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1. Introduction

%,

. . &

The review presents complexes of the lanthanides and ac-us!
tinides, as well as scandium and yttrium complexes contain-
ing metal—-carbon bonds as defined by Section 29 of Chemical
Abstracts. Abstracts of papers presented at conferences, dis

sertations, highlights and patents have been excluded.

2. Scandium and yttrium, and lanthanides

2.1. Complexes without supporting cyclopentadienyl
and cyclopentadienyl-like ligands

2.1.1. Alkyl, alkenyl, alkynyl and CO complexes

A reversible fixation of ethylene at a samarium centerina MIN(SiMeg)zls  +
calixpyrrol-samarium complex was reported by Gambarotta

and co-workerfl]. The reduction of Sm(lll) complexes [¢R
calixpyrrol)CISm{ Li(THF) }2{Li(THF)2}(3-Cl)] (R=Et

or {—(CHp)s—}o.5) with lithium gave dark green solutions
in both cases §cheme ) The resulting complex is
dependent from the aliphatic substitution at the calixpyrrol-
ring. The compounds [(&calixpyrrol)(L)Sm{Li(THF)}»
{Li(THF) 2} (k3-X)(Et20)1.5] (R={~(CHz)s—}o5, X=Cl,
L=THF; R=Et, X=0CHCH, L=Et,0) react with ethy-
lene forming the ethylene-bridged complexf$Rs-cali-
xpyrrol)[(CH,CHO)LI][Li(THF)] 2Sm](u-CH2CH2)} (R=
{-(CHp)s5—}o5 or R=Et). The magnetical moment of the
compound R {—(CHp)s—}0.5 shows the complete oxidation
to a Sm(lll) species.

Single-crystal X-ray determinations revealed a

Fig. 1. Molecular structure
[Li(THF)] 2Sm](1-CH,CHy)}.

of {[(Ets-calixpyrrol)[(CH,CHO)LI]

H-C=C—Ph + NaN(SiMes), LU

[Na(THF)3M{N(SiMe;),}3(CCPh)]  + HN(SiMes),

Scheme 2. Synthesis of [Na(THM {N(SiMe3), }3(C=C—Ph)] (M=Ce,
Sm, Eu).

Dehnicke et al. reported the reaction of ethynylbenzene
with the trisamides M[N(SiMg)2]3 (M=Ce, Sm, Eu) in the
presence of NaN(SiMg, in THF under formation of the
complexes [Na(THRM{N(SiMes)2}3(CCPh)][2] accord-
ing to Scheme 2

A single-crystal X-ray structure determination of
[Na(THF):Sm{N(SiMe3), }3(C=C—Ph)] revealed the pres-
ence of an ion pair in which the terminal carbon atom of the
C=C—-Ph™ ligand is connected with the samarium atom of the

Sm-C—C-Sm center with a relatively long carbon—carbon Sm[N(SiMe;)2]z group. The sodiumion is side-on connected

distance of 1.48A (Fig. 1).

Li_Li /Li

NG

R = Etor {-(CHy)s-Jos

X=Cl,L=THF
or X = OCHCHy, L = Et,0

with the acetylido groupKig. 2).

Scheme 1. Synthesis ¢f(Rg-calixpyrrol)[(CHCHO)LI][Li(THF)] 2Sm](x-CH2CHy) } (R ={—(CHz)5—}0.5 or R = Et).
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Fig. 2. Molecular structure of [Na(THEBPM{N(SiMes3)2 }3(C=C—Ph)].

The distance between the Sm center and the termi-

nal C of the acetylido ligand is 2.485 and is under-
standable as a strongly polar i@ bond. [Na(THF}Sm
{N(SiMez)2}3(C=C—Ph)] does not polymerize methyl
metacrylate but is catalyzing the ring opening polymeriza-
tion of e-caprolactone os-valerolactone.

921

2.1.2. Metallacarborane complexes

Xie et al. presented a series of metallacarborane comple-
xes in different articles. The first organolanthanide compou-
nd containing anm’-carboranyl ligand, {{n°n’-Me,C
(CsH4)(CoB1oH11)]Er}2{Nas(THF)9}]1n, has been achieved
by treatment of §°-Me>C(CsH4)(C2B1oH11)]ErClo(THF)3
or [{[n°m®-Me2C(CsH4)(C2B10H11)]Er}2(THF), with exc-
ess Na metal in THH7]. The N& ions in [{[n°n’-
MepC(CsHa)(CoB1oH11)Er}2{Naa(THF)9}]n can be
replaced by E¥* ions, giving the tetranuclear clustér®:n’-
MeC(CsHa)(C2 B1oH11)} Era (- Cl) (THF)3} J2.  The
polymeric nature of{[n%:m’-Me,C(CsH4)(C2B10H11)]Er}2
{Nas(THF)9}]n, has been confirmed by a single-crystal
X-ray analysis, which reveals two{[n°:m’-MexC(CsHa)
(C2B1oH11)]Er?~ structural motifs in each asymmetrical
unit. The asymmetrical units are linked to each other via
B—H-Er bonds to form an infinitive polymeric chain ((b) in
Fig. 3.

The MeSi-bridged cyclopentadienyl/carboranyl ligand
systems can be generated by reaction ohb8ECsHs)Cl
with 1equiv. of LhCyB1gH10 and subsequent hydrol-
ysis, giving MeSi(CsHs)(C2B10H11) [8].
Me,Si(CsHs)(C2B1oH11) can be conventionally con-
verted into the monoanion Na[M8i(CsH4)(C2B10H11)],
the dianion Lj[Me,Si(CsHs5)(C2B1oH10)], and the tri-

Zang and Wang used a cerium acetylido compound anion Kz[Me,Si(CsH4)(C2B1oH11)] by treatment with

(Scheme Bfor a C-C coupling reaction at a ring carbonyl
center{3].

Bochkarev and co-workers reported the synthesis of ho-

moleptic phenylethynyl derivatives of lanthanides by sim-
ple exchange reactior[g¢]. The reaction of Lrg or Lnls
with PhC=CNa in tetrahydrofuran was used for the prepa-
ration of the phenylethynyl derivatives (PAC),Ln(THF)x
(Ln=Sm, Yb;x=1, 2) and (Ph€C)sLn(THF)x (Ln=Pr, Nd,
Dy, Ho, Er, Lu;x=1, 2), respectively. They also reported stud-
ies of different reactions of the di- and triphenyllanthanides
PhYb(THF); and PRLn(THF)3 (Ln=Ho, Tm, Yb)[5]. Re-
actions with O, PhG=CH, CsHg, HgX> and b were per-

NaH, MeLi and K metal in THF at room temperature,
respectively. Na[MgSi(CsH4)(CoB1oH11)] reacts with
1equiv. of LnCk in THF yielding the dichlorides 1{°-
Mezsi(C5H4)(CzBloH11)]LnClz(THF)3 (Ln:Nd, Sm, Er,
Yb). Single-crystal X-studies reveal a monomeric structure
for the dichloro complexesHg. 4). The cyclopentadienyl
ligand is bonded to the Yb center in®-fashion. The
coordination sphere of the metal center is saturated by the
two chlorine atoms and three THF molecules.

Treatment of LnQd with 2equiv. of Na[MeSi
(CsH4)(C2B1oH11)] or reaction of the dichloro com-
plexes [r]S-Mezsi(Og,H4)(CzBloH11)]LnC|2(THF)3 with

formed. The phenyl derivatives of the lanthanides are highly an equimolar amount of Na[M&i(CsH4)(C2B1oH11)]
reactive towards these agents and form the expected producttsn THF results in the isolation of the monochlorides

in high yields.

The group of Kovba and co-workers published the char- Gd,
acterization of the structure and the spectra of holmium com-

plexes formed in the CO matr[8]. The equilibrium geome-

try configurations and high-frequency IR spectra for the com-

MEZSi(C5H4)(CzB]_0H11)]2LI’]C|(THF)2 (Ln:Nd, Sm, Y,
Yb). The solid-state structure of nJMesSi
(CsH4)(C2B1oH11)]2SMCI(THF),  reveals a distorted
trigonal—bipyramidal geometry at the metal center with two
m°-bonded cyclopentadienyl rings, one chloride ion and two

plex HoCO were characterized by ab initio quantum chemical THF moleculesfig. 5).

calculations.

/ N\

CLCé Ph

Scheme 3. Cerium acetylido compound.

Interaction of Lp[Me2Si(CsHs)(C2B10H10)] with LnCl3
in THF in a molar ratio 1:1 or 2:1 or reaction of M®i
(CsH4)(C2B10H11)]2LNCI(THF), with 2 equiv. of MeLi
in THF gives the same compounds{nP:oc-Me,Si
(CsHa)(C2B1oH10)] }oLn][Li(THF) 4]  (Ln=Nd, Y, Er,
Yb). The solid-state structure of {§%0-Me;Si
(CsH4)(C2B1oH10)] }2ET][LI(THF) 4] shows well-separated,
alternating layers of the discrete tetrahedral cation Li(T#iF)
and anion {m®:0-Me;Si(CsH4)(C2B1oH10)] }2Er]~ (Fig. 6).
In the anion, the Er center ig°-bonded to each of two



922

Fig. 3. (a) ORTEP illustration of{[n>:n”-Me2C(CsH4)(C2B10H11)]Er}2
{Nay(THF)o}]n showing one asymmetrical unit of the infinite polymeric
chain and (b) closer view of the interactions of the Er metal with the neigh-
boring carboranes.

cyclopentadienyl rings andg-bonded to each of two carbon

atoms from two carborane cages in a distorted-tetrahedral

arrangement.

Fig. 4. Molecular structure Of{s-Mezsi(O5H4)(C2BloHll)]chlz(THF)3.

J. Gottfriedsen, F.T. Edelmann / Coordination Chemistry Reviews 249 (2005) 919-969

Fig. 5. Molecular structure of 7°-MezSi(CsHg)(C2B1oH11)]2SMCI
(THF),.

Treatment of NdG with an equimolar amount of
K3[Me2Si(CsH4)(C2B1oH11)] in THF produces §%:m°-
Me2Si(CsHy)(CoB1oH11)INd(THF),. The samarium anal-
ogous f1°:m°%-Me»Si(CsH4) (C2B1oH11)]SM(THF), was pre-
pared from an unprecedented redox reaction of Smith
2 equiv. of Na[MeSi(CsH4)(C2B1oH11)] in THF. The reac-
tionof LnCl3 (Sm, Yb) with K3[Me2Si(CsH4)(C2B1oH11)] in
THF afforded the organolanthanide(ll) compourifig®:m°-
Me;Si(CsHa)(C2B1oH1)ILN(I)(THF) 2} {K(THF),}.  The
solid-state structure of nP:m®-Me,Si(CsH4)(C2B1oH11)]
Sm(THF) revealed every Sm atom®-bonded to the cy-
clopentadienyl ring and\®-bonded to the hexagonahBy
face of the GB1pH11 cage and two THF molecules in a
distorted-tetrahedral geomettrlyig. 7).

According to the cyclopentadienyl/carborane chemistry,
the chemistry of ansa indenyl/carboranes was studied in de-
tail [9]. The new versatile ligand M&i(CoHg)(C2B10H11)
can conveniently be converted into the monoan-
ion [MezSi(CgHg)(C2B1oH11)]- and the dianion
[Me2Si(CoHg)(CoB1oH11)]>~ with lequiv. or excess
amounts of NaH, respectively. Treatment of Snwith
Na[Me;Si(CgHg)(C2B1oH11)] in THF gave the redox
product j1°:m8-Me,Si(CoHe)(C2B10H11)]SM(THF Y.

Fig. 6. Molecular structure of {f1°:0-Me>Si(CsH4)(C2B10H10)]}2
Er][Li(THF) 4].
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Fig. 9. Molecular structures of [EreTHF)s][ u-CH-(closaCyB10H11)-
nidO—CBloHll].

Fig. 7. Molecular structure of 1°:m5-MeySi(CsH4)(C2B1oH11)]

SM(THFY.

communicate with each oth§t0]. The authors discussed,
that the acidity of the CH group of the carborane is dependent
upon the substituents on the cyclopentadienyl ring, which
in turn affects the properties of the resulting complex.
CoBioH11 cage and two THF molecules in a distorted- Besides the known monoanion and dianion, they described

tetrahedral geometry. Reaction of Smfith 1 equiv. of the e Synthesis of the trianiondMe;Si(CoHe)(C2B10H11)],
sodium salt of the dianion [MSi(CoHe)(CoBioH )2~ vallable from MeSi(GoHe)(CoBiotis) and K- metal
afforded the C—H bond reduction product{nF:o- in THF. Reaction of LnQ Wlth 1eqU|v. of Na[MeSi
MeSi(CsHa)(C2B1oH10) }2SM]INa(THFS](THF)2. Its (CgHg)(CzBloHll)] gave the dichloride complexesni-
solid-state structure consists of alternating layers of discrete M251(CoHe)(C2B1oH11)ILnCl2(THF)s  (Ln=Nd, E).'
tetrahedral anions and octahedral catidfig. 8 shows the 1 heY can further react with another equivalent of Najflie
structure of the anion, in which the Sm atom sits o8 (CE?HG)(CZ_BNH“)] to afford the monochloride complexes
axis and isn®-bonded to each of two indenyl rings and LM -M€2Si(CoHe)(C2B10H11)]2LnCI(THF)3 (Ln=Ce,
o-bonded to two carbon atoms from two carborane cages in'Vd: Sm. Er), which can also be prepared by treatment

a distorted-tetrahedral geometry. of LnCl3 with 2equiv. of Na[MeSi(CoHe)(C2B10H11)]
In contrast, reaction of Yhl with one or 2equiv in one step. Furthermore, the authors described detailed

. : tivity studies of the monochloride and dichloride
Na[Me;Si(CoHs)(C2B10H11)] afforded fn>-Me;Si(CoHe) reactivit ,
(C2B10H12)] YD (-1)(THF)2]2 or [1°-Me2Si(CoHeg)(C2B10 lanthanide complexes with NaH and K metal. For example,
- - . treatment of §°-Me,Si(CoHg)(C2B1oH11)]ErCla(THF)3
H11)]2Yb(THF),, respectively, which demonstrates the dif- - ] ,
ferences of Yb and Sm chemistry. with 2eqU|v: of K metal at room temperature yielded
More studies on the versatile compound 48&CqH-) [”_‘5:“6'Me?s'(OgHG)(C?BlOHll)]Er(THF)Z' The new
(C:B1oH11) lead to the indication that in this type of Pis(carborane) compound  [LnflTHF)s][p-CH-(closo

P : : : C,B1oH11)-nido-CB1gH11] (Ln=Er, Y) was isolated.
bridging ligand the carboranyl and cyclic organic groups “=2°10711 1071
ging 19 y y g group Fig. 9 shows the solid-state structure of [E3QIHF)s][ .-

CH-(closaCyB1gH11)-nido-CB1gH11]. It consists  of
well separated, alternating layers of discrete cations
[ErClo(THF)s]* and bis(carborane) monoaniong.-CH-
(closaCyB10H11)-nido-CB1gH11] . The cation adopts a
pentagonal-bipyramidal geometry with two chloro ligands
in the axial positions and the five THF molecules in the
equatorial positions. The anion consists of two carborane
cages that are connected through a C-C single bond.

