me4CH2SiMe2NCH2CH2NMe2)
(�-H)]2 [77].

he olefin-pendant-arm cyclopentadienyl scandium complexes
pSc[C5H4SMe2(CH2-�2-CH CH2)](CH2Ph) [90]. The reac-

ion of CF4 with Cp2LnH has been studied with DFT(B3PW91)
alculations for the entire lanthanide series. The reaction paths
or H/F exchange (formation of CF3H and Cp2LnF) and alky-
ation (formation of Cp2LnCF3 and HF) have been determined.
ven though a transition state for formation of Cp2LnCF3 has
een located, Cp2LnCF3 reacts with no energy barrier with HF

o give Cp2LnF and CF3H [91].

Mixed-ring bis(cyclopentadienyl)lanthanide complexes of
he type Cp(C5H4Me)LnCl (Ln = Y, Gd, Er, Yb) have been
ynthesized by reacting LnCl3 with Na(C5H4Me) followed by

7.
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Scheme 18.

Fig. 24. Molecular structure of (C5H5SiMe3)4Y4(�-H)4(�3-H)4(THF)2 [78].

Fig. 25. Structure of the Y4H8 core in (C5H5SiMe3)4Y4(�-H)4(�3-H)4(THF)2

(THF ligands denoted only by their oxygen atoms) [78].

Fig. 26. Molecular structure of [�5:�1-C5H4(CH2)2NMe2]Sc(C6H10) [85].

Scheme 19.

Fig. 27. Molecular structure of [C5H4(CH2)2NMe2]Sc(�2-N2C12H12)2 [85].
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Scheme 20.

ddition of 1 equiv. of NaCp. Further reaction of the Yb deriva-
ive with excess HCp led to ring displacement and formation of
p2YbCl(THF) [92]. The chemistry of organolanthanide com-
lexes containing the bulky vinyltetramethylcyclopentadienyl
igand and its homologues has been thoroughly investigated
93]. Complexes of the type Cp2LnCl have been isolated with the
ery bulky tetraisopropylcyclopentadienyl ligand. Fig. 28 shows
structurally characterized unsolvated neodymium derivative.
ubstitution reactions leading to the corresponding lanthanide
ilylamide complexes have also been described [94].

The use of the N-functionalized cyclopentadienyl ligand
(S)-C5H4CH(Ph)CH2NMe2]− has been investigated [95]. Sev-
ral lanthanide complexes (Ln = Y, Sm, Yb, Lu) containing
ulfur functionalized cyclopentadienyl ligands have been repo-
ted. For example, yttrium trichloride reacted with 2 equiv. of
a(C5H4CH2CH2SEt) in THF to form (C5H4CH2CH2
Et)2YCl (Scheme 21). The stepwise reaction of lutetium

richloride with 1 equiv. of Na(C5H4CH2CH2SEt) and 1 equiv.
f NaCp* yielded Cp*(C5H4CH2CH2SEt)LuCl. Alkylation
f (C5H4CH2CH2SEt)2YCl and Cp*(C5H4CH2CH2SEt)LuCl

ith MeLi in toluene gave the lanthanide alkyls

C5H4CH2CH2SEt)2YMe and Cp*(C5H4CH2CH2SEt)LuMe,
espectively [96,97].

Fig. 28. Molecular structure of (C5HPri
4)2NdCl [94].
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Scheme 21.

Dimeric bis(cyclopentadienyl)lanthanide complexes con-
aining �-alkoxide ligands form a large and well-investigated
lass of organolanthanide complexes. A review article on
Unusually structured organolanthanoid(III) dimers with two
hiral, but not strictly equivalent, nitrogen-functionalized alkox-
de bridges” has been published by Fischer and co-workers [98].
eaction of Cp3Ln (Ln = Sm, Yb) with cyclohexanol in a 1:1
olar ratio afforded the dimeric alkoxide complexes [Cp2Ln(�-
C6H11)]2, of which the Yb derivative was structurally char-

cterized [99]. Analogous dimeric alkoxides containing N-
unctionalized �-alkoxide ligands have been prepared from
C5H4Me)3Ln or Cp3Yb(THF) and HOCH2CH2NR2 (R = Me,
t) in THF [100,101].

A dimeric structure has been determined for the ytterbium
enzoate complexes [(C5H4Me)2Yb(�-O2CC6F5)]2 (orange
lates) and [(C5H4Me)2Yb(�-O2CC6F4H-o)]2 (orange plates)
102]. The complexes [(C5H4SiMe3)Ln(�3-NCH2R)]4 (Ln = Y,
u) were made by reacting the tetranuclear lanthanide polyhy-
rido complexes [(C5H4SiMe3)Ln(�-H)2]4(THF) with nitriles
CN. This reaction involves double addition of the Ln H units
cross the C N bond [81].

Lanthanocene guanidinate complexes of the type

p2Ln[PriNC(NPri

2)NPri] have also been obtained by
nsertion of N,N′-diisopropylcarbodiimide into the Ln N
ond of Cp2Ln(NPri

2) [103,104] and Cp2Yb(Cbz)(THF)
Cbz = carbazolate) [105]. The first examples of ketene inser-
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Cp*Sm[OSi(OBut)3](HMPA)2 as the only isolable prod-
uct (Scheme 23) [118].
Fig. 29. Molecular structure of [Cp

ion into an Ln S bond have also been described. Fig. 29
llustrates the dimeric structure of the ytterbium complex
Cp2Yb(�-�1:�2-OC(SEt) CPh2)]2 which has been prepared
n the form of red crystals by reacting [Cp2Yb(�-SEt)]2 with
iphenylketene [106].

.5.5. Cp3Ln compounds
Cp3Gd has been reported to show a green lumines-

ence in ether solution [107]. The absorption spectra of
he pseudo-trigonal bipyramidally coordinated complexes
C5H4CH2CH2OMe)3Nd and (C5H4CH2CH2PMe2)3Nd have
een measured [108].

.5.6. Cp3LnL and Cp3LnL2 compounds
Absorption and magnetic circular dichroism spectra have

een measured for the methyl-THF derivative Cp3Er(MeTHF)
109], the samarium tris(cyclopentadienyl) complexes
C5H4But)3Sm, (C5H4But)3Sm(THF), and Cp3Sm(CNC6H11)
110], Cp3Nd(methylacetate) [111], as well as (C5H4But)3Nd,
C5H4But)3Nd(THF), and (C5H4SiMe3)3Nd [112]. The cerium
nd neodymium derivatives Cp3Ln(NCMe)2 (Ln = Ce, Nd)
ere analyzed analogously. Large blue-purple crystals of the
eodymium compound could be obtained by slow cooling of
solution of Cp3Nd in acetonitrile [113]. Trialkylphosphate

dducts of the type Cp3Ln[OP(OR)3] (Ln = Pr, R = Me; Ln = La,
r, R = Et) have been prepared and their electronic structure

nvestigated [114].
A novel ring displacement reaction of (C5H4Me)3Ln(THF)

Ln = Sm, Tb, Ho, Yb) with cyclopentadiene has been reported
o give the parent tris(cyclopentadienyls) Cp3Ln(THF) in high
ields [115]. The crystal structure of Cp3Pr(THF) has been

etermined [116]. Numerous adducts of (C5H4But)3Ce with
ix-membered N-heterocycles have been prepared and struc-
urally characterized. Fig. 30 shows the molecular structure of
C5H4But)3Ce(pyridazine) as a representative example [117].
-�1:�2-OC(SEt) CPh2)]2 [106].

.5.7. Pentamethylcyclopentadienyl compounds

.5.7.1. Cp*MX compounds. Novel chemistry has been devel-
ped around binuclear samarium(II) complexes containing one
entamethylcyclopentadienyl ligand and bulky siloxide ligands.
he reaction of Cp*

2Sm(THF)2 with 1.5 equiv. of (ButO)3SiOH
n toluene gave the unsymmetrical binuclear Sm(II) complex
p*Sm[�-OSi(OBut)3]3Sm as green crystals in 93% yield

Scheme 22, Fig. 31) [118].
Addition of 4 equiv. of HMPA to a toluene solu-

ion of Cp*Sm[�-OSi(OBut)3]3Sm afforded purple
Fig. 30. Molecular structure of (C5H4But)3Ce(pyridazine) [117].
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Scheme 22.

Other interesting reactions of Cp*Sm[�-OSi(OBut)3]3Sm
ed to novel samarium(III) species. For example, treatment with
equiv. of azobenzene in toluene gave the corresponding binu-
lear Sm(III) azobenzene–dianion complex as red-brown crys-
als in 64% yield (Scheme 24, Fig. 32). The azobenzene unit
s oriented in a cis-fashion. One N atom (N1) bridges two Sm
toms, while the other N atom (N2) is bonded terminally to only
ne Sm atom (Sm1) [118].

A highly unusual trinuclear Sm(II)/Sm(III) mixed-valence
inverse sandwich” was obtained when Cp*Sm[�-
Si(OBut)3]3Sm was treated with either phenylacetylene
r 4-Me-2,6-But

2C6H2OH (=ArOH) in toluene (Scheme 25,
ig. 33). Most of the products were structurally characterized by
-ray analyses, and the reactions illustrated in Schemes 22–25

epresent only part of the interesting chemistry discovered in
his system [118].

Ytterbium metal reacts with HgPh(C6F5) and HCp* in THF
o give the seven-coordinate monomeric perfluoroorganoytter-
ium(II) complex Cp*Yb(C6F5)(THF)3 (red-orange crystals,
ig. 34), which is presumably formed by protolysis of a transi-
ory “YbPh(C6F5)” species with HCp* [119].