As shown inFig. 8 the Sm atom isn>-bonded to the
indenyl andn®-bonded to the hexagonahB, face of the

2.2. Cyclopentadienyl complexes

2.2.1. Mono(cyclopentadienyl) complexes
Deacon and co-workers reported the structures of

Fig. 8. Molecular structures of mP:n®-MeySi(CoHg)(C2B10H11)] CpSmBR(THF)3 and CpSmi(THF)3 obtained through re-
SM(THF} and [m®:0-Me2Si(CsH4)(C2B10H10) }2Sm][Na(THF](THF).. action of CpSm(THF) with 1,2-dibromoethane and 1,2-
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3ol Ln = La, Ce, Nd i
Ln + 2 —W' Lnla(HO'Pr)4
Lnl-(HO'P Lnl4(THF
Nls(HOPr). reflux, 15 min o )x

THF

Ndlz(THF), + KCsMes THE g+ K
7 THE
THF
excess pyriding_

THF.,. ‘ ol toluene py""l\‘ld" o +3THE

v |

17| S THE [ \ py

THF py

Scheme 4.
diiodoethane, respectivel§1] (Eqg. (1)).
2CpSM(THF) + XCH2CHX
— CpSMX%(THF)z + CpsSm(THF) + CHCH>

(X = Br, 1) 1)
2CpSM(THF) + C,Clg
— CpSMCH(THF)3 + CpsSM(THF) + C,.Cls  (2)

The reaction of Cgsm(THF) with GClg forms the corre-
sponding CpSmG(THF)3 (Eq.(2)). The molecular structure

J. Gottfriedsen, F.T. Edelmann / Coordination Chemistry Reviews 249 (2005) 919-969

C(25Y
C@)

A
©

C1) C®

Fig. 10. Molecular structure ointCsMes)Ndl2(py)s.

pyridine ligands being arranged imaerconformation, and
the iodide liganddransto one anotherKig. 10. The Nd-I
distance is 3.160&, while Nd—N bond lengths to the pyri-
dine ligands are 2.631 and 2.6%8

A series of optically active monocyclopentadienyl com-
plexes of the lanthanides has been prepared by Mak and
co-workerdq13]. The (+)-neomenthylcyclopentadienyl com-
plexes CELNX,(THF)3 [X=CIl, Ln=Sm, Gd, Yb, Y, Lu;
X=1, Ln=Sm, Yb] have been prepared by metatheti-
cal reactions of the lanthanide halide with appropriate al-

shows a distorted pseudo-octahedral arrangement, in whichkalimetal (+)-neomenthylcyclopentadienyl complexes. The
the centroid of the Cp-ring and one THF molecule occupy Syntheses of mono-(+)-neomenthylicyclopentadienyl lan-
the apical positions, while both halide ions are transoid in thanide dichloride complexes were accomplished by the re-
the equatorial plane. The distances of the centroids of theaction of lanthanide trichlorides with 1equiv. of sodium

Cp-rings are nearly identical in both compounds (2ﬁt51
for CpSmBp(THF)3 and 2.444 for CpSmb(THF)3). The
Sm-I bonds are significantly different [3.143 and 3.]5@8
and are relatively long as compared to other termindl'Sin
bond lengths. This and the likewise long Sm-THF dis-
tances show the relative steric bulk of the Cp&fHF)3

complex. Equal observations can be made for the dibromo

compound.

Watkin and co-workers reported the synthesis of
the mono(pentamethylcyclopentadienyl) derivativeGs
Mes)NdI2(THF)3, produced by the reaction of NgITHF)
with 1equiv. of KGMes in THF (Scheme % [12].
NdI3(THF)x was generated from neodymium metal with
1.5 equiv. of elemental iodine iiso-propanol, followed by
crystallization from THF.

Treatment of 4-CsMes)NdI>(THF)3 with an excess of
pyridine in toluene leads to displacement of the THF
ligands and formation of the tris(pyridine) adducy- (
CsMes)NdIx(py)s. According to a single crystal X-ray
diffraction study, -CsMes)NdIx(py)s adopts a pseudo-

octahedral geometry in the solid state, with the cyclopen-

(+)-neomenthylcyclopentadienide in THH NMR spec-
troscopic studies showed the coordination of three THF
molecules.

LnClz + NaC@ + 3THF
— CpRLNCIy(THF)z + NaCl
(Ln = Sm Gd, Yb, Y, Lu)

Alternatively, lanthanide triiodides have been treated
with 1 equiv. of potassium (+)-neomenthylcyclopentadienide
in THF at rt. to obtain the mono-(+)-neomen-
thylcyclopentadienyl lanthanide diiodides.

Lnls + KCpR + 3THF

— CPRLNIx(THF); + KI (Ln = Sm Yb)

A single X-ray diffraction study of CRSml(THF)3 re-
vealed a pseudo-octahedral geometry with the iodine atoms
bonded to the samarium in taans fashion and the THF
molecules in anerconformation Fig. 11). The bond lengths
Sm—I (3.139 and 3.14Q) and Sm—-Cfeid (2.453A) are

tadienyl ligand occupying one coordination site, the three relatively long as compared to known bond lengths in analo-
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cu3) gous compounds, which demonstrates the sterical crowded-
Q ness in this compound. Optical rotation values of the mono-
ci4) . . . .
ci8) (+)-neomenthylcyclopentadienyl lanthanide dichlorides and

-diiodides are all in the same range of 9=Which suggests
that a similar coordination spere exists around the metal cen-
ter among all of the mono-(+)-neomenthylcyclopentadienyl
lanthanide dihalides.

Qian and co-workers presented the synthesis of
mono-chelating ether side chain cyclopentadienyl lan-
thanide complexes with a symmetric tetradentate ligand
[14]. SMCE reacted with 3equiv. of methoxyethylcy-
clopentadienyl potassium in tetrahydrofuran, followed
by treatment with trans(#+)-2,2-[1,2-cyclohexane-
diylbis(iminomethyl)]diphenole to give the binuclear
mono(methoxyethylcyclopentadienyl)samarium com-
plex  [n°m!-Cp'Sm][(1:m-OC20H20N20)]2[n-Cp'Sm]
(Cp =MeOCHCH,CsH4) (Scheme k X-ray structure
determination studies showed that the molecule is a dimer,
in which two (MeOCHCH,CsH4)Sm(u:m1-OCoH20N20)
units are connected to two bridging oxygen atoms of the
Schiff base ligands. The average Sm—C distance is 2769
while the Sm-0O distance of the bridging oxygen is 2.A01

The analogous dysprosium complex [(MeO£tHH,-
CsH4)Dy(OCooH20N20)], can be obtained from the
reaction of CpDyCl (Cp =MeOCHCH>CsHs) with

Fig. 11. Molecular structure of ASmb(THF)a.

HO
e
H THF
2 (MeOCH,CH,Cp)sSm &+ 2 , H B
C

""N:
\O/TQQ\ & \
0]
\ ‘ 4 MeOCH,CH,CpH
NN /Sm OxSm—”O + e 2 2P
NS
dk©
NaQ
N—C
H THF
2 (MeOCH,CH,Cp).DyCl + 2 L —
NaQO
\O/\b@j \

Scheme 5.



structure  of {[n>-CsMe4)SiMe,0SiMe(n?!-

12. Molecular
0O)}Yb(THF)]2.

Fig.

the disodium salt of trans(+)-2,2-[1,2-cyclohexane-
diylbis(iminomethyl)]diphenol.

Collin and co-workers synthesized a series of monocy-
clopentadienyl! lanthanoid complexes with new asymmetric
B-hydroxy-cyclopentadienyl ligand45]. The novel ligands

R = CHj (A/B 90/10)
R = CH,OCH5 (A/B 100/0)
R = Ph (A/B 78/22)

J. Gottfriedsen, F.T. Edelmann / Coordination Chemistry Reviews 249 (2005) 919-969

CsHs5CH>CH(R)OH (R =Me, CHOMe, Ph) were obtained
by the nucleophilic ring opening reaction of enantiopure
epoxides by cyclopentadienyl anionScheme 6Eq. (1)).
IsomersA andB were isolated by flash chromatography. The
metallation of these ligands by sodium or potassium metals
or by butyllithium leads to the formation of the alkali metal
derivatives [GH4CH>CH(R)O]M> (Li, Na, K) (Egs. (2) and
(3)). The complexesg)-CsH4CH,CH(Me)OLal(THF) and
(9-CsH4CH2CH(Me)OSmI(THF) were synthesized from
the bis(potassium) salt and lanthanum or samarium iodides
in THF (Scheme 6Eq. (4)).

A comparable complex was synthesized by Bochkarev
and co-workers[16]. The dimeric half sandwich com-
plex [{(n°-CsMe4)SiMe,0SiMey(n!-0)} Yb(THF)], was
obtained from the interaction of (gHg)Yb(THF), with
CsMe4SiMe,OSiMeOH in THF at room temperature, af-
fording Hy and GoHg. (Scheme Y. The complex pos-
sesses inversion symmetry requiring the central four-
membered ring (Yb-Q)to be planar with ytterbium oxy-
gen distances of 2.274 and 2.34@nd a Yb—Cp(centroid)
distance of 2.4A (Fig. 12. 1,1,3,3-Tetramethyl-3-
tetramethylcyclopentadienyl-disiloxane-1-ol was synthe-
sized in two steps3chemeY.

s

O~ L8 o @
OH R THF, -20°C :
M & R
R=CH; M=Na K MO
R=Ph M=K
Q/\_/Me + @\_ﬁ” 2 BuLi
OH Me THF, -20°C @\ 3
Li \\"
g T
QK + MigL THE | 2K (4
3 (THF)—M CH
K ko' CHa ”l/ 0" ?
MisL = Lals(DME), n=2
n=1

Smla(TH F)S

Scheme 6.



J. Gottfriedsen, F.T. Edelmann / Coordination Chemistry Reviews 249 (2005) 919-969

927

THF
1 CsMeyHLI  + 5 CIMe,SiOSiMe,Cl CsMe,HMe,Si0SiMe,Cl
18 h, rt
H,0, py, THF
4h, rt
CsMe4HMe,SiOSiMe,OH
(C1oHg)YB(THF)2 + CsMesHMepSiOSiMe,OH C » [{(n°-C5Mey)SiMe,0SiMe,(n '-0)}Yb(THF)],
I (]
Scheme 7.

The synthesis of samarium mono(pentamethylcyclo- O-2,64ert-Bu,CgH3z analogue, with two of the aryloxide oxy-
pentadienyl) aryloxide complexes was achieved by Watkin gen atoms coordinated to a lithium metal center. A THF lig-

and co-workerg17]. The reaction of SmGlwith 3 equiv.

of KO-2,6+tert-Bu,CgHs in THF leads to the tris(aryloxide)
complex SmD-2,64ert-Bu,CgH3)3(THF) which undergoes

a clean metathesis reaction with one equivalent o5MEs;

to form the mono(pentamethylcyclopentadienyl) aryloxide
derivative fh-CsMes5)Sm(O-2,6tert-BuyCgHz3)2(THF)
(Scheme 8Eqgs. (1) and (2)). Single-crystal X-ray diffraction

and completes the coordination sphere of the lithium. The
Sm-O bond lengths to the lithium-coordinated aryloxide
oxygens (2.250 and 2.245?0 are somewhat longer than the
distance to the terminal aryloxide (Sm—O:Z.].aM pre-
sumably owing to a loss of electron density at the oxygen
upon forming the Sm—O-L.i bridges.

Schaverien and co-workers performed single-crystal neu-

studies showed that the complex features a three-leggedron diffraction studies on (§Mes)Y(OAr)[CH(SiMe3z)]
piano-stool geometry with Sm-0O distances to the aryloxide (Ar=0-2,64tert-Bu,CgH3) and (GMes)La[CH(SiMes)2]2

ligands of 2.133 and 2.188and a Sm-O(THF) distance of
2.435A.