.5.7.2. Cp*
2M compounds. The results of DFT calculations

ave been used to define trends in the interactions of H2, N2,

b
o
c

Scheme 2

Scheme 2
Fig. 31. Molecular structure of Cp*Sm[�-OSi(OBut)3]3Sm [118].

2H4, and C2Me2 with the divalent lanthanide metallocenes
p2Ln and Cp*

2Ln (Ln = Sm, Eu, Yb) [120].
* t
An R2Si → Ln(II) complex, Cp 2Sm[Si(Bu NCH)2], has

een synthesized as purple crystals in 90% yield by reaction
f the free silylene with Cp*

2Sm in toluene (Scheme 26). As
an be clearly seen in Fig. 35, the silylene ligand is located

3.

4.
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ig. 32. Molecular structure of Cp*Sm[�-OSi(OBut)3]2(�-�1:�2-

2Ph2)SmOSi(OBut)3 [118].

symmetrically in the metallocene wedge with one t-butyl
roup (Sm–C(Me) = 3.396(4) Å) much closer to the metal than
he other (Sm–C(Me) = 4.741(4) Å). The Sm(II)–Si distance is
.1910(1) Å [121].

Several Cp*LnII alkyl and silyl complexes have also
een prepared. Reactions of Cp*

2Ln(THF)2 with 1 equiv.
f KCH(SiMe3)2 in THF afforded the corresponding Ln(II)
lkyl complexes [Cp*Ln{CH(SiMe3)2}Cp*K(THF)2]n

Ln = Sm (Fig. 36), Eu, Yb) in 90–92% isolated yields. In

he presence of PhSiH3 the reactions of Cp*

2Ln(THF)2
ith an unidentified “KH + H3SiPh” reaction product

presumably containing KSiH2Ph and KSiH3) gave the
nII–SiH3 complexes [Cp*Ln(SiH3)(THF)Cp*K(THF)]n

Scheme 26.
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Ln = Sm, Eu, Yb) in 81–85% yields. Fig. 37 shows the
olecular structure of a monomeric unit of polymeric

Cp*Eu(SiH3)(THF)Cp*K(THF)]n, while the two-dimensional
ayer structure of this compound is illustrated in Fig. 38 [122].

.5.7.3. Mono(pentamethylcyclopentadienyl)lanthanide(III)
ompounds. Hydrated neodymium nitrates can be readily
ransformed to anhydrous ether solvates which react with
yclopentadienyl reagents to give organometallic nitrate
omplexes, e.g. [Cp*Nd(THF)(�-NO3)3Na(THF)2]x (Fig. 39)
123].

With Cp*Yb[N(PPh2)2]2 a mono-Cp* lanthanide com-
lex with two diphosphinoamide ligands has been synthe-
ized and structurally characterized [72]. An unprecedented

H activation of a 2,2′-bipyridine ligand has been found
hen Cp*Lu(bipy)(CH2SiMe3)(NHAr) (Ar = 2,6-Pri

2C6H3)
as reacted with carbon monoxide [124].
The mono(pentamethylcyclopentadienyl)lutetium bis(alkyl)

omplex Cp*Lu(CH2SiMe3)2(THF) (Fig. 40) has been synthe-
ized from Lu(CH2SiMe3)3(THF)2 and HCp*, and its derivative
hemistry has been investigated. This includes reactions with
,2-dimethoxyethane, 2,2′-bipyridine, 2,6-diisopropylaniline
nd phenylacetylene [125].

A new family of mono(cyclopentadienyl) organoscandium
is(alkyls) supported by a bulky trialkylphosphine oxide ancil-
ary ligand have been reported. Treatment of the oligomeric
recursor [Cp*

2ScCl]n with tri-t-butylphosphine oxide in
HF led to the mono(cyclopentadienyl)scandium dichloride
p*ScCl2(OPBut

3) as a monomeric, THF-free solid in 72%
ield. Facile alkylation with MeLi gave the dimethyl derivative
p*ScMe2(OPBut

3) (Scheme 27) [126].
Treatment of Cp*ScMe2(OPBut

3) with 1 equiv. of
(C6F5)3 in toluene led to the soluble contact ion pair

Cp*ScMe(OPBut
3)][B(C6F5)3] (Scheme 28), demonstrating

hat the Cp*/OPBut
3 system can deliver a stable platform for

rganoscandium chemistry [126].

.5.7.4. Bis(pentamethylcyclopentadienyl)lanthanide(III) com-
ounds. The crystal structure of Cp*

2Sm(�-Cl)2Li(Et2O)2
as found to be isomorphous with its long-known Ce(III)
nd Yb(III) analogues [127]. The unsolvated salt-like species
Cp*

2Ln][B(C6F5)4] (Ln = Pr, Nd, Gd) have become available
y reacting the bimetallic precursors [Cp*

2Ln(�-Me)2AlMe2]2
ith 2 equiv. of [CPh3][B(C6F5)4] [128].
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Fig. 33. Molecular structure of [(ButO)3SiO]3SmIII(�-Cp*)SmII[�-OSi(OBut)3]3SmII [118].

Fig. 34. Molecular structure of Cp*Yb(C6F5)(THF)3 [119].

Fig. 35. Top view of the molecular structure of Cp*
2Sm[Si(ButNCH)2], oriented

such that the widest part of the bent metallocene wedge is horizontal in the
diagram [121].
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Fig. 36. Molecular structure of a monomeric unit of [Cp*Sm{CH(SiMe3)2}
Cp*K(THF)2]n [122].

Fig. 37. Molecular structure of a monomeric unit of [Cp*Eu(SiH3)(THF)
Cp*K(THF)]n [12].

Fig. 38. Two-dimensional layer structure of [Cp*Eu(SiH3)(THF)Cp*K(THF)]n

[122].
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ig. 39. Molecular structure of a repeat unit in polymeric [Cp*Nd(THF)(�-
O3)3Na(THF)2]x [123].

Examination of the chemistry of sterically crowded
C5Me4R)3Ln complexes has provided access to a series
f (�-O)[(C5Me4R)2Ln]2 complexes: (�-O)[Cp*

2La]2, (�-
)[Cp*

2Nd(NC5H4NC4H8)]2, (�-O)[(C5Me4Pri)2Sm]2, (�-
)[(C5Me4Et)2Gd]2, and (�-O)[Cp*

2Gd(NC5H5)]2. X-ray
rystallographic data on these complexes provided information
n the effect of metal and cyclopentadienyl ring size on Ln O
ond lengths. As a representative example, the molecular struc-
ure of (�-O)[Cp*

2Sm(NC5H5)]2 is depicted in Fig. 41 [129a].
�-Dinitrogen-bis(pentamethylcyclopentadienyl) complexes
f lanthanum and neodymium have become readily accessible
hrough the use of potassium graphite as reducing agent. The
ynthetic routes are illustrated in Scheme 29. The molecular
tructure of the La derivative is shown in Fig. 42 [129b].

Fig. 40. Molecular structure of Cp*Lu(CH2SiMe3)2(THF) [125].
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Scheme 27.

B
C
c
n

Fig. 41. Molecular structure of (�-O)[Cp*
2Sm(NC5H5)] [129a].

Oxidation of Cp*
2Yb(THF)2 with the diazadiene

utN CHCH NBut afforded a diazadiene complex,

p*

2Yb(DAD), in 72% yield. An X-ray diffraction study
onfirmed the trivalent state of the ytterbium ion and the radical
ature of the DAD ligand in this complex [130].

Scheme 28.
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Scheme 2
Fig. 42. Molecular structure of (�-N2)[Cp*
2La(THF)]2 [129b].

Adduct formation between Cp*
2Yb(THF)2 with 2,2′-

ipyridine and 1,10-phenanthroline has been studied in detail
131]. In both cases deeply colored 1:1 adducts of the
ype Cp*

2Yb(L) were formed, which have to be formu-
ated as Cp*

2YbIII(L•−) (L•− = radical anion). In a similar
anner, Cp*

2Yb(Et2O) reacts with terpyridine (Fig. 43) and
etrapyridinylpyrazine (Fig. 44) [132].

The first non-ate heteroleptic lanthanide complex con-
aining a monoanionic 2-amidopyridine ligand has been
eported for terbium (Scheme 30, Fig. 45). The monomeric

omplex Cp*

2Tb(amptms) (amptms = 2-(trimethylsilylamido)-
-methylpyridine) is the first structurally characterized terbium
p* compound [133].

9.
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Fig. 43. Molecular structure of Cp*
2Yb(terpy) [132].

F

h
i
C
a
F

h
c
t
m
g
h
[
b
p
C
o
Cp*

2Sm(N CPh2)(HN CPh2) [138].
ig. 44. Molecular structure of (�-tetrapyridinylpyrazine)[Cp*
2Yb]2 [132].

Monoanionic phosphine(phosphinimino)methanide ligands
ave been introduced in organolanthanide chemistry. Scheme 31
llustrates the ligand synthesis and the preparation of a
p*

2Sm(III) derivative, which is monomeric in the solid state

nd contains the ligand in �3-heteroallylic fashion as shown in
ig. 46 [134].

Scheme 30.
Fig. 45. Molecular structure of Cp*
2Tb(amptms) [133].

Agostic interactions in yttrium alkyls of the type Cp*
2YR

ave been studied in detail [135]. DFT and QM/MM cal-
ulations have been carried out to model Cp* for reac-
ivity studies in Cp*

2LnR complexes [136]. The precise
echanism of the reaction of butadiene with Cp*

2SmH to
ive the known insertion product Cp*

2Sm(�3-CH2CHCHMe)
as been investigated on the basis of DFT calculations
137]. The reaction of Cp*

2Sm(THF)2 with 2 equiv. of
enzophenone imine (Ph2C NH) in THF at room tem-
erature gave the samarocene(III) amine/ketimido complex
p*

2Sm(N CPh2)(NH2CHPh2) (Scheme 32), while an excess
f Ph2C NH led to formation of the imine-coordinated complex
Fig. 46. Molecular structure of Cp*
2Sm(Ph2PCHPPh2NSiMe3) [134].
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Scheme 32.