In contrast, the analogous reaction of ENes
with the 2,6-diiso-propylphenoxide complex Si®2,6-
iso-ProCgH3)3(THF)2 gave the lithium containing ‘ate’
complex [(-CsMes)Sm(O-2,64s0-ProCgH3z)(ju-O-2,6-s0-
ProCgHs3)2Li(THF)] (Scheme 8EQ. (3)). The complex pos-

to get conclusive evidence of which nature the close in-
tramolecular contacts between CH(Si)le and the lan-
thanoid center in these complexesf@i@. These intramolec-
ular contacts are often described in the literature and can
be caused byxcn, acsi, Bsic and ycn interactions. The
molecular structures of both compounds as determined by
neutron diffraction show distorted CH(Silge groups with

sesses a similar three-legged piano-stool geometry like thethe metal—silicon and metal oxygen distances well within

SmCls + 3 KOAr

THF

Sm(OAr)s(THF) + LiC5ME5 —_—

Ar

THF
——  Sm(OAr),(THF)

Ar = 2,6--BusCgH4

Sm(OAr)s(THF), + LiCsMes THE

Ar

+ 3KCI 1)
| + LiOAr 2
Sm..,

" THF
o\
QAr
| (3)
Sm-,,,” _AY

o \O 9

o
Ar Ll\
THF

Ar' = 2,6-f- Pr2C6H3

Scheme 8.
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Fig. 13. Neutron diffraction studies of {®es)La[CH(SiMe3)2]2.

the sum of their van der Waals radiri§. 13. The yt-
trium complex shows interaction with the CH(Sib)ggroup

[CsH4C(CHa)(C3H7)(CH2CH=CH,]LNCl,-MgCly THF + H,0

thep—Si—C bond, but not with thg—C—H bonds. The results
where supported by theoretical calculations.

Lin and Wang isolated partially hydrolyzed
mono(cyclopentadienyl) lanthanide complexe§l9].
The trichlorides of lanthanum, neodymium, samarium
and gadolinium react with 1 equiv. of the cyclopentadienyl
Grignard reagent in THF to give the mono(cyclopentadienyl)
lanthanide species coordinated with magnesium dichloride
and THF (Eq(3)).

LnCl3 + [C5H4C(CHs)(C3H7)CH2CH=CH2]MgCl
— [CsH4C(CHg)(C3H7)CH,CH=CHpy]
LnCly-MgClo- THF
(Ln = La, Nd, Sm, Gd)in THF (3)

Subsequent recrystallization of the neodymium and the
gadolinium complexes from moist THF/hexane afforded the
partially hydrolyzed complexes in which one chloride is ex-
changed by a hydroxy group (E@L)).

— [CsHaC(CHa)(CaH7)CH2CH=CH,]Ln(OH)CI-2MgCL-4THF  (Ln = Nd, Gd) )

(Y---Si(1)=3.2814, Y---C(2)=2.9724). The coordinative

Single-crystal X-ray determinations of the partially hy-

unsaturation around the La in the lanthanum complex is re- drolyzed Nd and Gd complexes reveal distorted geometries
lieved by interaction with two Si—Me bonds, one from each around the lanthanide with the lanthanoid center being co-

CH(SiMe3), group (La--Si(2) 3.3464, La---C(17) 2.964A,
La---Si(4) 3.416A, La---C(22) 2.973).

None of the short C—HM intramolecular contacts shows
a significant elongation of the - bonds. In contrast,
the elongation of the agostic ¢5iC, bonds is significant

ordinated to three magnesium-bonded chlorides in addition
to the coordination to the hydroxy group, one chloride, and
the cyclopentadienyl ligand. The THF molecules are co-
ordinated to the magnesium atoms, which have a coordi-
nation number of sixKig. 14). The Nd-O(1) distance is

(0.037,& in average). The metal center interacts mainly with 2.442A.

Fig. 14. Molecular structure of [§H,C(CHz)(C3H7)(CH,CH = CH;JNd(OH)CI-2MgClp-4THF.
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THF
TI(CsHs) +  smmpMeMe),  ——— smmTpMMey - TpMeMe)S-CHs) + TI (1)

2 Sm(TpMeMe),(CsHg) — 2~ SmIHB(3,5-Mespz)s(CsHa)lm>-TpMeMe) + Smn®-TpMeMe),(n2-3,5-Mezpz) + CsHs  (2)

Scheme 9.

The first mixed Tp/Cp (Tp = hydro-tris(pyrazolyl)borate) and report their enhanced activity for aminoalkene
derivative of the lanthanides was reported by Marques, hydroamination/cyclization (see Chapter 2.8)22].
Takats and co-workerf20]. The reaction of TICp with a  [Me2Si(CsMes)('BuN)]LNN(SiMe3), (Ln=Nd, Lu, Sm)
slurry of Sm(Tp'eMe), in THF (TpVeMe=hydro-tris-3,5-  and [MeSi(CsMes)('BuN)|LNCH(SiMe3)> (Ln=Yb, Lu)
dimethylpyrazolylborat) resulted in the formation of thal- complexeswere synthesized by reaction of the corresponding
lium metal and Sm(T¥eMe),(Cp) (Scheme 9Eq. (1)). NMR homoleptic amides or alkyls with [M&i(CsMesH)(‘BUNH)
data indicate different coordination modes of the twd'T% (Scheme 1p
ligands. The amine elimination does not lie completely on

Heating of Sm(TH'Me€),(Cp) overnight in a sealed tube the product side and must be driven to comple-
at 165°C gave two products. One is the result of an unprece- tion by HN(SiMe;)2 removal. Single-crystal X-ray de-
dented transformation of the Tp ligand to the mixed pyra- termination of [MeSi(CsMes)('BuN)]SmN(SiMe), re-
zolylborate [HB(3,5-Mepz)(CsHy)] (Scheme 9Eq. (2)). vealed a monomeric structure with a relatively long
The second product is Sm(Yf"¢),(3,5-Mexpz), whichwas ~ Sm-N(SiMe), distance of 2.328 while the Sm-N{Bu)
also generated from the reaction of Sm't}¢),(Cp) with (2.257A) distance is substantially shorter than usual,
3,5-dimethylpyrazole. The thermally induced intramolecular presumably due to the chelating structure. The struc-
C—H activation in Sm(T¥eMe),(Cp) is a useful method for  ture of [MeSi(CsMes)(BuN)]YbCH(SiMe3), shows the
the preparation of the new HB(3,5-Mez)(CsH4) ligand typical close Ln—-CH-Si contact of 2.65A which
and opens the way for the synthesis of an extended fam-is observed in numerous organolanthanid€H(TMS),
ily of heteroscorpionates with different organic functional complexes.
groups. The synthesis of cyclopentadienyl lanthanide pyrazo-

Evans et al. reported the synthesis of the divalent lan- late complexes and their reactivity towards dimethylsilicone
thanide complexes [[2(OiPr)]Ln(CsHs)] (Ln=Yb, Sm). was reported by Huang and co-work¢?8]. Reactions of
[{[Zr2(OiPr)]Lnl }2] reacts with NaGHs to give the hex- CpsLn (Cp=GHs; Ln=Ho, Dy, Yb, Sm) with 2equiv.
ane soluble complexef1]. [[Zr2(QiPr}g]Sm(GHs)] is of HPzMe (HPzMe = 3,5-dimethylpyrazole) in THF at
the first reported soluble @Els~) complex of Sl. The room temperature yield complexes CpLn(PzdLn =Ho,
[Zr2(OiPr)]~ ligand is compatible with cyclopentadienyl Dy)and CpYb(PzMe)(HpzMe) and Sm(PzMg)3, respec-
reagents and enhances the solubility of divalent lanthanide
organometallic species in comparison witkHg~ ana-
logues. ci8

[{Zr2(OiPelLn 2] + 2NaGeHs m,mm
— [[Zr 2(OiPr)]Ln(CsHs)] + Nal

Both complexes do not form isolable adducts with THF,
Et,O or DME, but NMR spectra in [B}-THF show two dis-
tinct THF environments, suggesting coordination of THF in
solution. Single X-ray determinations reveal that the samar-
ium and ytterbium complexes are isostructuFad)( 15shows
a ball-and-stick representation of the complexes).

The G-Ln bond length of 2.67-2.728for the ytterbium
complex and 2.803-2.825for the samarium complex are
in the normal range. Evans et al. also reported the synthesis
and structure of unsolvated triple-decked bent metallocenes
with COT as the bridging ligand, which are shown in Chapter
2.7. C12A

Marks and co-workers synthesized a new series
of constrained geometry organolanthanide catalysts Fig. 15. Molecular structure of [[2(OiPr)g]Ln(CsHs)].

cn

C12
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Ln[N(SiMeg)sls + Me,Si(CsMe,H)('BuNH)

Sm[N(SiMeg)als + MesSi(CsMeyH)('BuNH)

5 % _SiMe,
! 1 g

Si m—N,
N SiMes

major

Ln[CH(SiMB3)2]3+ Me28i(C5Me4H)('BuNH)
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toluene / reflux

-2 NH(S|MG3)2

. /% SiMes
Si LN,

(N SiMeg (1)
Ln=Nd, Lu

toluene / reflux

toluene / reflux
-2 CH»(SiMes)s

@: . (3)
" \ .SiMeg
~si_~ Ln—CH
7 NN SiMes
Ln=Yb, Lu
Scheme 10.

tively (Eq. (5)).
CpLn + 2HpzMe

— CpLn(PzMe), + CpH (Ln = Ho, Dy) (5)
CpLn(PzMe); + (Me2SiO),
— [CpLn(PzMe)(OSiMePzMe)]2
(Ln = Ho, Dy) (6)

The different products indicate that the number of
cyclopentadienyl groups liberated from a Lp mMoi-
ety is influenced by the size of the lanthanide ion.
CpHo(PzMe), and CpDy(PzMg), react with dimethylsil-
icone grease to give the corresponding ¢8i©), insertion
products [CpLn(PzMg(0OSiMePzMe)], (Ln=Ho, Dy)
(Eq. (6)). Only the monocyclopentadienyl type organolan-
thanide pyrazolates show the insertion of dimethylsili-

cone into the Ln—N bond. X-ray diffraction studies reveal
[CpHo(PzMe)(0OSiMe,PzMe)]2 to be a centrosymmetric
dimerinwhich each holmium s coordinated to one cyclopen-
tadienyl group, two bridging oxygen atoms, and three nitro-
gen atoms, two from the chelating PzMkigand and one
from the bridging 3,5-dimethylpyrazolyl-siloxide ligand to
form a distorted octahedrokig. 16).

Dehnicke and co-workers reported the synthesis and struc-
tures of phosphoraneiminato complexes of ytterbium, yttrium
and samarium. YbGiBr (Cp = GHs) and LINPPh were al-
lowed to react in boiling toluene to give [¥Bps(NPPh)3]
with cyclopentadienyl and phosphoraneiminato ligands
(Scheme 11Eq. (1))[24].

Single-crystal X-ray determinations of [¥6ps
(NPPh)3] show two Cp rings bonded to one ytterbium and
one Cp ligand bonded to the second ytterbium atom which
also binds one (NPR™-group in terminal fashior/ig. 17).

The other two (NPPJ)~-groups are linked to ytterbium
atoms to form a non-planar ¥hl; four-membered ring.
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. C7Hs ;
3YbCp,Br + LiINPPhy ———— [Yb,Cps(NPPhg)s]+3Cs;Hg + YbCps + 3LiBr (1)
vepel,  HNPPRs_ - vep(NPPh),]
-2 LiCl
(OSiMes), )
Gh [YCp(NPPh)(1-OSiMe,NPPhg)], *4 C7Hg 2
7Mg
Scheme 11.

Fig. 16. ORTEP diagram of [CpHo(PzIMgOSiMePzMe)],.

2.2.2. Bis(cyclopentadienyl)complexes
Winter and co-workers[25] prepared monomeric
bis(cyclopentadienyl)(1,3-diphenyltriazenido g-butyl-

Fig. 17. Molecular structure of [YACp3(NPPh)3].

presence of pyridine to afford tris(1,3-diphenyltriazenido)
(pyridine) lanthanoid complexes. A single-crystal X-ray
determination  of  bis(cyclopentadienyl)(1,3-diphenyl-
triazenido)(4tert-butylpyridine)erbium revealed a
monomeric species with twon°-cyclopentadienyl lig-

pyridine) complexes of erbium and lutetium via reac- ands, one bidentate 1,3-diphenyltriazenido ligand, and

tion of the tris(cyclopentadienyl)complexes with 1,3-
diphenyltriazene in the presence oftett-butylpyridine
(Scheme 12 4-tert-Butylpyridine is essential because of the
insolubility of tris(cyclopentadienyl)erbium and -lutetium in
toluene.

one A4tert-butylpyridine donor Fig. 18. The erbium—
cyclopentadienyl(centroid) distances are 2.624 and 2668
while the erbium-nitrogen bond length within the 1,3-
diphenyltriazenido ligand are 2.423 (N(1)), 2.447A
(N(3)) and 2.958& (N(2)), indicating idealized bidendate

Three equivalents of 1,3-diphenyltriazene react with bonding of the 1,3-diphenyltriazenido ligand, with N(2) not
lequiv. of the tris(cyclopentadienyl) lanthanides in the being bonded to erbium.

N
Bu' CsHs_NHN—CGH5
Choln + 7 +  PhNNNHPh —-tzoslﬁ'gne \Ln/
N 24 h | SN—" ﬂ
But”
Ln=Er, Lu

Scheme 12.
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Fig. 18. Molecular structure of @Els),Er(PhNNNPh)[4-Bu)CsHaN].