.5.8. Compounds with ring-bridged cyclopentadienyl
igands

Guaiazulene reacts with ytterbium metal under reductive cou-
ling to give an ansa-bis(guaiazulene)ytterbium(II) complex
139].

.5.9. Indenyl and fluorenyl compounds

.5.9.1. Lanthanide(II) compounds. Protonolysis of
C9H7)2Sm(THF)3 with [NEt3H][BPh4] has been reported
o yield the “inorganic” salt-like species [Sm(THF)7][BPh4]2
140].

Unexpected pathways including C C coupling and
H bond activation have been found for reactions of

C13H9)2Yb(THF)2 with sterically demanding diazadienes.
cheme 33 illustrates the formation of a novel multifunc-

ional ligand system in the reaction with the bulky ligand
2,6-PriC6H3)N CHCH N(2,6-Pri

2C6H3) (Fig. 47) [141].
It was found that replacement of the imino hydrogen atoms

n the DAD ligand by methyl groups dramatically influenced the
eaction pathway and led to formation of a totally different prod-
ct (Scheme 34) which was isolated as a deep green crystalline
olid in 64% yield. The novel ytterbium(II) complex (Fig. 48)

ontains a new ligand resulting from proton abstraction from a
ethyl substituent on the imino group [141].
A series of europium(II) and ytterbium(II) metallocenes con-

aining methoxyethyl-functionalized indenyl ligands have been Scheme 34.
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Fig. 47. Molecular structure of the reaction product of (C13H9)

ynthesized by reacting suitable lanthanide silylamide precur-
ors with the free ligands [142].

The first examples of unsolvated racemic bis(2-dime-
hylaminoethylindenyl) divalent organolanthanide complexes,
Me2NCH2CH2C9H6)2Sm and (Me2NCH2CH2C9H6)2Yb,
ere synthesized according to Scheme 35 by the reaction
f K(Me2NCH2CH2C9H6) with LnI2 (Ln = Sm, Yb) in THF
t room temperature or alternatively by reacting the Yb(III)
ilylamide Yb[N(SiMe3)2]3 with 2 equiv. of the free ligand.
ig. 49 shows the molecular structure of the ytterbium derivative
143,144].

Divalent lanthanide metallocenes of Sm and Yb

ave also been prepared using the pendant-arm 3-(2-
yridylmethyl)indenyl ligand [145]. A novel europium(II)
omplex containing a pendant-arm pyrrolidinyl-indenyl ligand

ig. 48. Molecular structure of (C13H9)Yb(THF)[(2,6-Pri
2C6H3)N C(CH3)

C(CH2) N(2,6-Pri
2C6H3)] [141].
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HF)2 with (2,6-PriC6H3)N CHCH N(2,6-Pri
2C6H3) [141].

as been synthesized according to Scheme 36. The yellow
ompound was isolated in 75% yield. An X-ray diffraction
nalysis revealed its monomeric structure (Fig. 50) [146].

The reaction of YbI2(THF)2 with the aminosilylindene lig-
nd (C9H7)SiMe2NHBut in the presence of potassium 1,2-
iphenylethylenide took a different course and yielded a divalent
tterbocene complex with non-chelating aminosilyl indenyl lig-
nds (Scheme 37) [147].

The corresponding 2,2′-bipyridine adduct has been prepared
irectly from the free ligand and ytterbium naphthalenide, fol-
owed by addition of 2,2′-bipyridine (Scheme 38). The black
rystalline material has been structurally characterized by X-
ay analysis (Fig. 51) [147].

.5.9.2. Lanthanide(III) compounds. Interesting “constrained-
eometry” lanthanide complexes have been synthesized with the
se of the fluorenyl-based ligands [(3,6-But

2Flu)SiR2NBut]2−
R = Me, Ph) (Scheme 39). Fig. 52 depicts the molecular struc-
ure of the dimethylsilyl-bridged derivative. This compound is
hermally stable in toluene solution and shows a dynamic behav-
or connected to THF dissociation [148].

Reaction of pyridine with the corresponding fluorenyl-
hydrido)yttrium complex [{(3,6-But

2Flu)SiR2NBut}Y(�-
)(THF)]2 selectively gave the 1,4-addition product, which was

haracterized by single-crystal X-ray diffraction (Scheme 40,
ig. 53) [149].

The sterically demanding heptamethylindenyl ligand has
een introduced in organolanthanide chemistry. The chloride
omplex Ind*

2YCl(THF) (Ind* = heptamethylindenyl) (Fig. 54)
as prepared according to Scheme 41 and served as valuable

tarting material for a series of new alkyl, silyl and hydride
erivatives [150].

The cyclopentyl-substituted bis(indenyl)lanthanide com-

lexes (C9H6C5H9)2Ln(�-Cl)2Li(Et2O)2 (Ln = Y, Yb)
151,152] and the bis[(tetrahydrofurfuryl)indenyl]lanthanide
hlorides (C6H6CH2OC4H7)2LnCl (Ln = Y, La, Pr, Gd, Lu)
153,154] have been prepared by standard methods. The
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rialkylphosphate complex (C9H7)3Pr[OP(OEt)3] has been
ynthesized [115]. The reaction of (C9H7)2LnCl(THF) with
aH in THF generated the dimeric bis(indenyl)lanthanide

ydrides [(C9H7)2Ln(�-H)]2·4THF·NaCl [155].

.5.9.3. ansa-Indenyl and fluorenyl compounds. A series of
hiral 1,1′-(3-oxapentamethylene)-bridged bis(indenyl) ansa-

p
[

f

Fig. 49. Molecular structure of (Me
5.

anthanidocenes have been synthesized with high stereose-
ectivity. The synthetic routes are illustrated in Scheme 42.
he molecular structure of the samarium chloro com-

lex [O(CH2CH2C9H6)2]SmCl(THF) is illustrated in Fig. 55
156].

An interesting �3-coordination mode has been
ound in ansa-metallocenes of the general formula

2NCH2CH2C9H6)2Yb [143].
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Scheme 36.

Scheme 37.

Scheme 38.

Scheme 39.

Scheme 40.
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Fig. 52. Molecular structure of [(3,6-But
2Flu)SiR2NBut]Y(CH2SiMe3)(THF)2

[148].
ig. 50. Molecular structure of (C9H5-1-Me-3-CH2SiMe2NC4H8)2Eu [146].

Li(Et2O)2][Ln{Me2C(Flu)(C5H4)}] (Ln = Y, La) (Scheme 43)
157,158].

The ansa-yttrocene complex [(C9H5-2-
e)2SiMe2]YN(SiHMe2)2, derived from a linked bis(indenyl)

igand, has been prepared by an amine elimination reaction
s depicted in Scheme 44. Treatment of [(�5-C9H5-2-
e)2SiMe2]YN(SiHMe2)2 with AlHBui

2 (=DIBAH) led to

ormation of a dimeric hydride species [159].

Fig. 51. Molecular structure of [(C9H7)SiMe2NHBut]2Yb(bipy) [147].

Fig. 53. Molecular structure of [(3,6-But
2Flu)SiR2NBut]Y(�1-NC5H6)(py)2

[149].

Scheme 41.
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Fig. 54. Molecular structure of Ind2
*YCl(THF) [150].

Fig. 55. Molecular structure of [O(CH2CH2C9H6)2]SmCl(THF) [156].
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Scheme 42.

.6. Organolanthanide complexes with
yclopentadienyl-like ligands

.6.1. Compounds with heteroatom five-membered ring
igands

Samarium chemistry with polydentate pyrrolyl ligands is
ery diverse. Di- and trivalent dinuclear samarium complexes
upported by pyrrole-based tetradentate Schiff bases [160] as
ell as Ln(II) and Ln(III) meso-octaethylporphyrinogen com-
lexes [161] have been investigated, which all involve coordi-
ation of the pyrrolyl rings to the lanthanide metals. The same is
rue for a series of homoleptic lanthanide pyrazolates [162,163]

nd the europium indolate Eu2(Ind)4(NH3)6. The latter has a
imeric structure and contains divalent Eu. The coordination
phere around the europium atoms consists of five N atoms of
wo cisoid indolate anions and three NH3 molecules as well as an

3.
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Scheme 44.
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5-coordinating �-system of another indolate ligand, bridging
o the next Eu atom with an sp2-orbital [164]. Transamination

eactions of Sm[N(SiMe3)2]2(THF)2 with dipyrrolylmethanes
nder nitrogen as illustrated in Scheme 45 produced unusual
etranuclear dinitrogen complexes in the form of red crystals.
ig. 56 highlights the molecular structure of the product with

c

l
t

Scheme 4
ig. 56. Molecular structure of (�-N2)[{PhMeC(C4H3N)2Sm}4(DME)2]
165].

= Me and R′ = Ph. In these compounds the dinitrogen unit has
ndergone a four-electron reduction via cooperative attack of
our divalent samarium atoms and remains coordinated both
ide-on and end-on between the four coplanar metal centers
165].

Several other homoleptic samarium(II) and thulium(II)
hospholyl sandwich complexes containing the 2,5-di-t-butyl-
,4-dimethylphospholide (=dtp) or 2,5-bis(trimethylsilyl)-3,4-
imethylphospholide (=dsp) ligand have been synthesized
Scheme 46) and structurally characterized. X-ray studies
evealed that [Sm(dtp)2]2 and [Sm(dsp)2]2 are both dimeric in
he solid state due to coordination of the phosphorus lone pairs
o samarium (Fig. 57) [166].

Quite in contrast to the centrosymmetric dimers [Sm(dtp)2]2
nd [Sm(dsp)2]2, a crystal structure determination revealed that
he emerald-green thulium derivative (dtp)2Tm is an unsolvated,

onomeric complex und is thus the first homoleptic sandwich

omplex of thulium(II) (Fig. 58) [166].

Like the decamethyllanthanidocenes, the bis(phospholyl)-
anthanide(II) sandwich complexes exhibit an interesting deriva-
ive chemistry. For example, addition of azobenzene to the

6.
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of [Sc(P3C2But)2]2 containing formally divalent scandium. The
complex is dimeric in the solid state and should best be described
as a mixed-oxidation state complex containing both ScI and ScIII

centers (Fig. 62) [167].
Fig. 57. Molecular structure of

amarium(II) and thulium(II) complexes resulted in the imme-
iate formation of dark blue solutions from which the
dducts (dtp)2Tm(N2Ph2) (Fig. 59), (dsp)2Sm(N2Ph2), and
dtp)2Sm(N2Ph2) could be isolated, in which the azobenzene
s �2-coordinated (Scheme 47). In these complexes the N N
ond is substantially elongated relative to free azobenzene and
hus indicates reduction of the ligand so that the metal is in the
rivalent state [166].

Triphenylphosphine sulfide reacts with Tm(dtp)2 to give the
ulfido-bridged binuclear complex (�-S)[(dtp)2Tm]2, whereas
he samarium(II) phospholyl complexes have been found to be
nreactive towards Ph3PS (Scheme 48). The molecular structure

f (�-S)[(dtp)2Tm]2 is shown in Fig. 60 [166].

Prolonged heating of base-free K[P3C2But] and ScI3 in
oluene or mesitylene resulted in formation of a deep red solu-

Fig. 58. Molecular structure of (dtp)2Tm [166].
tp)2]2 and [Sm(dsp)2]2 [166].

ion from which red crystals of Sc[P3C2But]3 could be isolated
Scheme 49, Fig. 61) [167].

Further treatment of Sc[P3C2But]3 with KC8 in toluene at
ow temperature (−78 ◦C) produced a very deep blue solution,
hose color persisted at room temperature. Sublimation of the

esidue after removal of the volatiles gave very dark blue crystals
Fig. 59. Molecular structure of (dtp)2Tm(N2Ph2) [166].

Scheme 47.
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Scheme 48.
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Scheme 49.

.6.2. Compounds with carboranyl ligands
Reactions of closo-exo-5,6-Na(THF)2-1-Na(THF)2-2,4-

SiMe3)2-2,4-C2B4H4 with anhydrous LnCl3 (Ln = Dy, Er) at
arborane to Ln molar ratios of 3:1 in dry benzene at 60 ◦C
roduced novel metallacarboranes, analogues of Cp3Ln, with
he formula [Na3][1,1′-[5,6-(�-H)2-nido-2,4-(SiMe3)2-2,4-

2B4H4]-2,2′,4,4′-(SiMe3)4-1,1′-commo-Ln-(2,4-C2B4H4)2]
s yellow crystalline solids in 78 and 82% yields, respectively
Scheme 50, Fig. 63) [168,169], while in the case Ln = La, Nd,
d, Tb, Ho, and Lu oxide ion-encapsulating tetralanthanide

lusters have also been isolated (Figs. 64 and 65 show the
olmium derivative) [170,171], and with neodymium an unsol-
ated “carbons apart” neodymacarborane sandwich stabilized

y bis(�6-benzene) potassium cation has been obtained [172].
or terbium and erbium novel sandwich complexes derived
rom mixed �5-pentadienyl and C2B4 carborane ligands have
een described [173].

r
t
[
t

Fig. 60. Molecular structure of
Fig. 61. Molecular structure of Sc[P3C2But]3 [167].

Among the new classes of lanthanide metallacarboranes are
everal examples containing �7-carboranyl ligands. As a typical

epresentative of these unusual compounds, Fig. 66 illustrates
he molecular structure of the anion in the erbium derivative
{�5:�7-[Me2Si(C9H6)(C2B10H11)]Er}2{Na4(THF)8}]n con-
aining a Me2Si-bridged indenyl/carborane ligand [174].

(�-S)[(dtp)2Tm]2 [166].
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Fig. 62. Molecular struct

An interesting variation of the indenyl/carborane
igand system is the introduction of additional donor-
unctionalized side-chains. New metallacarboranes
earing a (nido-RC2B10H10)2

4− ligand, [{�5:�1:�6-
e2Si(C9H5CH2CH2G)(C2B10H10)Sm}2(�-Cl)][Li(THF)4]

G = NMe2, OMe), have been prepared and structurally charac-
erized by treatment of SmI2(THF)x with the lithium salt of the
igand via an unexpected samarium-mediated ligand coupling
eaction (Scheme 51) [175,176].

A recent addition to organolanthanide carborane chemistry is
he use of hydroxyethyl- and alkoxyethyl-o-carborane ligands.

cheme 52 illustrates a typical synthetic route leading to an
rbium derivative of such ligand system, while Fig. 67 shows
he molecular structure of the anionic part of this compound
177].

s
a
1
m

Scheme 5
[Sc(P3C2But)2]2 [167].

Numerous organolanthanide complexes derived from the new
ersatile phosphorus-bridged ligand Pri

2NP(C9H7)(C2B10H11)
ave been synthesized [178].

.7. Arene complexes

The scandium benzene complexes ScC6H6
−, ScC6H6, and

cn(C6H6)m (n = 1–3, m = 2–4) have been successfully synthe-
ized using a laser vaporization method [179,180]. Codepo-
ition of a monoatomic lanthanide vapor (Sm, Eu, Tm, Yb)
nd tri-t-butylbenzene, 1,3,5-But

3C6H3, onto a cold (77 K)

urface afforded matrices that contained zerovalent bis(�6-
rene)lanthanide complexes of the form Ln(�6-C6H3But

3-
,3,5)2 as formed in macroscale co-condensation reactions using
etal vapor synthetic (MVS) techniques. Holmium capor reacts

0.
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Fig. 63. Molecular structure of [Na3][1,1′-[5,6-(�-H)2-nido-2,4-(SiMe3)2-2,4-
C2B4H4]-2,2′,4,4′-(SiMe3)4-1,1′-commo-Dy-(2,4-C2B4H4)2] [168].

Fig. 64. Molecular structure of (�-Cl)(�4-O)[1-Ho-(THF)-2,3-(SiMe3)2-2,3-
C2B4H4]4 [170].
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Scheme 5
ig. 65. Molecular structure of the [(C2B4Ho)4Cl2O] cluster core in (�-Cl)(�4-
)[1-Ho-(THF)-2,3-(SiMe3)2-2,3-C2B4H4]4 [170].

ith 2,4,6-tri-t-butylphosphorin to afford the zerovalent het-
roarene lanthanide complex Ho(�6-PC5H2But

3-2,4,6)2, the
rst structurally characterized complex of this class. Gram quan-

ities of the compound are formed in 45% yield as extremely air-
nd moisture-sensitive, purple iridescent crystals, which can be
ecrystallized from pentane. The novel sandwich complex sub-
imes at 160 ◦C (10−5 mbar) with 90% recovery [181].

Bridging acenaphthylene was found in the binuclear lan-
hanum complex (�-C12H8)[LaI2(THF)3]2 [182]. �6-Arene
oordination has been reported for a series of cationic scandium
omplexes containing �-diketiminato ligands [183].

.8. Lanthanide cyclooctatetraenyl compounds

.8.1. Mono(cyclooctatetraenyl) lanthanide(III)
ompounds

The dimeric mono(cyclooctatetraenyl)lanthanide chlorides
(COT)Ln(�-Cl)(THF)2]2 are long known and still represent
he most useful precursor in (COT)Ln chemistry. An alterna-

ive preparation of the Sm derivative involves the reaction of
amarium metal with cyclooctatetraene in THF in the pres-
nce of a small amount of HgCl2. The molecular structure of
(COT)Sm(�-Cl)(THF)2]2 has been determined [184].

1.
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in the fullerene cages forming endohedral fullerenes has been
observed [192]. The configuration of the La ions of La2@C80 in
the [80]fullerene cage has been investigated by use of quantum-
chemical calculations [193].
Fig. 66. Molecular structure of the anion in [{�5:�7

Diphoshinoamide complexes of the type
COT)Ln[N(PPh2)2](THF) have been prepared with Ln = La and
m, and both complexes have been structurally characterized
185]. Terphenyl cyclooctatetraenyl samarium complexes of the
ype (COT)Sm(Dpp)(�-Cl)Li(THF)3, (COT)Sm(Dmp)(THF),
nd (COT)Sm(Danip)(THF) (Dpp = 2,6-diphenylphenyl;
mp = 2,6-dimesitylphenyl; Danip = 2,6-di(o-anisyl)phenyl)
ave been synthesized in a one-pot reaction from SmCl3,
2COT and the corresponding terphenyllithium derivative

20]. (COT)Tm(Dmp)(THF) displays an analogous molecular
tructure [186].

.8.2. Bis(cyclooctatetraenyl) lanthanide(III) compounds
Structural investigations have been carried out on the

nionic sandwich complexes [Li(THF)3][Tm(COT)2] [187] and
Li(THF)2][Sc(COT)2] [188].

.8.3. Cerocenes
An efficiently modified synthesis for the long-known par-

nt cerocene has been published, which involves oxidation of
[Ce(COT)2] with allyl bromide. An electrochemical study of

erocene showed redox with the cerate ion [Ce(COT)2]− to be
eversible with a relatively low reduction potential (−0.6 V ver-
us NHE). The corresponding praseodymium salt, K[Pr(COT)2]
oes not undergo comparable reversible oxidation [189].
.9. Lanthanide metallofullerenes

Three isomers of Y2C2@C82 have been synthesized and
hromatographically isolated (Fig. 68) [190].