The reaction of the mono(pentamethylcyclopentadienyl)
derivative {-CsMes)NdI(py)s, which is described
above, with KGH4SiMes in THF led to the
mixed bis(cyclopentadienyl) complex m{CsMes)(m-
CsH4SiMe3)NdI (py) [12]. Watkin et al. reported that the
monomeric {-CsMes)(n-CsHaSiMes)NdI(py) features a
typical bent metallocene GMX 2 geometry with Nd-I and
Nd-N distances of 3.066 and 2.5&5respectively, which is
in both cases shorter than in-CsMes)NdI2(py)s (Fig. 19.
Distances between the neodymium metal center and the rin
centroids are 2.4/ for them-CsH4SiMes ligand and 2.4
in the case of thg-CsMes moiety.

In addition to the mono(+)-neomenthylcyclopentadienyl

complexes of the lanthanides described in Chapter 2.2.1,

Leung et al. synthesized a series of dicyclopentadi-

C(18)

Fig. 19. Molecular structure oifCsMes)(n-CsH4SiMez)NdI(py).
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Fig. 20. Molecular structure of [{X,Sm(u-Cl)],.

enyl complexes using (+)-neomenthylcyclopentadienyl lig-
ands [13]. Treatment of 2equiv. of NaCp (CpR=(+)-
neomenthylcyclopentadienyl) with anhydrous lanthanide
trichlorides in THF at room temperature afforded the
organolanthanide chlorides [EgLn(-Cl)]2 (Ln=Sm, Yb,

9y, Lu).

LnClz + 2NaCP? — [CpRoLn(p-Cl)]2 4+ 2NaCl
(Lh = Sm Yb, Y, Lu)

Single-crystal X-ray diffraction studies of [GpSm(u.-
CI)]2 and [CF2Y(p-Cl)]2 revealed that both compounds are
chloro-bridged dimers with an asymmetric plane described
by LnoCly almost perpendicular to the plane described by
the four cyclopentadienyl ring centroidgig. 20. The (+)-
neomenthyl groups attached to the cyclopentadienyl rings in
each CF>Sm unit are positioned in@ans orientation with
respect to each other in order to minimize the steric interac-
tion. The four different bond distances of €L Ln lie
in the range of 2.4-2 A for the samarium cyclopentadienyl
compound and 2.3-2Afor the yttrium compound.

In addition to the mono(cyclopentadienyl) lanthanide
pyrazolate complexes described above, Huang and co-
workers synthesized the bis(cyclopentadienyl) erbium
pyrazolate complex GiEr(PzMe)(THF) and the yt-
terbium complex CpYb(PzMe)(HpzMe)) [23]. Reac-
tion of CmEr (Cp=GHs) with lequiv. of HPzMe
(HPzMe = 3,5-dimethylpyrazole) in THF at room temper-
ature gave the complex @Br(PzMe)(THF) (Eq. (7).
Abstraction of only one cyclopentadienyl ligand oc-
curred by reacting G¥b with 2equiv. of HPzMe in
THF leading to the bis(cyclopentadienyl)monopyrazolate
CpYb(PzMe)(HPzMe) where the coordination sphere of
the ytterbium is saturated by one HpzMuaolecule (Eq(8)).
Presumably, the formation of Qgb(PzMe)(HPzMe) is
due tothe enhanced covalence of the Ln—Cp bondin the series
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Fig. 21. Molecular structure of Ggr(PzMe)(THF).

CpsLn (Ln=Sm, Dy, Ho, Yb), as a result of the lanthanide
contraction, and because the acidity of CpH is relatively high.
Thus, HpzMe is not a strong enough acid to liberate the sec-
ond Cp group from the more covalent £}fb moiety to give
CpYb(PzMe).

CmEr + HpzMe, — CpEr(PzMe)(THF) + CpH  (7)

CpeYb + 2HpzMe — CpYb(PzMe)(HpzMey) + CpH
(8)

The  structures of Ckr(PzMe)(THF) and
CpYb(PzMe)(HPzMe) in the solid state Fig. 21
show monomeric molecules with a coordination geometry
which is typical for bent metallocenes. The Ln—Cp distances
and angles lie in the typical range for such compounds.

Sizov and co-workers reported the synthesis and struc-
tural characterization of (1,&rt-Bu,CsHz)2Eu(THF) via
the reaction of Eyl with 2 equiv. of 1,3tert-Bu,CsH3Na
in THF (EqQ.(9)) [26]. The mixed cyclopentadienyl complex
(1,3+ert-BupCsHz3)(CsMes) Yb(THF) was obtained from the
subsequent reaction of Ybwith CsMesNa and 1,3ert-

933
Bu,CsH3sNa in THF (Eq.(10)).
Erl, + 21, 3-tert-Bu,CsHzNa
— (1, 3-tert-BupCsH3)2Eu(THF) + 2 Nal (9)
Ybl, + CsMesNa + 1, 3-tert-BupCsHszNa
— (1, 3-tert-BupCsH3)(CsMes)Yb(THF) + 2 Nall
(10)
YbCl3 + 1, 3-tert-BupCsHslLi
— (1, 3-tert—BU2C5H3)2Yb(M2-C|)2Li(THF)z (11)

The reaction of YbQ with 1,3tert-Bu,CsHsLi afforded
the (1,3tert-BuyCsHz)2Yb(2-Cl),Li(THF), ate-complex.
Single-crystal X-ray determinations revealed the monomeric
structures of (1,3ert-Bu,CsH3)2Eu(THF) and (1,3ert-
Bu>CsH3)(CsMes) Yb(THF), respectively.

Trifonov et al. reported the synthesis of the trivalent
ytterbium diazadiene complex €pb(DAD) (Cp = CsHs,
DAD =t-BuN=CH-CH=N-t-Bu). CpYb(DAD) was ob-
tained using three different proceduf2g], namely, by oxi-
dation of CpYb(THF), with diazadiene in THF, by reaction
of CpaYbClwith DAD2~Na'5 takenin aratio 2:1, and by the
reaction of CpYbCI(THF) with DAD®*~K™ taken in a ratio
of 1:1 (Scheme 1B

The solid-state structure shows Ofip(DAD) to be
monomeric with Yb—Cganyr distances of 2.324 and 2.384
and Yb-N distances of 2.3¢ in average Fig. 22.
Cp2Yb(DAD) exhibits a magnetic moment at room tempera-
ture of 4.8ug, which is slightly higher than the average value
observed for YB' derivatives (4.3—4.5g). This can be ex-
plained taking into account the radical-anionic character of
the DAD ligand and its contribution to the total magnetic
moment of the molecule.

Huang and co-workers reported the reaction oglCp
(Cp=GsHs, Ln=Yb, Dy, Sm, Y) with an equimolar amount
of 2-mercapto-benzothiazole (HSBT) in THF at room
temperature yielding the bis(cyclopentadienyl) complexes
Cp2Ln(SBT)(THF) (Ln=Yb, Dy, Sm, Y]28]. Spectroscopic
data revealed that all complexes are monomeric and one THF

Cp,Yb(DAD)

THF
Cp2Yb(THF), + DAD
THF
CpoYb(THF Na*,DAD2
P2YB(THR)2 +  Na%, -2 NaCl- Cp,Yb(THF),
THF
Cp2YDb(THF):  +  K*DAD
KCl

DAD = 'Bu-N=CH-CH=N-'Bu

Scheme 13. Synthesis of £fb(DAD).
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C(8)

C(201)

C9)

Fig. 22. Molecular structure of Gyb(DAD).

molecule is coordinated.

CpsLn + HSBT + THF
— CpLn(SBT)(THF) + CpH
(Cp = CsHs, Ln = Yb, Dy, Sm Y, HSBT,
= 2-mercapto-benzothiazole)

The crystal structural analysis shows that in
Cp2Yb(SBT)(THF) and CpDy(SBT)(THF) each lanthanide
ion is coordinated by twon®-bonded cyclopentadienyl
groups, one oxygen atom of THF, one sulfur and one
nitrogen atom from the chelating benzothiazole-2-thiolate
ligand to form a distorted trigonal-bipyramidal coordinated
geometry Fig. 23.

The Yb-S distance of 2.8% is longer than those found
in related compounds, while the Yb-N distance of 239

relatively short compared with analogous compounds. Pre-
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Y — ¥ —O'x

Scheme 14. Resonance structures of SBT

The reaction of Cp3Sm(CHCgHs)(THF) with NoO was
studied by Magull and co-workef29]. NoO was bubbled
into a solution of Cp3Sm(CHCgHs)(THF) in toluene lead-
ing to [Cp*2Sm(GH5CH2NNO)]2 via an unusual insertation
reaction of MO into the Sm—Gr-bond. Single crystal X-ray
determinations revealed a dimeric structure with two samar-
ium centers linked via amft:n?) bridge by two benzyldiazo-
tato ligands forming a nearly planar $hpO; ring (Fig. 24).
The distorted tetrahedral coordination geometry is completed
with two n°-bonded pentamethylcyclopentadienyl ligands.

In contrast, the reaction of [CpYb(CH2CgHs)(THF)]
with  KSCN and 18-crown-6 shows a substitution of
the benzyl group with NCS giving [K(18-crown-
6)Cp*2Yb(NCSY]. The solid-state structure shows a poly-
meric chain structure where two Cptb units are connected
over a [K(18-crown-6)(NCS)] bridge{g. 29 with tetrahe-
drally coordinated YW ions.

Schumann et al. reported the first complexes of
ytterbium and yttrium-containing sulfur functionalized
cyclopentadienyl ligands[30]. Yttrium trichloride re-
acted with 2equiv. of Na(§H4CH,CH,SEt) in THF
to form (°-CsHsCH2CH,SEtLYCI (Scheme 1p The
stepwise reaction of lutetium trichloride with 1 equiv.
of Na(GH4CH,CH,SEt) and lequiv. of Na(Mes)
yielded >-CsMes)(m®-CsH4CHoCH,SELUCI.  Alkyla-
tion of (m>-CsH4CH2CHLSEtRYCI and (°-CsMes)(n°-
CsH4CH2CHLSE)LUCI with MeLi in toluene gave the
lanthanide alkyls §°-CsH4CH,CH,SEtpYMe and (°-
CsMes)(m®-CsH4CH2CH,SEt)LuMe, respectively.

Single-crystal X-ray determinations ofyJ-CsH4CH;
CH,SEtpYCland {®-CsMes)(n®-CsH4CH, CHoSEt)LUCH
exhibited monomeric structures for both complexes

sumably, the rather long Ln—S and the rather short Ln—N bond (Fig. 2. The geometry around the metal center -
distance result from the fact that the benzothiazole-2-thiolate CsH4aCH2CH2SEtRYCl is a distorted bipyramid where the

group has aresonance structure as showcireme 14vhere
the negative charge is partially delocalized to the N atom.

Fig. 23. Molecular structure of Ghn(SBT)(THF).

cyclopentadiene centers and the chlorine atom are in equa-
torial and the sulfur atoms are in axial position. The
Y-S distances (2.96 and 2.@4 indicate a coordination
of sulfur to ytterbium in the solid state. The solid-state
structure of {°-CsMes)(m°-CsH4CH2CH,SEt)LUCI shows

a distorted tetrahedral coordination sphere with a-%u
bond distance of 2.7, revealing sulfur—lutetium coordi-
nation. The CpenirLn distances for both complexes are
in the range of homologues complexes with values of
2.399 and 2.39 for (13-CsH4CH,CH,SEt)YCland 2.293
(CPCHCH,SE) and 2.2& (CsMes) for (13-CsMes)(n°-
CsH4CH2CHLSEL)LUCH, respectively.

Variable temperature NMR measurements showed the
flexible structure of 4°-CsH4CHoCH,SEtYCI and (n°-
CsMes)(m®-CsH4CH>CH,SEt)LuCl in solution. The signals
for the sulfur-containing side chain are broadened at room
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Fig. 24. Molecular structure of [CpSmGHsCH2NNO)],.

Fig. 25. Part of the molecular structure of [K(18-crown-6)@p(NCS)].
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temperature in both complexes which indicates flexibility of
the coordination, whereas the signals-82°C are sharp
showing the lanthanide—sulfur coordination to be stronger
and to exchange slower than the NMR time scale.

Evans et al. described the reaction ofs¥e&s)3Nd
and (GMes)sSm  with PhP=Se, where the
tris(pentamethylcyclopentadienyl) lanthanides function
as one-electron donor§31]. The reaction of 1equiv.
of tris(pentamethylcyclopentadienyl) neodymium or
tris(pentamethylcyclopentadienyl) samarium with
1equiv. of PAP=Se leads to the $& -bridged dimers
[{(CsMes)2Nd}2(n-n%m?-Se)] and [{(CsMes)2Smp (-
nZ:n2-Se)], respectively Scheme 16Eq. (1)).

(CsMes)sLn complexes act like one-electron reduc-
ing agents. SePPh is reduced to PP and (1-n%m?-
Se)[(CsMes)2Nd]o. As a by-product, (eMes) is isolated,
which is in good agreement with a one-electron reduction.
Single X-ray determinations reveal the dimeric structure
of (n-n2:m2-Se)[(CsMes)oNd]owith a symmetric Se—Se
bridge between both neodymium centéfig)( 27). The Se—-Se
distance is 2.388 and is in good agreement to known-Be
single bonds.

The reaction behavior of @Mes)3Sm is slightly differ-
ent. An equimolar reaction of gMes)sSm with SePPh
leads to the homologous Se-2Sebridged dimer -n2:m?-
Se)[(CsMes)2Smp. In contrast to (gMes)sNd, where
(n-m%:m%-Se)[(CsMes)-Nd]> and unreacted #bes)sNd
could be isolated, the reaction of 2 equivss)3Sm with
1 equiv. of SePPh in THF gives the S& -bridged dimer
(n-Se)[(GMes)2SM(THF)p, whichis also the product of the

Scheme 15. Synthetic routes of the synthesis of lanthanide complexes withreaction of (QMe5)3Sm with m-n22n2-SQ)[(C5Me5)2Sm]2

sulfur functionalized cyclopentadienyl complexes.

c(102) c(1on)

C(204)

(Scheme 16Eg. (2)). The different reaction behavior pre-
sumably is caused by the different ionic radii of Ndand

Snrt.

Fig. 26. Molecular structures ofjf-CsH4CH2CH,SEtpYCl and (3-CsMes)(m>-CsH4CHoCH,SE)LUCIH.
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- % \ 2 Ph3P=Se ~ é \ /Se\\ / ; ~
2 _— - 1
Lnﬁf ~2PhoP Ln\Se/Ln (1
- (CsMeg),

Ln =Nd, Sm

»4;\ /é S § /é THF §\
+ N / \e\:Sn{ THF \SmCSe—Sm/ (2)
- (CsMes), \% e

Scheme 16. Reactions of{f@es)3Nd and (GMes)3Sm with PhP=Se.

Qian and co-workers reported the synthesis of  Inboth compounds, the [N(QPP)]~ ligand (Q=S, Se)
[Cp,Yb]2(OCz0H20N20)] (Cp' =MeOCHCH,CsHy) is bonded to the Y center in®-fashion. Additionally, the Y

from CpgaYb and trans(+)-2,2-[1,2-cyclohexanediyl-  atom is coordinated to two cyclopentadienyl ligands, which
bis(iminomethyl)]diphenol in THF cheme 1y which leads to the formal coordination number of 9. Single-crystal
is in contrast to the previously described (Chapter X-ray determinations of the structures of both compounds
2.2.1) reaction of CgEm with trans(+)-2,2-[1,2- showed the Y atom coordinated to the nitrogen atom of the

cyclohexanediyl-bis(iminomethyl)]diphenol  giving the [N(QPPh),]~ ligand (Q =S, Se) and to both S atoms and Se
mono(methoxyethylcyclopentadienyl)samarium  complex atoms, respectivelyFig. 28. The molecules possess an ap-
[ 1-Cp'Sm][(1:m-OC20H20N20)]2[1°-Cp'Sm] (Scheme  proximate two-fold symmetry with Y-S distances of 2003

E) [14]. In order to study the influence of the chelating and Y-Se distances of 3.85

ligand on the product behavior they also exchanged the The NMR spectra indicate that on the NMR time scale the
methoxyethylcyclopentadienyl with tetrahydrofurfurylcy-  molecules possess two-fold symmetry in solution. Further-
clopentadienyl in the reaction of QIDyCI with trans-(+)- more, the molecules retain their-®Q bonds in solution.
2,2-[1,2-cyclohexanediyl-bis(iminomethyl)]diphenol Lappert and co-workers reported that treatment of
in THF yielding the Cp-symmetric dinuclear lan-  the appropriate compounds [Lag}p[CeCpy], [PrCp;] or
thanoidocene  [GDy]2(OCz0H20N20)], while a salt  [Ndcp] with 2equiv. of each [18]-crown-6 and potas-
elimination reaction of CgDyCl (Cp' = MeOCHCH2CsHa) sium in benzene at ambient temperature affords the red or
with the disodium salt of trans(+)-2,2-[1,2-  yed—brown crystalline salts [K([18]-crown-6)][{Cp" }o(ju-
cyclohexanediyl-bis(iminomethyl)]diphenol  gives  the CeHe)] (Ln=La, Ce, Pr, Nd; Cp=n5-CsHa(SiMes),-
dinuclear mono(methoxyethylcyclopentadienyl) complex 1 3) \ith [K([18]-crown-6)][CH] as a by-product[33]
([(MeOCH,CH2Cs5H4)Dy(OCooH20N20)]2  (Scheme 1) (Scheme 138

With the relatively small lanthanide center ytterbium the Proton NMR spectra in benzeng-show the lanthanum
Ca-symmetric complex [CPYb]2(OCz0H20N20)] could be  gpecies to be diamagnetic, consistent with the presence of a

isolated, whereas the use of a larger lanthanide center (Sm)anthanate(lll) anion. The signals of tfiE8] crown-6 moi-
leads to the abstraction of two cyclopentadienyl ligands at

each samarium. When the ligand is tetrahydrofurfurylcy-
clopentadiene, theC,-symmetric dinuclear lanthanocene
aryloxides can be obtained even with a relatively larger
lanthanide ion (Dy in case of [C;@y]g(OCZOHzoNZO)]).

Perninand Ibers reported the synthesis of the imidodiphos-
phinochalcogenido complexes £fin3-N(SPPh),] and
Cp2Y[13-N(SPPh);] (Cp=GCsHs) [32]. These complexes
have been synthesized in THF via a protonolysis reaction be-
tween CgY and the amines HN(SPRJ and HN(SePP4)2,
respectively.

HN(SPPR)2 + CpsY — CpoY[n°-N(SPPh);] + CpH

HN(SePPh)2 + CpsY — Cp2Y[n*-N(SePPh)2] + CpH
Cp — Cotte) Fig. 27. Molecular structure ofim?:n2-Se)[(CsMes)2Nd],.
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2 (MEOCHQCHQCD);;YID + 2 O/

THF

(CpCHzCHQOMQ)QYbO
N=C—
S
- _H
VO

(CpCH,CH,0Me),YbO

+ 2 MeOCHgCH2CpH

THF

+ 2 NaCl

Scheme 17. Synthetic routes for the synthesis of 'J€p]2(OCyoH20N20)] (Cp =MeOCHCH,CsHy) and  [CP2Dy]2(OC0H20N20)]
(Cﬁ/ = C4H7OCH2C5H4).

ety in the spectra of the Ce, Pr and Nd complexes are only each consists of a tight ion pair with glds ligand bridging

slightly paramagnetically shifted. Hydrolysis of these lan- the K and Ln atomsKig. 29.

thanide complexes yields cyclohexa-1,4-diene. The potassium has close contacts to the six crown ether
The molecular structures of the isomorphous salt§fi%a oxygen atoms and the centroids of the 2,3- and 5,6-carbon

CsH3(SiMes)2-1,3}2(n-CsHe)] (Ln=La, Ce, Nd) revealthat  atoms of the @Hg ligand. The latter is boat-shaped with

Fig. 28. Molecular structure of GN¥[n3-N(SPPh), and CpY[73-N(SePPh),].
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Fig. 29. Molecular structure of [K([18]-crown-6)][Neh>-CsHz(SiMes)o-
1,3}2(jn-CeHe)].

939

temperature. The dimeric dicyclopentadienyllanthanide
chlorides react with 2 equiv. of methyllithium in diethylether
to give the dimeric lanthanide methyl complexes°(
CsH4SiMesR),Ln(-Me)]2 (R =t-Bu, Me; Ln=Y, Sm, Lu)
which are moderately stable in atmospheric moisture. The
reaction of the monochlorides{?-CsH4SiMez)oLn(u-Cl)] 2
(Ln=Y, Sm, Lu) with methyllithium in a 1:4 ratio in THF
afforded the monomeric lanthanidocene methyl complexes
(1°-CsH4SiMezR),LN(w-Me)sLi(THF) 2 (Ln=Y, Sm, Lu).
Treatment of [(°-CsHsSiMexR)Ln(w-Me)]z (R=t-Bu,
Me; Ln=Y, Sm, Lu) with stoichiometric amounts of;®

in toluene yields the dimeric lanthanidocene hydroxy
complexes [§°-CsH4SiMeR)Ln(n-OH)J2 (R =t-Bu, Me;
Ln=Y, Sm, Lu).

Schumann et al. showed that the decomposition re-
actions of the dicyclopentadienyl lanthanidocene methyl
complexes [(°-CsH4SiMesR)Ln(p-Me)]2 (R =t-Bu, Me;
Ln=Y, Sm, Lu) in moist air depend on the ionic ra-
dius of the lanthanoid center and on the steric demand
of the cyclopentadienyl ligand. The hydroxyl complexes
[(m°>-CsHsSiMesR),Ln(w-OH)]» (R =t-Bu, Me; Ln=Y, Sm,

Lu) were found to be intermediate products in the de-
composition process. Single-crystal X-ray determinations of
[(m®-CsH4SiMez'Bu)2Lu(-Cl)]2, [(n°-CsHaSiMes)2Y (p.-

the shortest C-Ln distances being those to the 1- and 4-Me)l2, [(n°-CsH4SiMezR),Lu(p-OH)J2 show the dimeric

carbon atoms (2.6&/2.65A for La, 2.59A/2.61A for Ce and
2.56A/2.57A for Nd). The endocyclic bond angles at the 1-
and 4-carbon atoms are narrower (110t65.15°) than those
at the other four (122.4 1.2°), while the four G-C bonds
to the 1- and 4-carbon atoms are longer (14B02A) than
the remaining two (1.3% 0.013,&).

EPR studies of the reaction of [LaC4) with K and [18]-

structure of these compoundsd. 30. The metal centers are
coordinated by two cyclopentadienyl rings and the two bridg-
ing ligands (CIl, Me, OH) in a distorted pseudo-tetrahedral
fashion. This coordination geometry closely resembles the
coordination sphere of known dimeric dicyclopentadienyl
lanthanidocene(lll) complexes, as well as the bond distances
and bond angles are in good agreement with known homo-

crown-6 in benzene show the presence of at least four La(ll) [09ous compounds.

paramagnetic intermediate species prior to formation of

[K((18]-crown-6)][La{n>-CsHa(SiMes)2-1,3}2(-CeHe)l.
Schumann et al. reported the synthesis
the lanthanidocene chloride complexes Mm%
CsH4SiMesR)2Ln(-Cl)]2  (R=t-Bu, Me; Ln=Y, Sm,
Lu) from the appropriate lanthanide trichlorides atd
butyldimethylsilylcyclopentadienylpotassium or trimethylsi-
lylcyclopentadienylpotassium, respectivelyscheme 1P

With Mak and co-workers yet another group exam-
ined the hydrolysis of organolanthanide compouf®s].

of Partial hydrolysis of the cationic organolanthanide com-

pounds [CRSMBIB(CsHs)a] and [Cp,SmMB[CB11HsBr6]
(Cp’ =(Me3Si),CsH3) in toluene at —30°C gave (u-
O)(pL—OHz)[Cp;Sm]z and two distinct crystalline forms of
[Cp;Smm-OH)]z, respectively. The two crystalline forms
(form A and B) are not crystallographically interconvertible,

[34]. The reactions were carried out in THF at ambient and they are clearly distinguishable from one another. The

Messi
2K /
Cp" 2 [18]-crown-6
LnClg — [LnCp'3] [K([18]-crown-6)] @7Ln SiMes
THF CeHg
Measi
Me;Si SiMe,
Cp"= B Ln = La, Ce, Pr, Nd -
SiMey

Scheme 18. [K([18]-crown-6)][L{m3-CsH3(SiMes)2-1,3}2(1-CsHs)] (Ln=La, Ce, Pr, Nd).
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Fig. 30. Molecular structure of§f-CsH4SiMe;R),Lu(pn-OH)],.

authors discuss that these observations imply that there mayR = CH,SiMes or CH(SiMe&), is a species of very short
be a continuous process leading from organosamarium hy-life, undergoing rearrangement to {d (Scheme 20Eq.
droxo to oxo compounds. The solid-state IR spectrunwef ( (1)). The transient hydride can be trapped with ketones e.g.
O)(M-OHZ)[Cp;Sm]g displays a broad band at 3300ch acetone or pivalone, leading to the alkoxideg RgOCHR
attributable to the O-H stretching frequency of the coor- (R'=Me or CMe) (Scheme 20Eq. (4)). ChNdOCHMe
dinated HO molecule, while the spectra of the two forms is not isolable, but was detected by its NMR spectra. In
of [Cp;Sm(pu—OH)]z exhibit one sharp band at 3668 th contrast, the use of the sterically hindered ketone pivalone
that is usually assigned to the O—H stretching mode of the afforded the stable alkoxide GNdOCH(CMg)».

Ln(OH)Ln unit.

Single-crystal X-ray determinations on u-O)(u-
OH)[Cp,Smp and [CP2Sm(-OH)]> confirmed their
dimeric structure Kig. 31). The samarium centers in
[Cp;Sm(u-OH)]z are coordinated by two cyclopentadi-
enyl rings and the OH— groups with Sm-O distances of
2.308-2.41A for the different forms of the moleculeu
O)(pu-OHz)[Cp;Sm]z shows a dimeric structure as well with
one oxygen bridge with Sm-O distances of 282832
and one HO bridge (Sm—0 =2.64/2.63A).