Scheme 52.
F
a

2Si(C9H6)(C2B10H11)]Er}2{Na4(THF)8}]n [174].

Quantized rotational states of a diatomic C2 unit have been
bserved in the solid endohedral metallofullerene C2Sc2@C84
191]. A photofragmentation study of metal fullerides C60Lnx

Ln = Y, La, Sm) by excimer laser ablation-TOF mass spectrom-
try showed that various kinds of metallofullerenes are observed
n both the positive and negative ionic modes. For C60Smx, the

etal atom is incorporated into the network of the fullerene cage
o replace one carbon atom of the cage forming substitutional

etallofullerenes. In the case of the metal fullerides C60Lnx

Ln = Y, La), evidence for encapsulation of Y and La atoms
ig. 67. Molecular structure of the {�7-[(CH3OCH2CH2)2C2B10H10]Er}2
2−-

nion [177].
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Scheme 5

Fig. 68. Molecular structure of the three isomers of Y2C2@C82 consistent with
the 13C NMR results [190].
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.10. Heterobimetallic organolanthanide complexes

Synthetic routes to the Yb/Al complexes Cp*
2Yb(AlMe4)

nd [Cp*
2Yb(ER)(AlMe3)2]2 (ER = OBut, SPh, SC6H4Me-

, TePh) have been developed [194]. Treatment of the
imeric arylimido complex [Sm(NHAr)3]2 (Ar = 2,6-Pri

2C6H3)
ith trimethylaluminum resulted in formation of an unusual

mido-bridged heterobimetallic samarium–aluminum complex
Scheme 53) [195].

A novel type of metallotropic tautomerism, i.e. reversible
nd equilibrium isomerization of �5-bis(Me3Si-fluorenyl)–rare
arth metal complexes to �6-bis(Me3Si-fluorene-AlR3)–rare
arth metal complexes, has been reported (Scheme 54).
his metallotropic tautomerism was realized by the addi-

ion of AlR3 to the former complexes. �6-Bis(Me3Si-
uorenyl-AlMe3)Sm was synthesized by the reaction of �5-
is(Me3Si-fluorenyl)Sm(THF)2 with excess AlMe3. The cor-
esponding reaction of excess AlEt3 with �5-bis(Me3Si-
uorenyl)Sm(THF)2 gave �6-bis(Me3Si-fluorenyl-AlEt3)Sm
196].

The reaction of [(COT)Sm(�-Cl)(THF)2]2 with
a[CpCo{P(O)(OEt)2}3] in a molar ratio of 1:2 in THF

olution afforded orange (COT)Sm[CpCo{P(O)(OEt)2}3] as
he first organolanthanide containing Kläui’s tripod ligand
Scheme 55) [197].

.11. Organolanthanide catalysis

.11.1. Organolanthanide-catalyzed oligomerization

eactions

Different types of organolanthanide complexes have been
ound to catalyze the oligomerization of phenylisocyanate
198]. A novel Z-selective head-to-head dimerization of termi-

Scheme 54.
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al alkynes has been achieved with the use of “constrained-
eometry” lanthanide half-sandwich complexes as catalysts
199].

.11.2. Organolanthanide-catalyzed polymerization
eactions
.11.2.1. Review. “Developments of rare earth metal catalysts
or olefin polymerization” have been highlighted by Yasuda et
l. [196].

.11.2.2. Monoolefins (ethylene, propene, styrene, etc.). A
eries of lanthanide metallocene catalysts are active in the
egioselective ring-opening polymerization of strained exo-
ethylenecycloalkanes to yield exo-methylene-functionalized

olyethylenes [200–202]. A quantum-chemical molecular
ynamics simulation study of the ring opening of methylenecy-
lopropane catalyzed by the lanthanocene Cp2LaH has been
ublished [203].

Highly syndiospecific polymerization has also been
chieved by allyl lanthanide complexes of the type
Me2C(Flu)(C5H4)]Ln(�3-C3H5) (Ln = Y, La, Sm)
204] and with scandium half-metallocenes such as
C5Me4SiMe3)Sc(CH2SiMe3)2(THF) [205]. Diphenylphos-
hine has been shown to be an efficient chain transfer agent in
rganolanthanide-catalyzed ethylene polymerization, yielding
hosphine-terminated polyethylenes. This reaction is a versa-
ile, efficient way of incorporating an electron-rich functional
roup into an otherwise inert polymer [206]. A similar strategy
as been followed to synthesize polyolefins end-functionalized
ith nitroxide derivatives [207].

.11.2.3. Dienes (butadiene, isoprene, etc.). The stereospe-
ific polymerization of butadiene with Li[Nd(�3-C3H5)4]·
.5dioxane, Li[CpNd(�3-C3H5)3]·2THF, Li[Cp*Nd(�3-
3H5)3]·3DME and (�3-C3H5)2Nd(�-Cl)2MgCl(THF) as
atalysts has been reported [208,209]. The same authors also
ublished the synthesis of neutral tris(allyl)-lanthanide com-
lexes La(�3-C3H5)3·1.5dioxane and Nd(�3-C3H5)3·dioxane
nd their test as “single site” catalysts for the stereospe-
ific polymerization of butadiene. The title complexes were
btained by reaction of tetrakis(allyl)lanthanide(III) complexes

i[Ln(C3H5)4]·1.5dioxane (Ln = La or Nd) with BEt3 in diox-
ne. The compounds catalyzed the 1,4-trans-polymerization
f butadiene in toluene with high selectivity. By addition of
roper Lewis acids, such as Et2AlCl, EtAlCl2 or (MeAlO)x,

t
l
l
C

5.

atalysts for the 1,4-cis-polymerization are obtainable. The
esults allowed first conclusions on the mechanism of the
anthanide-complex-catalyzed butadiene polymerization [210].
arious supported La and Nd allyl complexes have also
een investigated as highly active single-site catalysts for the
,4-cis-polymerization of butadiene [211]. (Allyl)neodymium
ntermediates have been discussed for the butadiene poly-

erization and copolymerization of butadiene with styrene
nd glydidyl methacrylate using well-defined neodymium
lkoxides/aryloxides in combination with dialkylmagnesium
eagents as catalysts [212], while the ansa-metallocenes
Me2Si(C5H3SiMe3-3)2]NdCl or [Me2Si(C13H8)2]NdCl in
ombination with BunLi and AlHBui

2 have been found to
e efficient and unique catalysts for the copolymerization of
thylene with butadiene [213,214].

Addition of appropriate co-catalysts such as MMAO
=modified methylaluminoxane) or AlR3/[Ph3C][B(C6F5)4] to
he samarocene complexes Cp*

2Sm(THF)2 or Cp*
2Sm(�-

e)2AlMe2 also afforded catalytic systems for stereospe-
ific 1,4-cis-living polymerization of butadiene and copoly-
erization of butadiene with styrene [215]. Stereospecific

olymerization of isoprene with molecular and MCM-48-
rafted lanthanide(III) tetraalkylaluminates such as Ln[(�-
e)2AlMe2]3 has been reported [216,217]. The novel com-

lexes [Cp*
2Ln][B(C6F5)4] (Ln = Pr, Nd, Gd) in combination

ith AlBui
3 efficiently induce highly 1,4-cis-specific polymer-

zation of butadiene. The activity of the Gd complex/AlBui
3

ystem is high enough to exhibit good catalytic activity even
t low temperature. Polymerization at −78 ◦C gave polybu-
adiene with nearly perfect 1,4-cis-microstructure (>99.9%)
ith a sharp molecular weight distribution (Mw/Mn = 1.45)

nd in reasonable yield [129]. Other organolanthanide com-
lexes which have been reported to effectively catalyze
iene polymerization include the new divalent samarocenes
C5Me4Prn)2Sm(THF) and (C5H2Ph2-1,2,4)2Sm(THF) [218],
ixed cyclopentadienyl/�-diketiminate complexes of Sm and
d [219], and Nd complexes supported by a dianionic modifi-

ation of the 2,6-diiminopyridine ligand [220].

.11.2.4. Cyclic esters and amides (�-caprolactone, l-lactide,
tc.). Ring-opening polymerization and block copolymeriza-

ion of l-lactide has also been achieved with the diva-
ent samarocene complexes (C5H4C5H9)2Sm(THF)2 as cata-
yst [221], while d,l-lactide is effectively polymerized using
p*

2SmMe(THF) [222]. The complexes [(C5H4SiMe3)2Sm(�-
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substituted 1-aminopent-4-enes to give trans-2,5-disubstituted
pyrrolidines with good enantiomeric excess and high krel [247].
Intramolecular hydroamination of alkenes and alkynes has also
been reported for yttrium catalysts bearing diamidoamine lig-
548 F.T. Edelmann / Coordination Che

e)]2 and [{C5H3(SiMe3)2-1,3}2Ln(�-Me)]2 (Ln = Nd, Sm)
erform the block copolymerization of l-lactide with �-
aprolactone in high yields in the absence of any co-
atalysts [223]. The guanidinate lanthanide methyl complexes
(Me3Si)2NC(NPri)2]2Ln(�-Me)2Li(TMEDA) (Ln = Nd, Yb)
ave been established as effective single-component initia-
ors for �-caprolactone polymerization [27]. Other organolan-
hanide complexes which have been reported to catalyze the
co-)polymerization of �-caprolactone and/or ethylenecarbon-
te include homoleptic lanthanide guanidinate complexes [224],
p*

2Sm(BH4)(THF) [225], and sterically hindered lanthanide
llyl complexes [56].