Visseaux et al. examined the stability of coordi-
natively unsaturated dicyclopentadienyl neodymium
hydrides [36]. The tris-alkylborohydride CPNdHBE®
(Cp =CsH4CH2CH,OCH3) obtained by reaction of
NaHBE#g with Cp,NdCI (Scheme 20Eq. (2)) is fairly stable

in benzene solution whereas the hydriddZWH formed Fig. 31. Molecular structures oi£O)(u-OHy)[Cp’2Smp and [CF sSm(u-
from Cpg,NdCl and NaH or by hydrogenolysis of Q¥dR OH)], (form A).
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LnCl; + 2KCsH,SiMe,R

SiMesR RMe,Si RMe,Si
NV THE g elis THE ‘ \Ln,..u\‘C"m..Ln/ :
2 F{MGQSI\% \Me/ “HE 4_-2LiC| RMGQS|% \CI/ E ?
SiMe,R
2 Meli
-2 LiCl
R = Me, -Bu
Ln=Y,Sm, Lu ;
RMeQSi RMEQS'
N\ wMe, /
; Ln< “Ln
HMezsl\% \Me/ E ?
SiMeER
2 H,0
-2CH,
RMe,Si RMe,Si
N wOH, S
RMeQSi%'-“\O/L”&
|
H SiMe,R

Scheme 19. Synthetic routes for the synthesis of the dicyclopentadienyl chloride, methyl and hydroxy compgteRell SiMesR),Ln(w-X)]2 (R =t-Bu,
Me; Ln=Y, Sm, Lu; X=ClI, Me, OH).

Cp,NdOCH(CMe)2 is also produced by the reac- 2.2.2.1. ansa-Cyclopentadienyl complex8shumann et
tion of pivalone with the borohydrides GNdHBEt and al. published a large series of mixed substituted dicyclopenta-

Cp,NdBHy, and is also formed in the alcoholysis of {B{nl dienyldimethylsilanes and the corresponding lanthanidocene
with pivalic alcohol Scheme 20Eq. (3)). complexeg37]. They described the reaction of WM&Cl,
Cp'2NdCI  + LiCH,SiMeg m— Cp'sNd (1
Cp',NdCl + NaHBEt, — +~ Cp'sNdHBEt, (2
Cp'sNd
BEt, Me;CC(OH)CMes,
Cp',NdHBE _;. Cp's;NdOCH(CMeg), «——————— Cp’,NdBH 3
P2 ® Me,CC(O)CMe, . 2 (CMes)e ~— e Ceoome, P2 B
1) MesCC(O)CMes,
Cp‘szCH(SIMBS)E Cp‘QNdOCH(CM83)2 (4)

2)Hp

Cpl = C5H4CHECH20CH3

Scheme 20. Synthesis and reaction behaviour of neodymium hydrides.
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Scheme 21. Synthesis of the potassium salts of donor-functionalized cyclopentadienes.

with K[CgsH4!Bu], Li[CsH4SiMes] or K[CsH3'BuMe- Alkylation of some of the lanthanidocene monochlorides
3] followed by treatment with K[GH4CH,CHaNMey] with LiCH3, LiCH,SiMes, and LiCH(SiMg)2 led to the
yielding mixed substituted dicyclopentadienyldimethyl- corresponding alkylmetallocenes accordBaheme 22The
silanes which after double deprotonation with potassium alkylated species M&i(CsH3'Bu-3)(CsHzCH2CH2NMe,-
hydride afforded the dipotassium salts[Me,Si(CsH3'Bu- 3)JLnR (R=Me, Ln=Sm, Y; R=CHSiMe;, Ln=Y),
3)(CsH3CHCHaNMe-3)],  K2[MepSi(CsHaSiMes-3)(Cs  [Me2Si(CsH3SiMes-3)(CsHaCH2CHaNMe-3)] YMe,  and
H3CH,CHoNMes-3)] and  Ko[MeoSi(CsHo!Bu-3-Me-5)  [Me2Si (CsH2!Bu-3-Me-5)(GH3zCH2CHNMe,-3)] LnR

(CsH3CH2CHoNMe2-3)], respectively $cheme 2L (R=CHs, Ln=Lu; R=CHSiMes;, Ln=Lu; R=CH
The reaction of the dipotassium salts with lan- (SiMes)2, Ln=Nd, Lu) several signal sets in the NMR spec-

thanide trichlorides in a 1:1 molar ratio gave thesa tra indicating the existence of an enantiomeric mixture like

lanthanidocenes according$eheme 21Asymmetrical sub-  in case of the homologous monochloride complexes. NMR

stitution of the cyclopentadiene ligands leads to the possi- Spectroscopic determinations in pyridine suggest dissocia-
ble formation of four different isomers. However, the NMR  tion the dimethylamino group in strongly basic solvents.
spectra imply the presence of a racemic mixture of justone In order to synthesize new tris(peralkylcyclopen-
enantiomeric form. The NMR spectra in benzene show two tadienyl)samarium complexes (see Chapter 2.2.3), Evans et
signals for the methyl protons of the amino function, which al. allowed Sy to react with MeSi(CsMesK) to obtain
implies the coordination of the nitrogen to the metal. Single- Me>Si(CsMe4),SmI(THF)[38] (Scheme 2B

crystal X-ray determinations of [M&i(CsH,!Bu-3-Me- A single-crystal X-ray determination showed a
5)(CsH3CH>CHoNMe»-3)]SmCI and [MeSi(CsHo'Bu-3- monomeric structure for (#Mes)2SmI(THF) with nor-
Me-5)(GsH3CHoCHoNMe;-3)]LuCl reveal their monomeric  mal Sm—Cp, Sm—| and Sm—-O(THF) distances.

structure with pseudo-tetrahedral coordinated metal cen- Bulychev and co-workers showed, that trensa
ters Fig. 32. The metal centers are coordinated by ytterbocene complexmese(CHs),Si(3-(CHs)3SiCsHs)2

the cyclopentadienyl ligands in an®-fashion, chlorine YbCI(THF) undergoes desolvation during recrystallization
and the nitrogen atom of the dimethylamino group. fromtoluene to give the dimeric complexpse(CHz),Si[3-
The metal-Cp and metal-N distances of both com- (CH3)3SiCsH3]2Yb(po-Cl)]2 [39]. Single-crystal X-ray de-
plexes are in good agreement with those of related terminations of the dimer showed longer Yb—Cl distances
complexes. (2.631 and 2.68A) than that in the starting monomeric sol-
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Fig. 32. Molecular structure of [Me&i(CsH,!Bu-3-Me-5)(GH3CH,CH;NMe;-3)]SmCI.

vated complex (2.498), but they are about equal to thosein ~~_ The monomeric  complex mese(CHz)2Si(3-(CHb)
other known dimeric chlorides=(g. 33. The parameters of ~ 3SiCsH3)2YBCI(THF) reacts with LiBH in diethyl ether,
the metallocene fragment of the dimer are identical to those Yielding the borohydride complexmese(CHz)2Si(3-

of the starting complex. (CHg)3SiCsH3)2YbBH4(THF) with a tridentate Bl group,
Me
/@ 'B /@)B“
u
Kz , THF _ N\, C
Me,Si + LnCly(THF), — & Me,Si Ln-;\ + 2KCI
w;’ N=
Ln=Y, Sm, Lu
SiMe;
. /ﬂswma - | @
| Mesi +  LnCla(THF)y —— Me,Si Ln‘\ + 2KCl
} B Ln=Y,Sm, Lu
i 7 Me
/@/tBu
K i #E LnCly(THE), —— Me,Si N\ o
n eo0l H
2| Mesi ¥ a(THF)x 2 Ln\N/ + 2KCI
wi cf

L o Ln=Y, Nd, Sm, Er, Lu

Scheme 22. Synthesis of donor-functionalizedametallocenes of yttrium, neodymium, erbium and lutetium.
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THF .
Me,Si(CsMesK), + Smly(THF), ———— Me,Si Sm’ + 2K

Scheme 23. Synthesis of (SiM&Me4)2SmI(THF).

while in similar lanthanide borohydrates the Bigroup is MeRSIi(GH4)(CsMe4)LnCI(THF) as primary products
often bonded in a bidentate fashion with B—H bond length which on vacuum-drying lose their THF under forma-
typical for such compounds. tion of the dimers. Single-crystal X-ray determination of
The chiral silicon-bridged lanthanidocene chlorides [MeEtSi(GH4)(CsMes)SMCI(THF)L shows the dinuclear
[MeRSIi(GH4)(CsMeg)LnCl]2 (R=Et, Ph; Ln=Y, La, Sm,  complex Fig. 34. One THF molecule is coordinated to each
Lu) were made by Schumann et gl40] according samarium. Distances and angles are roughly similar to that

to Scheme 24from the disodium salts [MeRSigEl,) of known compounds of the same type.
(CsMey)]Naz (R =Et, Ph) and the corresponding lanthanide
trichlorides in THF. 2.2.3. Tris(cyclopentadienyl) complexes

l . .
The “H NMR spectra indicate the presence of | appertand co-workers reported the synthesis of the new
monomeric  THF-containing complexes of the type ig(cyclopentadienyl)lanthanoide(lll) complexes [LEP

e

" % chl)zA ClisA)

. &Q\\ )cuzA)

A
9

3
RN
cn2) L
, Fio)
h *
[

+2 NaOQCCHg
- 2 NaCl

Me,, /@ \\O
Si Ln ;,C—CHs (2)
F*/ \% \O/
R=Et,Ph;Ln=Y,La, Sm, Lu

Scheme 24. Synthetic routes for the synthesis of [MeRHEXCsMe4)LnCl], (R=Et, Ph; Ln=Y, La, Sm, Lu) and the corresponding monomeric acetates
[MeRSIi(GH4)(CsMes)LNO2CMe] (R =Et, Ph; Ln=Y, La, Sm, Lu).
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C11

Fig. 34. Molecular structure of [MeEtSi¢El4)(CsMes)SmCI(THF).

and [PrCé] with Cp” =m°-CsH3(SiMes3)»-1,3 which were the same reaction in THF produced the THF adduct

made from the appropriate anhydrous lanthanide(lll) triflates Me2Si(CsMeg)2Sm(GMes)(THF)[38] (Scheme 25Egs. (1)

or chlorides and 3/2 MgCpor 3 KCp’ in THF at ambient  and (2)).

temperaturg33]. Reactions of [LaCg] and [LaCp] have Similarly to the reaction with KMes, treatment of

been described above (Chapter 2.2.2). Me2Si(CsMes)2SmI(THF) with KGMesR (R =Et, n-Pr, i-
Evans et al. showed that the reaction of J8e Pr) in toluene afforded the base free tris(cyclopentadienyl)

(CsMes)>SmI(THF) with KGsMes in toluene yielded the  systems $cheme 25 Eq. (3)). Single-crystal X-ray

base-free complex M&i(CsMes)>,Sm(GMes), whereas determinations revealed a pseudo-tetrahedral coordina-

+ KsMes / toluene

./% N\ Q
Me,Si Sm (1)

7 5 ! /&
Me,Si ém\ + KsMes / THF _ émﬁ @
D | pAS

+ KsMey4R / toluene

Ras

R = Et, "Pr, Pr

(3)

Scheme 25. Reaction of M8i(CsMe4)>SmI(THF) with the potassium salts of various cyclopentadienyls.
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Fig. 36. Molecular structure of CefEl3(SiMex'Bu),-1,3k.

pentadienyl)lanthanide(lll) complexes [Lngh
(Ln=La, Ce, Pr, Nd, Sm, Gd, Th, Dy, Er, Tm, Yb)
[CpsR = CsH4(CH(SiMes),)] [41]. The complexes were
synthesized from the appropriate lanthanide trichlorides or
Tmls in the case of thulium with 3 equiv. of K&in THF.
Single-crystal X-ray determinations show the isostructural
complexes of NdCg? and TmCpR to be monomeric with
bond lengths and angles in the expected arEas 86). No
short M-C agnostic interactions were observed. As potential
starting materials for organoneodymium(ll) complexes,
Fig. 35. Molecular structures of M8i(CsMes)2Sm(GMes)(THF) and NdCpt and NdCp' as well as CeCgt were synthesized
Me2Si(CsMes)2Sm(GMes). (Cpt = CsH4(SiMex'Bu), CP! = CsH3(SiMex'Bu),-1,3) from
the related lanthanide trichlorides and 3 equiv. of NglCp
or KCpst, respectively. NdCg, NdCp" and CeCp" are

tion sphere for MgSi(CsMey)2Sm(GMes)(THF) and a monomeric withn®-bonded cyclopentadienyl! ligands. All
pseudo-trigonal one for M&i(CsMes)2SmM(GMes) and complexes are highly soluble in hydrocarbons owing to the
MezSi(CsMeg)2Sm(GMegn-Pr), respectivelyKig. 35. bulky substituents.

Bond lengths and angles are inthe same range asin similar The X-ray structure determination of single crystals of
compounds. The (ring centroid)—metal(ring centroid) angles CeCp't (Fig. 36 revealed an approxima@; symmetry with
of the MeSi(CsMey)2 units in each structure range from Ce—C(centroid) distances of 255
115.2 to 123.3 and have average Sm-C(ring) distances  Aseries of tris(cyclopentadienyl)lanthanoid(lll) sulfoxide
of 2.70-2.9A. The average Sm-CgBle4R) distance is adducts as well as their tris (indenyl) analogues (see Chap-
2.77 and 2.8A. The B-carbon of the propyl substituent ter 2.4) were synthesized by Fischer and co-workég3.
in  MezSi(CsMes)2Sm(GMe,"Pr) is orientated to the  These complexes were investigated using variable tempera-
samarium at a distance of 3.86In contrast to (GMes)3Sm ture NMR and circular dichroism. This new class of adducts
the complexes MgSi(CsMey)2SM(GMes)(THF)  and was prepared by the reaction of the THF adducts of the
MezSi(CsMeg)2Sm(GMesR) (R=Me, Et, n-Pr, i-Pr) do tris(cyclopentadienyl)lanthanides with the sulfoxides MTSO
not show the reductive ring opening reaction of THF and (OS(Me)4-MeGH,4) or DPSO (OSP4 in toluene Table J).
consistently no polymerization of ethylene or reduction In Fig. 37, molecular structures of two representative ex-
chemistry as observed for {®les)3Sm. amples of the MTSO and DPSO adducts are compared. As

Lappert and co-workers described the synthe- expected for the strongly oxophilic Bhions, the sulfoxide
sis of a series of homoleptic tris(substituted-cyclo- ligand is coordinated exclusively through its oxygen atom.
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Fig. 37. Molecular structures of [LnGfOS(Me)/4-MeGH,)] (Ln=La, Pr, Nd) and [LnCp(OSPh)] (Ln=La, Pr).

Table 1 oxolanthanide complexes was studied by Deacon et al.
List of known [LnCp(OSR/R)] complexes (R/R=Me/4-MeGsHs or [44]. The homoleptic binuclear aryloxolanthanide(ll) com-
PP, wih B- () MTSO plexes [Eu(Odpp)@-Odppl, [Yb2(Odppl(k-Odpp}]
MTSO La Pr Nd Sm Yo and [Yhy(Odppy] (~Odpp=2,6-diphenylphenolate) have

DPSO La Pr Nd been prepared by direct reactions of ytterbium or europium

metal with 2,6-diphenylphenol in the presence of mercury at

Ln—O distances are shorter by about 10 pm than in the corre-elevated temperatures in sealed tuligsheme 2B

sponding THF adducts. X-ray diffraction studies of [Ep(Odpp)] and
[Yb2(Odpp)] reveal different binuclear structureiSig. 39.

In the europium complex three aryloxide oxygens bridge
two Eu ions, with a terminal Odpp and thrgé-w-bonded
substituent phenyl groups also being attached to one

and Hauber for the solid-state structures of two Lewis- €Uropium, and threey’-m-bonded phenyl groups to the
donor-free  aryl-bis(cyclopentadienyl)lanthanideg43]. other. By contrast, both Yb atoms of [¥©dpp)] have
Ar'Yb(CsHaMe), and AFSm(GsHs)» (Ar = 2,6-MesCgHa) one terminal and two brldgm_g O_dpp I|gands_|n a pyramidal
have been obtained by the reaction of LiAwith arrangement and the coordination sphere is completed by
Yb(CsHaMe)s or Sm(GHs)s in toluene. Single-crystal wélnteractlons of pendeant phenyll groups (offe and one
X-ray determinations reveah®-coordination of the cy- M - {0 oneYb, and am>- and am=-Ph group to the other).
clopentadienyl ligands to the metal centers in both cases and! N€ Structure of+[Yb(dep)7] comprises an unprecedented
nl-coordination to thépso-carbon atom of the aryl groups LY 2(I1)2(Odpp}]™ cation and a [Yb(lI)(Odpp)~ anion.

(Fig. 39. Additional w-arene contacts to one mesityl group ~ Arené complexes with boratabenzene derivatives as

give rise to a different pyramidalization of the metal centers, ™Ponded arene ligands were synthesized by Her-
which depends on the size of the central lanthanide ion. ~ Perich et al.[45]. The bis(boratabenzene)scandium com-

The influence of intramolecular lanthanigdearene in- plexes ScCl(@HsBMe)y]> ScCl(3,5-MeCsHzBNMe;)o]»

teractions on the structural architecture of homoleptic aryl- and SCC|(3'5'M@,CQH3BN(SiMe3)2)2 are synthgsized from
the solvent free lithium boratabenzenes and $atioluene

2.3. Arene complexes

Metal-w-arene interactions were reported by Niemeyer

(Scheme 2y
2ScCh + 4LIL — [ScCILy], + 4LiCl
(L = C5H5BMe or3 5-M62C5H3BNM62) (12)
C % Q\Q‘c
o ¢ e X
A ! O Vi .‘|,' O U{’,’
S0 /O\ \': _-C O__‘\ |rp / \ I,L’/
O—FEuT ¥ Eul Yb b
TN G SN AN
R @ B dlrl, Q@7 ) @)
&l g/t P
~C Cuit C
~6-C

] Scheme 26. Simplified representation of the coordination sphere around the
Fig. 38. Molecular structure of ABM(GHs), (Ar’ =2,6-MesCgH3). metal centers in [E4(Odppk] and [Yby(Odpp)].
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C21)N\

. 021)

c(281)

Fig. 39. Molecular structures of [2(0Odpp)] and [Yby(Odpp)].

intermolecular coordination of both dimetohylaminoethyl
. . groups with Yb—N distances of 2.58 and 2.@08Fig. 41).
ScCk +2LIL — ScClL + 2LiCl Only one possible diasteroemeric conformation wiitins

(L = 3,5-Me;CsH3BN(SiMes)?) (13) arrangement of both indenyl rings and coordinated side arms

is present.
Schumann et al. synthesized a series of donor-

Single-crystal X-ray determinations of allthree complexes functionalized ansacyclopentadienyl-indenyl ancansa
were performed. Complex [ScCI§BsBMe);]2 possesses a  bis(indenyl) complexes of yttrium, samarium, thulium,
doubly chloro-bridged dinuclear structure with four facially and |utetium [47]. The stepwise reaction of MS8ICl
coordinated boratabenzene ligangig(40. The structure of  with K[CsH3'BuMe-3] or Li[CgH;] followed by the
ScCI(3,5-MeCsH3BNMey),]. differsin that each scandium  reaction  with K[GHgCH2CHoNMe,-1] and  subse-
atom binds to one boratabenzene in an unprecedented N-Bguent deprotonation with KH or BuLi, yielded the
C-2 coordination mode and facially to the second borataben-two  dimethylsilyl-bridged  complexes #(CsH,'Bu-
zene ligand. In solution ScCl[3,5-MEsH3BNMey)7]2 is 3-Me-5)SiMe(1-CoHsCH2CHoNMe»-3)]  and  Lb[(1-
fluxional, displaying only one type of boratabenzene ligand. CyHg)SiMes(1-CoHsCH,CHaNMey-3)], respectively.
ScClI[3,5-MeCsH3BN(SiMes)2]2 is mononuclear, because

of the bulkiness of the boratabenzene. GHoCHoNMe,

‘ 1. n-Buli Os
2. CICH,CH,NMes,, reflux
The first examples of racemic bis(2-dimethylamino-

ethylindenyl) divalent unsolvated organolanthanide com- CH CHoNMey CH2CH-NMe,

plexes were presented by Qian et[d6]. (MeaNCH,CH; K+

CoHg)2Sm and (MeNCH,; CHyCgHg)2Yb were syn-

thesized according tocScheme 28by the reaction of

K(Me2NCH2CH2CoHg) with Lnlz (Ln=Sm, Yb) in THF at @

room temperature. CH,CH;NMe;
The molecular structure of the ytterbium complex as de- Lnly(THF); -\ ‘

termined by single-crystal X-ray diffraction revealed the K* T A

-2KI &) ¥,

2.4. Indenyl complexes

3, B
@)

-1/2 H,

Q

ScCls + 2LL — ScCIL; + 2LiCl

. Ln=38m, Yb
L= 3,5'M€2C5H38N(S|Me3)2

Scheme 28. Synthesis of (M¥CH,CH;CgoHg)2Sm and (MeNCH,
Scheme 27. Synthesis of various boratabenzene complexes. CHyCoHg)2Yb.
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Fig. 40. Molecular structures of [ScCl§8s5BMe),], and ScCl(3,5-MgCsH3BN(SiMes)2)2.

The reaction of the lithium precursor with LuChc-
cording toScheme 29Eq. (1)) afforded [(1-GHg)SiMex(1-
CoHs5CHoCH>NMes-3)]LuCl. Treatment of K[(CsH2'Bu-
3-Me-5)SiMe(1-CgHsCH,CHa;NMez-3)] with the THF
adducts of YG4, SmCk and LuCg, or the DME adduct of
Tmls gave the mixecansametallocenes [(§H,'Bu-3-Me-
5)SiMey(1-CgHsCH2CHaNMez-3)ILnX  (X=CI, Ln=Y,
Sm, Lu; X=1,Ln=Tm) Scheme 2%q. (2)).!H NMR spec-

one) atroom temperature show the magnetic non-equivalence
of the protons of the dimethylamino group and hence prove
the existence of a strong N M coordination even in po-
lar solvents like pyridine. 2D-NMR spectroscopic determi-
nations led to the assumption that only one set of enantiomers
exists in solution.

Single-crystal X-ray determinations of [{8,'Bu-3-Me-
5)SiMey(1-CgHsCH2CHaNMeZ-3)ILnX (X=ClI, Ln=Lu)

tra of all complexes in polar solvents (instead of the thulium and (X=1, Ln=Tm) show the monomeric complexes with

CHQCHzNMez 20H2NM92

& 2 n-BuLi/ THF
-2 BuH

e

8.8,

CH2CH2NM92

2KH/THF

K.
-H, :

7

8
@
s

/QQ

LuCl
2 L'(SJI AT N= (1)
-2 Li
% o
CH,CH,NMe, |
LnX. Ji \
sl ek @
S
X=Cl Ln=Y, Lu, Sm
X=1 Ln=Tm

Scheme 29. Synthesis of mixed donor-functionalized indenyl complexes of Y, Sm, Tm and Lu.
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Fig. 41. Molecular structure of (MBICH2CH2CoHe)2Yb.

short Ln—-N bonds (2.4& for Lu, 2.50/2.47A for Tm)
(Fig. 42.

In addition to the halide atom, both the cyclopenta-
dienyl and the indenyl part of thansaligand are°-
coordinated to the lanthanide atom with nearly equal
bond distances (Lu-Cp(centr.) 282Lu—Ind(centr.) 2.33;
Tm-Cp(centr.) 2.34, Tm-Ind(centr.) 2.343\).

c@)

c(23)

Fig. 42. Molecular structure of [(§H,!Bu-3-Me-5)SiMe (1-CoHsCH,CH,
NMes-3)]LuCl.
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The synthesis and structure afese[ethylene-bis°-
indenyD)]ytterbium(lll) bis(trimethylsilyl)amide and the
syntheses of rac- and mese[ethylenebisg®-indenyl)
ytterbium(lil)chloride][LiCI(ELO),] and rac- and mese
[ethylenebis>-indenyl)lutetium(lll)chloride][LiCI(E£O),]
were reported by Broene and co-workef48]. The
complexes are synthesized by metathesis of dilithi-
ated 1,2-bis(indenylethane) with either YBCbr LuCls
in THF followed by solvent exchange with diethyl
ether to give therac/mesomixture of [ethylenebis{®-
indenyl)Ln(lll)chloride][LiICI(EtO);]  (Ln=Yb, Lu)
(Scheme 3p

In the Yb case, the major diastereomer formediesso
while in the lutetium reaction, theac diastereomer is the
predominant species. The amide compiegse[ethylene-
bism®-indenyl)]ytterbium(ll)-bis(trimethylsilyl)amide was
synthesized by the reaction ofese[ethylene-bisg®-
indenyl)ytterbium(lll) chloride][LiCI(EO)2] with Na[N-
(SiMes)] in diethyl ether. Single-crystal X-ray determina-
tions revealed a small centroid—Yb-centroid angle of 122.0
caused by the constraining effect of the ethyl bridgig (43.

Fig. 43. Molecular structure ofmese[ethylene-bis§®-indenyl)]ytterb-
ium(l11)-bis(trimethylsilyl)amide.
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Scheme 30. Synthesis of ethylene-bridged bis(indenyl) complexes of Yb and Lu.

The amide derivativemese[ethylene-bisg®>-indenyl)]
ytterbium(lll) bis(trimethylsilyllamide catalyzes the hy-
droamination of primary olefins in excellent yields.

Bulychev and co-workers reported the formation of
different Yb(Il) indenyl complexeqd49]. Metallation of
2,2-bis(1-indene)propane by sodium hydride and sub-
sequent reaction of the sodium derivative with YbCI
yielded (GH7)2.Yb(DME) besides a benzofulvene by-
product Scheme 31

Single-crystal X-ray data show a rather unusual ori-
entation of the indenyl ligands with their benzene
rings directed towards the oxygen atoms of the coordi-
nated DME. The centroid-Yb distances (2,.5@3and the
centroid—Yb—centroid angle (129)are in the anticipated
ranges FFig. 44).

Two more Yb(ll) indenyl complexes were synthe-
sized by the reaction between (@k(1-Ind),Li, and
YbCl3 in diethyl ether and subsequent reduction of the
product with sodium metal in THF yieldingac-(CHz)2
(2-Ind)2Yb(THF), where Ind= CgHg and 4,7-(CH)2CgH3.
Solid-state structural data of both complexes are basically
identical to each other with values in the expected areas.

0%

Yb—DME

Qian and et al. reported the synthesian$éametallocene
alkyl complexes of yttrium and lutetium with an ether-
bridged indenyl ligand50]. The reaction of the correspond-
ing monochlorides with LiCHSiMes in THF afforded the
purerac ansalanthanocene alkyl complexes [O(@EH,-
CoHg]LNCH2SiMes (Ln =Y, Lu) (Scheme 3R

The authors claim that only theac diastereomer was
formed owing to the non-bonded interactions between the
six-membered fragment of the indenyl moiety and the alkyl
group.

In analogy to the tris(cyclopentadienyl)lanthanide(lll)
sulfoxide adducts, Fischer and co-workers synthesized
tris(indenyl)lanthanide(lll) sulfoxide adducts, topl2].
These complexes were investigated using single crys-
tal X-ray analysis, variable temperature NMR and cir-
cular dichroism. The 1:1 adducts have been prepared in
toluene from the homologous THF adducts and MTSO
(OS(Me)4-MeGH4) and DPSO (OSREf), respectively,
yielding the complexes [Ln(§H7)3(OS(Me)/4-MeGH4)]
and [Ln(GH7)3(OSPR)] (Table 2.