.11.2.5. Acrylic monomers (methylmethacrylate (MMA), acry-
onitrile, etc.). Block copolymerizations of higher 1-olefins
ith traditional polar monomers have been achieved using
etallocene-type single-component lanthanide initiators [226].
he polymerization of acrylate-based macromonomers to
ylindrical brushes initiated by organolanthanides has been
eported [227,228]. Other complexes which have been found
o exhibit high catalytic activity in the polymerization of

MA include the samarocene derivative Cp*
2SmMe(THF) sup-

orted on mesoporous silicates [229], Yb[C(SiMe3)3]2 [230],
is(pyrrolylaldiminato)samarium hydrocarbyl complexes [43],
ivalent ytterbium complexes containing �-diketiminate ligands
70], a Sm(II) allyl complex [54], ansa-bis(allyl) lanthanide
omplexes [58], bis- and tetrakis(trimethylsilyl)-substituted lan-
hanocene methyl complexes such as [(C5H4SiMe3)2Sm(�-

e)]2 and [{C5H3(SiMe3)2-1,3}2Ln(�-Me)]2 (Ln = Nd, Sm)
223], guanidinate lanthanide methyl complexes of the
ype [(Me3Si)2NC(NPri)2]2Ln(�-Me)2Li(TMEDA) (Ln = Nd,
b) [27], bis(arylamido)lanthanide methyl complexes [141],
p2Ln complexes containing piperonaldimethylacetal as lig-
nd [231], silylene-bridged ansa-bis(fluorenyl)lanthanide com-
lexes [232], pendant phenylcyclopentadienyl lanthanide com-
lexes [233], sterically hindered allyl lanthanide complexes [56],
nd benzyl-substituted cyclopentadienyl lanthanide complexes
234].

.11.2.6. Other monomers. The regio- and stereoselective
olymerization of aromatic diynes catalyzed by lanthanide met-
llocenes such as Cp*

2PrCH(SiMe3)2 has been investigated
235].

.11.3. Organolanthanide-catalyzed hydrosilylation
eactions

Commercially available lanthanum-
ris[bis(trimethylsilyl)amide] has been shown to be a very
ffective catalyst for the hydrosilylation of representative
lkenes and dienes in the presence of PhSiH3 [236]. Dimeric
ttrium hydrido complexes containing the pendant-arm
yclopentadienyl ligand [C5Me4CH2SiMe2NBut]− have

een found to catalyze the hydrosilylation of 1,5-hexadiene,
,7-octadiene and vinylcyclohexene by PhSiH3 [237].

Lanthanide(II)–imine complexes, obtained by reduction of
romatic ketimines with samarium and ytterbium metal, effec-
Scheme 56.

ively catalyze the hydrosilylation of imines. The proposed
atalytic cycle for the imine hydrosilylation is outlined in
cheme 56 [238].

.11.4. Organolanthanide-catalyzed hydroamination
eactions

Organo-f-element-catalyzed hydroamination has been con-
inuously investigated in 2003 and 2004 [239–241]. The
rganolanthanide-catalyzed hydroamination/cyclization has
lso been extended to conjugated aminodienes [242] and amine-
ethered unactivated 1,2-disubstituted alkenes (Scheme 57)
243].

The scope of the lanthanide-mediated, intramolecular amina-
ion/cyclization reaction has been determined for the formation
f substituted quinolizidines, indolizidines, and pyrrolizidines
244], as well as tricyclic and tetracyclic aromatic nitrogen hete-
ocycles [245]. Novel C2-symmetric bis(oxazolinato)lanthanide
atalysts have been introduced as precatalysts for the efficient
nantioselective intramolecular hydroamination/cyclization of
minoalkenes and aminodienes [246]. Chiral binaphtholate
ttrium aryl complexes have been reported to be highly active
nd enantioselective catalysts for the asymmetric hydroamina-
ion of aminoalkenes, as well as the kinetic resolution of �-
Scheme 57.
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nds [39] and a cationic �-diketiminato scandium alkyl complex
248].

Homoleptic lanthanide alkyls of the form Ln[CH(SiMe3)2]3
Ln = Y, La, Nd, Sm, Lu) have been reported to serve as efficient
recatalysts for intramolecular homogeneous hydrophosphina-
ion reactions. Both phosphinoalkenes and phosphinoalkynes
ndergo cyclization to the corresponding heterocyclic struc-
ures [249]. Intermolecular hydrophosphination of alkynes with
iphenylphosphine is catalyzed by a Yb–imine complex, Yb(�2-
h2CNPh)(HMPA)3, to give alkenylphosphines and phosphine
xides after oxidative workup in good yields under mild con-
itions (Scheme 58). This reaction is also applicable to various
arbon–carbon multiple bonds such as conjugated diynes and
ienes, allenes, and styrene derivatives. The reaction takes place
hrough insertion of alkynes to a Yb-PPh2 species, followed by
rotonation [250].

.11.5. Other organolanthanide-catalyzed reactions
An exciting new approach for the selective, catalytic con-

ersion of methane has been described. Heating a cyclohexane
olution of Ph2SiH2 and Cp*

2ScMe to 80 ◦C under 150 atm of
ethane produced 5 equiv. of Ph2MeSiH after 1 week, 1 equiv.

f which was derived directly from Cp*
2ScMe [251]. The related

candium alkyl Cp*
2ScCH2But was synthesized by the addition

f a pentane solution of LiCH2But to Cp*
2ScCl at low tempera-

ure. Cp*
2ScCH2But reacts with the C H bonds of hydrocarbons

ncluding methane, benzene, and cyclopropane to yield the cor-
esponding hydrocarbyl complex and CMe4. High selectivity
oward methane activation suggested the participation of this
hemistry in a catalytic hydromethylation, which was observed
n the slow, Cp*

2ScMe-catalyzed addition of methane across the
ouble bond of propene to form isobutene [252].

Dimeric bis(indenyl)lanthanide hydrides [(C9H7)2Ln(�-

)]2·4THF·NaCl have been found to promote the Claisen

earrangement and selectively reduce carbonyl functions.
or example, organolanthanide-catalyzed Claisen rear-
angement of PhCH2C(O)OCH2CH CH2 in THF gave

t

t
q

8.

hCH(CHO)(CH2CH CH2) in 61% yield [155]. Cross-silyl
enzoin additions have been reported to be catalyzed by an in
itu prepared “LaBun

3/Me3SiCN” catalyst system [253].

.12. Organolanthanides in organic synthesis

A computational study of cyclopropanation reactions of the
ivalent samarium carbenoid ISmCH2I with ethylene has been
resented. The ISmCH2I species was found to have a “samarium
arbene complex” character with properties similar to previ-
usly investigated lithium carbenoids LiCH2X (X = Cl, Br, I).
he ISmCH2I carbenoid was found to be noticeably different in
tructure with more electrophilic character and higher chemical
eactivity than the closely related classical Simmons–Smith car-
enoid IZnCH2I [254,255]. Organocerium reagents have been
mployed in the preparation of trisubstituted allylphosphine
oranes [256] and in other alkylation reactions [257]. The allyl-
erium reagent (CH2 CHCH2)CeCl2 has been prepared in situ
y stirring allylmagnesium chloride with cerium trichloride, and
sed for allylation reactions [258]. The in situ preparation of
e3SiC CCeCl2 and its reactions with aldehydes have been

escribed [192,259].
Allylsamarium bromide reacts with acyl azides to give

he corresponding gem-diallylation products, 4-alkyl-1,6-
eptadiene-4-ol derivatives, in good to excellent yields. This
ovel reaction has been described to proceed within a few
inutes at room temperature [260]. The nucleophilic substi-

ution of the benzotriazolyl group in the N-(�-benzotriazol-1-
lalkyl)amides and N-(�-benzotriazol-1-ylalkyl)sulfonamides
ith allylsamarium bromide has been investigated, and the cor-

esponding homoallylamides or homoallylsulfonamides have
een obtained in good to excellent yields [261].

An alkenylcerium reagents (Scheme 59) has been utilized in

he total synthesis of sesterpenic acids [262].

Ytterbium and samarium metals reduce aromatic ketimines
o give directly divalent azalanthanacyclopropane complexes in
uantitative yields (Scheme 60) [238].
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Scheme 59.
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degree of �-bonding in the U(III) carbene entity. The solid-state
structures of both complexes are depicted in Figs. 70 and 71
[271].
Scheme 60.

The imine complexes have been found to catalyze dehy-
rogenative silylation of terminal alkynes, hydrosilylation of
mines and alkenes, and intermolecular hydrophosphination of
lkynes. Moreover, dehydrogenative double silylation of con-
ugated dienes was achieved with these reagents [238]. Metala-
ion of 1,3-diphenyl-2-benzylpropene by diphenylytterbium fol-
owed by addition of Ph3SnCl afforded (PhCHSnPh3)2C CHPh
263].

.13. Organolanthanides in materials science

Mesoporous niobium oxide with a pore size of 22 Å was
reated with excess Cp*

2Sm(THF)2 in THF to give a new meso-
orous niobium oxide composite with a mixed-oxidation state
rganosamarium phase in the pores [264,265].

Rare earth oxides could represent a valuable alternative to
iO2 in complementary metal-oxide-semiconductor devices. In

his context, the growth of lutetium oxide (Lu2O3) films by
tomic-layer deposition using the dimeric [(C5H4SiMe3)2Lu(�-
l)]2 precursor complex and H2O has been described. The films
ere found to be stoichiometric, with Lu2O3 composition, and

morphous. Annealing in nitrogen at 950 ◦C led to crystalliza-
ion in the cubic bixbyite structure [266].

Rare earth (RE)-group V (RE-V) compounds are of great
nterest in realizing new functions of high-speed magneto-
lectronic, magneto-optical devices, semi-metal-base tran-
istors, etc. Erbium phosphide, ErP, has been grown on
n(0 0 1) substrates by organometallic vapor phase epitaxy
OMVPE) using the new liquid organolanthanide precursor
ris(ethylcyclopentadienyl)erbium, (C5H4Et)3Er [267].

. Actinides

In 2003 Dormond et al. published a comprehensive review
nder the title: “Product class 23: organometallic complexes of
he actinides” [268].

.1. Actinide carbonyls

While stable binary actinide carbonyls are still unknown,

esearch in this area focusses mainly on the detection and the-
retical investigation of unstable molecules such as the mono-
arbonyl complexes of thorium and uranium. CUO has been
roduced experimentally by reaction of laser-ablated U atoms F
Fig. 69. Molecular structure of {[ButNON]Th(�-Cl)}2 [270].

ith CO in excess argon and trapped in a triplet state in solid
rgon at 7 K [269].

.2. Actinide hydrocarbyls

The doubly deprotonated diamidosilyl ether ligand
ButNHSiMe2)2O2− ([ButNON]2−) has been successfully
mployed in the stabilization of heteroleptic organoactinide
omplexes. Scheme 61 depicts the preparation of the dimeric
alide precursors, which have subsequently been treated with
3H5MgCl or LiCH2SiMe3 to afford stable disubstituted
iallyl and dialkyl complexes. The molecular structure of
[ButNON]Th(�-Cl)}2 is shown in Fig. 69 [270].

The first examples of compounds with an N-heterocyclic car-
ene ligand coordinated to a low-valent uranium center have
een reported in 2004. The synthetic procedures are illus-
rated in Schemes 62 and 63. Notably, the silylamide derivative
Scheme 63) was isolated in the form of dark blue crystals
n excellent yield (>90%). DFT studies indicated a significant
ig. 70. Molecular structure of [(AdArO)3tacn]UIII(Me4MC) [271].



F.T. Edelmann / Coordination Chemistry Reviews 250 (2006) 2511–2564 2551

Scheme 61.

Scheme 62.
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A uranyl-carbon bond is also present in the adduct of
PhC(NSiMe3)2]2UO2 with t-butylisonitrile. Treatment of a
oluene solution of the precursor with ButNC cleanly formed
PhC(NSiMe3)2]2UO2(CNBut) as the first uranyl complex con-
aining a coordinated isonitrile [272].

.3. Actinide allyls

Significant progress in actinide allyl chemistry has been
ade through the use of bulky silyl-substituted allyl ligands.

eactions of 4 equiv. of K[C3H4SiMe3-1] or K[C3H3(SiMe3)2-
,3] with ThBr4(THF)4 in THF at −78 ◦C cleanly produced
he bright yellow complexes [C3H4SiMe3-1]4Th (Fig. 72) and
C3H3(SiMe3)2-1,3]4Th, respectively, in high yields. In both

d
(
s
b

3.

omplexes the central Th atom is tetrahedrally coordinated by
our �3-allyl ligands. In view of the thermal fragility of parent
C3H5)4Th (rapid decomposition at ca. 0 ◦C) the properties of
ts counterparts containing trimethylsilylated allyl ligands are
triking. For example, bright yellow [C3H3(SiMe3)2-1,3]4Th is
ndefinitely stable at room temperature in the solid state and in
olution under an inert atmosphere. It melts at 122–124 ◦C (dec.)
nd tolerates brief (<5 min) exposure to air without noticeable
ecomposition [273].

Bis(allyl)actinide complexes containing the doubly

eprotonated diamidosilyl ether ligand (ButNHSiMe2)2O2−
[ButNON]2−) have been mentioned in the preceding
ection [270]. An uncommon �3-(N,C,C′)-1-azaallyl
onding mode for a �-diketiminato ligand has been
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Fig. 71. Molecular structure of [(Me3Si)2N]3UIII(Me4IMC) [271].

r
p
w
(
i
d
s
d

F
w
[

�
c

3

3

t
p
a
t
(
b
w
p

3
Novel constrained-geometry monocyclopentadienyl

actinide complexes have been reported. The com-
plexes [Me2Si(C5Me4)(NBut)]An(NRR′)2 (Scheme 65,
An = Th, U; R = R′ = Me; R = Me, R = Et; R = R′ = Et)
Fig. 72. Molecular structure of [C3H4SiMe3-1]4Th [273].

eported for a bis(�-diketiminato)uranium(III) iodide com-
lex. As shown in Scheme 64, reaction of UI3(THF)4
ith 2 equiv. of the sterically demanding K(Nacnac)

Nacnac− = [Ar]NC(Me)CHC(Me)N[Ar], Ar = 2,6-Pri
2C6H3)
n toluene solution at room temperature afforded a bis(�-
iketiminato)uranium(III) complex as a dark blue crystalline
olid in 42% isolated yield. The molecule features one �-
iketiminato ligand bound to the U(III) center in an unusual

Scheme 64.
ig. 73. Molecular structure of the reaction product of UI3(THF)4

ith K(Nacnac) (Nacnac− = [Ar]NC(Me)CHC(Me)N[Ar], Ar = 2,6-Pri
2C6H3)

274].

3-(N,C,C′)-1-azaallyl mode and possesses close U· · ·Calkene
ontacts (Fig. 73) [274].

.4. Actinide cyclopentadienyl compounds

.4.1. Cp3An and Cp3AnL compounds
Numerous adducts of (C5H4But)3U with pyridine deriva-

ives and other six-membered N-heterocycles have been pre-
ared and structurally characterized [275]. This reaction
lso allowed a clear lanthanide(III)/actinide(III) differentia-
ion between (C5H4But)3Ce and (C5H4But)3U. In contrast to
C5H4But)3Ce, which reacts with pyrazine to give the Lewis-
ase adduct (C5H4But)3Ce(pyrazine), the uranium analogue
as oxidized by the azine molecule to the binuclear U(IV) com-
lex (�-pyrazine)[(C5H4But)3U]2 [276].

.4.2. CpAnX3 and Cp2AnX2 compounds
Scheme 65.
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Fig. 74. Molecular structure of [Me2Si(C5Me4)(NBut)]U(NMe2)2 [277].
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Fig. 75. Molecular structure of {[Me2Si(C5Me4)(NPh)]ThCl}4 [278].
Scheme 66.

ere synthesized in high yields and excellent purity, and
Me2Si(C5Me4)(NBut)]U(NMe2)2 was structurally character-
zed by an X-ray analysis (Fig. 74) [277].

Starting from ThCl4, two new thorium complexes, a tetramer
f [Me2Si(C5Me4)(NPh)]ThCl (Scheme 66) and a dimer of
Li(Et2O)2][{Me2Si(C5Me4)(NBut)}ThCl3] (Scheme 67) have
een synthesized and structurally characterized. The tetrameric
tructure of {[Me2Si(C5Me4)(NPh)]ThCl}4 is illustrated in
ig. 75, while Fig. 76 depicts the solid-state structure of the
imer [Li(Et2O)2][{Me2Si(C5Me4)(NBut)}ThCl3]2 [278].

.4.3. Pentamethylcyclopentadienyl compounds
The pentamethylcyclopentadienyl ligand remains the most

mportant ligand in organoactinide chemistry. It has been very
uccessfully employed in the stabilization of novel organoac-
inide complexes and in organoactinide catalysis.
.4.3.1. Cp*AnX2 and Cp*
2AnX compounds. Oxidation of the

terically crowded complex Cp*
3U provided access to (�-

)[Cp*
2U]2 as the first molecular trivalent uranium oxide. The

O U angle in this molecule is 171.5(6)◦ (Fig. 77) [279].

Scheme 67.

Fig. 76. Molecular structure of [Li(Et2O)2][{Me2Si(C5Me4)(NBut)}ThCl3]2

[278].
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Fig. 77. Molecular structure of (�-O)[Cp*
2U]2 [279].
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Scheme 68.

Cp*
2U[N(SiMe3)2] has been obtained in nearly quantitative

ield by reacting sterically crowded Cp*
3U with KN(SiMe3)2

Scheme 68) [280].

.4.3.2. Cp*
3An compounds. Starting from sterically crowded

p*
3U the synthesis of the first f-element complex binding a for-

ally neutral N2 ligand end-on has been achieved. It was found
hat solutions of Cp*

3U under N2 at 80 psi slightly darken and
roduce hexagonal crystals of Cp*

3U(�1-N2). The U N(N2)
ond length in this spectacular molecule is 2.492(10) Å (Fig. 78)
281].

*
In a similar manner, Cp 3U reacts with CO to form a 1:1
dduct. The rare uranium carbonyl complex Cp*

3U(CO) has
CO = 1922 cm−1 and a U–C(CO) distance of 2.485(9) Å. Fig. 79
hows two orientations of Cp*

3U(CO) [282].

3
,
U
b

Fig. 79. Molecular structure
Fig. 78. Molecular structure of Cp*
3U(�1-N2) [281].

.4.3.3. Mono(pentamethylcyclopentadienyl)
ctinide(IV)-compounds. Unusual
ono(pentamethylcyclopentadienyl)actinide complexes

ontaining a 15-membered trianionic hexaoxo-ligand built
rom catechol and catecholborate have been prepared and
tructurally characterized. As depicted in Scheme 69, the
ynthesis of these complexes has been achieved by reacting
p*

2AnMe2 (An = Th, U) with an excess of catecholborane
hat contains 5% dimethylsulfide (DMS) in benzene at room
emperature for 24 h. The DMS ligand could be replaced by
HF [283].

Mono(pentamethylcyclopentadienyl)actinide complexes
ontaining the doubly deprotonated diamidosilyl ether ligand
ButNHSiMe2)2O2− ([ButNON]2−) have been prepared
ccording to Scheme 70 [270].
.4.3.4. Bis(pentamethylcyclopentadienyl) actinide(IV)-, (V)-
and (VI)-compounds. Detailed cyclic voltammetric and

V–vis–near-infrared electronic absorption spectral data have
een published for a series of Cp*

2An (An = Th, U) complexes

of Cp*
3U(CO) [282].
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Scheme 69.
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284]. The reaction of Cp*
2UCl2 with HNSPh2·H2O in 1:1 sto-

chiometry produced Cp*
2UCl(OH)(HNSPh2) as green crystals

n good yield. This was the first structurally characterized f-
lement metallocene complexe containing a terminal hydroxy
igand (Fig. 80) [285].

Migratory insertion of benzonitrile into both An C bonds
f the bis(alkyl) and bis(aryl) complexes Cp*

2AnR2 (An = Th,
; R = Me, CH2Ph) afforded the actinide ketimido complexes
p*

2An[N C(Ph)R]2. Thus for example, treatment of a col-
rless toluene solution of Cp*

2ThPh2 with excess benzonitrile

nstantly generated the highly iridescent orange-colored tho-
ium(IV) bis(ketimido) complex Cp*

2Th[N CPh2]2, which was
solated as an orange crystalline solid in 82% yield (Scheme 71,
ig. 81) [286].

[
X
s
a

0.

Density functional calculations have been used to investi-
ate the structure and bonding in several unusual cyclopen-
adienyl complexes with nitrogen-containing ligands. The
(VI) imido complex Cp2U(NPh)2 and the U(IV) amido

omplex Cp2(NHPh)2 were examined and important orbitals
nvolved in the U N bonds analyzed [287]. Monoimido
omplexes of uranium(IV) were synthesized by metathesis
r direct protonation reactions (Scheme 72). Obtained from
p*

2UMeCl and lithium anilide in the presence of tetra-
ethylethylenediamine (TMEDA), the orange-brown complex
Li(TMEDA)][Cp*
2U(NC6H5)Cl] has been characterized by

-ray diffraction. It exhibits a typical “bent metallocene”
tructure with an average U C(�5-Cp*) distance of 2.77(2) Å
nd a Cp*(cent.) U Cp*(cent.) angle of 132.4◦. The U Cl
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Fig. 80. Molecular structure of Cp*

2UCl(OH)(HNSPh2) [285].
nd U N(NC6H5) bond lengths are 2.690(5) and 2.051(14) Å,
espectively. The complex Cp*

2U(N-2,4,6-But
3C6H2), pre-

ared by protonation of Cp*
2UMe2 with H2N-2,4,6-But

3C6H2,
as also structurally characterized. The most interesting fea-

Scheme 71.

a
h
f
o
t

C
f
I
m
t
C
d

Scheme 7
Fig. 81. Molecular structure of Cp*
2Th[N CPh2]2 [286].

ure of this molecule is the very short U N bond length of
.952(12) Å.

Organometallic complexes of uranium(VI) with organoimido
nd oxo functional groups Cp*

2U( NR)( E) (E = NR or O)
ave also been prepared by two-electron oxidative atom trans-
er with using of organic azides, amine N-oxides or nitrous
xide. Another way of synthesizing these compounds is reduc-
ive cleavage of 1,2-disubstituted hydrazines (Scheme 73).

The uranium(IV) carbene complex
p*

2U(O)[C(NMeCMe)2] has been synthesized in the
orm of red-brown crystals from Cp*

3U and the free carbene.
t represents a rare example of a monometallic uranium

ono-oxo compound (Fig. 82) [279]. The crystal structures of

he known thorium and uranium complexes Cp*
2Th(CH2Ph)2,

p*
2ThMe2, Cp*

2U(CH2Ph)2 and Cp*
2UMe2 have also been

etermined in the course of this investigation [286].

2.
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.4.4. Pentalenediyl compounds
The electronic structure of (�-N2)[Cp*U{�8-C8H4(SiPri

3)2-
,4}]2 has been investigated by density functional calculations
288].
.5. Actinide arene complexes

The sterically crowded Cp*
3U complex reacts with KC8 or

/18-crown-6 in benzene to form the novel �-benzene complex

Fig. 82. Molecular structure of Cp*
2U(O)[C(NMeCMe)2] [279].

c
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c
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3.

�-�6:�6-C6H6)[Cp*
2U]2 as a brown solid in nearly quantitative

ield. An alternative preparation involves the use of [Cp*
2U][(�-

h)2BPh2] as starting material (Scheme 74). (�-�6:�6-
6H6)[Cp*

2U]2 reacts with KN(SiMe3)2 to afford the amide-
ubstituted analogue (�-�6:�6-C6H6)[Cp*UN(SiMe3)2]2 Both
ompounds have nonplanar C6H6 rings sandwiched between
he two uranium atoms. The solid-state structures of both arene
omplexes are illustrated in Figs. 83 and 84 [280].
By reducing the tetravalent [K(DME)]2[(Et8-calix-[4]-
etrapyrrole)Th(�-Cl)]2 with K(naphthalene), it was possible to
btain a unique example of a Th arene complex, {[(Et8-calix-
4]-tetrapyrrole)ThK(DME)](�,�′-�4:�6-C10H8)(�-K)}n

Fig. 83. Molecular structure of (�-�6:�6-C6H6)[Cp*
2U]2 [280].
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Scheme 75). Exposure of a deep red toluene solution
f the naphthalene complex to CO2 at room tempera-
ure and 1 atm afforded colorless crystals of the new
ompound [(Et8-calix-[4]-tetrapyrrole)ThK(DME)]2[�-
is-1,4-(CO2)2C10H6K(DME)1.5]2, resulting from the
is-insertion of two molecules of CO2 at the 1- and 4-
ositions of the coordinated naphthalene ring (Scheme 75)
289].

.6. Actinide cyclooctatetraenyl compounds

A highly interesting essay on the discovery and chemistry
f uranocene has been published by Seyferth under the title:
Uranocene. The first member of a new class of organometallic
erivatives of the f elements” [290].

.6.1. Cyclooctatetraenyl actinide(III) compounds
The mixed-sandwich uranium(III) complex

COT)Cp*U(HMPA) was isolated from the reaction of
he cationic uranium complex [(COT)U(HMPA)3][BPh4]

*
ith KCp (70% yield). Fig. 85 shows the molecular
tructure of (COT)Cp*U(HMPA). The analogous tetra-
ethylphospholyl (=tmp) derivative (COT)U(tmp)(HMPA)2
as obtained upon reduction of the cationic uranium(IV) com-

ig. 84. Molecular structure of (�-�6:�6-C6H6)[Cp*UN(SiMe3)2]2 [280].

p
[

Scheme 75.
lex [(COT)U(tmp)(HMPA)2][BPh4] with sodium amalgam
291].

Fig. 85. Molecular structure of (COT)Cp*U(HMPA) [291].
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.6.2. Mono(cyclooctatetraenyl) actinide(IV) compounds
Reaction of (COT)U(BH4)2(THF) with the dithiocarbon-

tes dddtCO and dmioCO (dddt = 5,6-dihydro-1,4-dithiine-
,3-dithiolate; dmio = 1,3-dithiole-2-one-4,5-dithiolate) gave
he neutral dithiolene compounds [(COT)U(dithiolene)]2 in
ood yields (dithiolene = dddt, dmio, or 1,3-dithiole-4,5-
ithiolate (mdt)). The reactions are accompanied by elim-
nation of formaldehyde and borane. The X-ray crystal
tructures of [(COT)U(mdt)]2 (Fig. 86) and monomeric
COT)U(mdt)(pyridine)2 (Fig. 87) showed an interaction
etween the C C double bond of the mdt ligand and the uranium
tom, and the 1H NMR spectra revealed a facile dithiolene ring
nversion process in solution [292].

.6.3. Bis(cyclooctatetraenyl) actinide(IV) compounds
High-resolution Raman spectra for uranocene and thorocene

ave been measured under liquid nitrogen [293].

.7. Organoactinide catalysis

.7.1. Organoactinide-catalyzed hydroamination reactions
Constrained-geometry complexes of the type
Me2Si(C5Me4)(NBut)]An(NRR′)2 (An = Th, U; R = R′ = Me;
= Me, R = Et; R = R′ = Et) have been reported to be

ffective precatalysts for intramolecular catalytic hydroamina-
ion/cyclization of aminoalkenes and aminoalkynes [277].

Fig. 86. Molecular structure of [(COT)U(mdt)]2 [292].
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[47] L. Lavanant, T.-Y. Chou, Y. Chi, C.W. Lehmann, L. Toupet, J.-F. Carpen-
Fig. 87. Molecular structure of (COT)U(mdt)(pyridine)2 [292].

.7.2. Other organoactinide-catalyzed reactions
The actinide complexes Cp*

2AnMe2 (An = Th, U) have been
ound to effectively catalyze the coupling reaction of terminal
lkynes and t-butylisonitrile, ButNC. The catalytic conversion
f the isonitrile and alkyne to 1-aza-1,3-enynes was achieved in
oluene or benzene at 90–100 ◦C, while no reaction was observed
n the absence of a catalyst. Scheme 76 illustrates a plausible

echanism for the catalytic coupling of ButNC and terminal
lkynes mediated by Cp*

2AnMe2 [294].
Selective alkylation of aromatic molecules (benzene, toluene)

ith �-chloronorbornene at room temperature to afford good
ields the 1:1 addition products exo-1-chloro-2-arylnorbornane
aryl = Ph, C6H4Me-p) has been achieved with the metalloce-
ium ion pair [Cp*

2ThMe][B(C6F5)4] [295]. The solution struc-
ure and aggregation of the catalyst has been studied by NOE
nd PGSE NMR spectroscopy [296,297].
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