While solid [Ln(GyH7)sMTSO] (Ln = La, Pr) contains ex-
clusively oxygen-bonded sulfoxide and thrgecoordinated

+1/2YbCl, +NaCl + OO

/

Scheme 31. Formation of the Yb(ll) complexgtd;),Yb(DME).



952

[O(CH2CHoCgHe)o]LNCITHF) + LiCH,SiMes

Ln=Y, Lu

_— - O—l— Ln-7/

0°C, -THF, - Li < =

s , - LiCl J:/Z‘ AT
A
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N

toluene SiMe,

@)

Scheme 32. Synthesis of [O(GEH,CgHg]LNCH,SiMes (Ln =Y, Lu).

Table 2
List of known [Ln(GyH7)3(OSR/R)] complexes (R/R=Me/4-MeGsHg4 or
Ph/Ph), with R)-(+)-MTSO and §)-(—)-MTSO, respectively

MTSO La Pr Nd
DPSO La Pr Nd

Sm

metals reveal rapid inter-molecular sulfoxide exchange. On
the other hand, mutual MTSO/THF exchange seems to be
inhibited, which suggests that the facile sulfoxide exchange
follows a special mechanistic pathway, which is discussed in
the article.

indenyl ligands in a chiral arrangement around the metal ion, 5 5 Fluorenyl complexes

the GHy7 ligands of the paramagnetic molecules in solution
(Ln=Pr, Nd, Sm) are involved in rapig®-n!-fluxionality
(Fig. 45. Both variable temperatuféd NMR and f—f circu-

Qian et al. reported the synthesis of diphenylmethylene-
bridged fluorenyl cyclopentadienyl lanthanocene complexes

lar dichroism spectroscopy indicate that a second chirogenicwith Cs symmetry{51]. The reaction of lanthanide chlorides
centeris generated thatlies closer to the metalion than the chiL.nCl3 with the dilithium salt of (G3Hg)CPh(CsHs) in THF

ral sulfur atom of the MTSO ligand. Surprisingly, the NMR
spectra of solutions of mixtures of [Ln§E7)sMTSO] with
(R)-(+)-MTSO and §-(—)-MTSO, or/and with two different

c3

ca

Fig. 44. Molecular structures of ¢El7)2Yb(DME).

at ambient temperature led to the formation of the ‘ate’ com-
plexes [Li(THF}][LnCl2{(C13Hg)CPh(CsH4)}] (Ln=Lu,
Y) (Scheme 38

Treatment of Ln(BH)3(THF); with 3equiv. of
Li2(Cy13Hg)CPh(CsHy) in THF solution gave the anionic
complexes  [Li(THR)][LN(BH 4)2{(C13Hg)CPhp(CsHa)}]
(Ln=La, Nd). Single-crystal X-ray determinations of
[Li(THF) 4][Ln(BH 4)2{(C13Hg)CPI(CsH4)}]  (Ln=La,

Nd) and [Li(THF}][LUCl2{(C13Hg)CPh(CsHa)}] revealed
the existence of discrete cation/anion paltig( 46).

The Ln—C (Cp ring) distances in these complexes are
within the range expected fansalanthanocenes. The Ln-C
(fluorenyl ring) distances show differences of up to A3
probably owing to the inclined rigid planar fluorenyl liga-
tion.

A novel Cg-symmetric fluorenyl ansayttrocene,
ansaMe;Si(n°3-Flu)(m>-Cp)YCI,Li(OEty), (Flu=CyzHs,
Cp=CsMey) has been prepared by a salt metathe-
sis reaction from YQ and the dilithium salt of the
ligand MeSi(FIuH)(CgH) by Do and co-workers
[52] (Scheme 3% The X-ray structure of the com-
plex revealed unusualm3-fluorenyl coordination to
the Y3* ion (Fig. 47). Treatment of ansaMe,Si(m3-
Flu)(m>-Cp)YCI,Li(OEty), with Na(SiMe), afforded
the corresponding bis(trimethylsilyllamide derivative
ansaMe;Si(n3-Flu)(m>-Cp)) YN(SiMe3)s.

In the bis(trimethylsilyl)Jamide complex, the Y—FIu bond-
ing is partially slipped towardg®. Furthermore, the authors
are discussinga-dative bond nature of the-YN bond and an
additional interaction between the Y center and one methyl
group of the N(SiMeg), fragment. The amide complex was
found to be active in the polymerization of methyl methacry-
late.
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Fig. 45. Molecular structures of [LngEl7)3(0OS(Me)/4-MeGH4)] (Ln=La, Pr) (a) R)-(+)-MTSO and (b) §-(—)-MTSO as the coordinating sulfoxide.

2.6. Clusters r?-NH group located on the crystallographic two-fold axis
(Fig. 483).

A series of organolanthanide indenyl clusters are re-  Another type of tetranuclear cluster, {(h®-
ported by Xie and co-workerg53,54] Treatment of  CgHgSiMes), N} (w2-NH2)Lna(THF)s]2(u3-Cl)a(n2-Cl)o®
Me2Si(CoH7)(C2B1oH11) with 4 equiv. of NaNH in THF, THF (Ln=Gd, Y), was obtained when the above re-
followed by reaction with lequiv. of LnGlat room  actions were carried out at reflux temperature. The
temperature, afforded{(n°-p.?-CoHeSiMesNH)LN}2 (13- solid-state  structure  of {[n3-CoHgSiMe2)2N} (-
CI)(THF)]2(w*-NH)*(THF), (n=1, Ln=Gd, Er, n=0, NH2)Gd(THF)2] 2(u3-Cl)2(u2-Cl)2* THF  derived  from
Ln=Dy), whichrepresents the firstexamples of organometal- single X-ray analysis revealed that the cluster consists
lic clusters containing a centrat*-imido group, as well as  of a distorted-tetrahedral arrangement of four Gd atoms
indenyl ligands. The solid-state structure of the Er complex from two [{(m>-CoHgSiMen)aN} (12-NH2)Gdp(THF2] 2
revealed a butterfly arrangement of four metals which are con-ynits that are connected by two doubly bridgipg-Cl
nected by four doubly bridging>-NHSiMe(indenyl) units  atoms spanning two Gd atoms in each case. Each metal
over the edges, by two triply bridging®-Cl atoms spanning  is both n5-bonded to one indenyl group ans-bonded
three Er atoms in each case, and by a quadruply bridgingto one oxygen atom, one nitrogen atom and three chloro

1) 2 n-BuLi, THF
2) LnClg, -78°

[Li(THF)4]+

) +
1) 2 n-Buli, THF |Li(THF),|

2) Ln(BH4)a(THF)g, -78°

Ln=La, A

Scheme 33. Synthetic pathways to [Li(THHD.nCl2{(C13H8)CP|’E(C5H4)}] (Ln=Lu, Y) and [Li(THF)4][Ln(BH 4)2{(C13H3)CPQ(C5H4)}] (Ln=La, Nd).
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4 e 4 bl %
CISiMes ﬂ THF/-LCL (6 Me,)SiMes g ELO/-2BuH  SSL |1 op)

2 Z
YCls % NaN(SiMes),

! Si A . T
oS Li*»(OEty) Et,0 v Y<o -, 4 Li(Et,0), toluene/-NaCl v Y—N(SiMes),
t / cl -LiCl /

Scheme 34. Synthesis afisaMe;Si(n3-Flu)(m®-Cp')YCl,Li(OEty), andansaMe,Si(n3-Flu)(m°-Cp) YN(SiMes) (Flu = C3Hg, Cp = CsMey).

ligands. Treatment of M&SIi(CoH7)(CoB1oH11) with
8equiv. of NaNH in THF, followed by reaction with
1 equiv. of LnCk at room temperature, gave the trinuclear
clusters  [(l®-CgaHgSiMen)oN][ -, 12-MexSi(NH),] (n°-
p2-CgHgSiMeNH)(n2-Cl)oLna(THF)s  (Ln=Gd, En).
These results indicate that NaMHserves as both base
and nucleophile in the reactions. Tlecarborane can be
recovered by sublimation under vacuum.

Jin et al. reported the reaction of the half-
sandwich tert-butylcyclopentadienyl (Cp=m>-BulCsHa)
neodymium complex [CPAClL(THF);], with NaSes
giving the organoneodymium polyselenide complex
[Na(THF)][Cp'eNdeSer3], which has been characterized
by X-ray crystallography55].

3[CP'NACI(THF),]2 + 6Na&Se;
— [Na(THF)][Cp'sNdsSe ]

Fig. 47. Molecular structure ainsaMe,Si(n3-Flu)(n>-Cp)YN(SiMes),
Fig. 46. Molecular structure of the [Nd(Bfb{(C13Hs)CPh(CsHa4)}]~ an- (Flu=Cy3Hg, Cp = CsMey).
ion.



J. Gottfriedsen, F.T. Edelmann / Coordination Chemistry Reviews 249 (2005) 919-969 955

Fig. 48. Molecular structures of (a)({n®-p2-CoHeSiMesNH)Er} 2(u3-CI)(THF)]2 (w*-NH)* (THF) and (b) [ (n>-CoHeSiMen)aN } (n2-NH2) G o (THF )] o (.3-
Cl)2(n2-Cl)2* THF.

Fig. 49 shows the solid-state structure of the anion in [[Zr2(OiPr}]Sm(CGsHg)], in a manner analogous to the
[Na(THF)][Cp'eNdsSers] where each Nd atom is coordi-  reduction of GHg by [(CsMes)Sm(GsHg)]. The molecular
nated with six Se atoms. The distances between Nd and the Sestructure Fig. 51) shows the monomeric complex with
atoms are between 2.888 and 3.&]4vhereas the Se atoms ~ one m8-coordinated COT ligand and the monoanionic
can be divided into three types: a central Se atom which is [Zr2(OiPry]~ unit attached to the Sm in a tetradentate

coordinated to six Nd atoms; six pairs of bridging $aits fashion.
in which one Se atom is coordinated to three Nd atoms; and
the other one is connected with only two Nd atoms. 2.8. Organolanthanide complexes in organic synthesis

Molander and Dowdy presented a facile intramolecu-
lar hydroamination process catalyzed by [&g.NdMe],
(Cp™S = C5H,4[SiMe3]) [57]. The lanthanide-catalyzed hy-
droamination enables a rapid access to 10,11-dihy#Fo-5
dibenzopg,d|cyclohepten-5,10-iminesSgcheme 3B

McDonald and Marks reported a series of organolan-
thanide complexes of the general type @IriCH(SiMes3)2

2.7. Complexes with cyclooctatetraenyl ligands

Triple decked bent metallocenes of europium and yt-
terbium were reported by Evans et §6]. Yblx(THF),
reacts with KGMes and K,CgHg in THF to form
[(CsMes)Yb(THF)]2(-n8:m8-CgHg), which can be desol-
vated at 30C and 107'Torr to afford the solvent-
free complex [(GMes)Yb]2(n-n8:m8-CgHg). The molec-
ular structure shows two divalent [{®les)Yb]* moi-
eties bridged by a (§Hg)?~ unit with 159 and 16%
(CsMes ring centroid)-Yb—(@Hs ring centroid) angles
(Fig. 50. [(CsMes)Eu(THF )] 2(-1n8:m8-CgHg) can be de-
solvated analogously at 58 and 107’ Torr to afford
[(CsMes)Eulo(u-n8:m8-CgHg), which shows (EMes ring
centroid)-Yb—(@Hg ring centroid) angles of 149.3and
148.9. [(CsMes)Yb]o(n-18:m8-CgHg) reacts with 1,3,5,7-
cyclooctatetraene to form gMes)Yb(CgHs).

Evans et al. also reported the synthesis of the diva-
lent lanthanide COT complexe§[Zr2(OiPr)]Ln}2(CgHs)]
(Ln=Yb, Sm) from [[Zry(OiPr}]Lnl};] and KCgHg
(Scheme 3%q. (1)) [21]. The monoanionic [Z(OiPr)]~
unit is used as a cyclopentadienyl analogue.

X-ray diffraction studies show the bimetallic Ln(Il) com-
plexes with the Sm centers coordinated to the bridging COT
ligand in arm®-fashion Fig. 51).

[{[Zr2(OiPr)]Sm}2(CgHg)] reacts with  1,3,5,7-
CgHg to form the hexane-soluble Sm(lll) complex Fig. 49. Molecular structure of the anion of [Na(THHCp'sNdsSer3].
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QY0 mmmmn . OYS
CeDg, 50°C, 2 h
NHR

R=H, Me

C9

Scheme 36.

droamination of aminoallenes with the general formula
RCH=C=CH(CH),CHRNH, yields the corresponding het-

I |
erocyclesRCH=CHCHNHCH(R’)(CH),.,CHz (R =CHg, n-
C3H7, n-CsHyy; R = H, CHs, n-C4Hg, CH, = CHCH,CHy;
n=2,3). The mono- and disubstituted pyrrolidines and
piperidines produced bear analkenyl functionality avail-
able for further synthetic manipulatiofable 3shows two
examples of the hydroamination products.

Kinetic and mechanistic data parallel organolanthanide-
mediated intramolecular aminoalkene and aminoalkyne hy-
droamination/cyclizations, implying turnover-limiting allene

Fig. 50. Molecular structure of [§Mes)Yh]2(-n:n3-CgHg). insertion into the LAN bond followed by rapid protonolysis
of the resulting LA-C bond Scheme 3).
Diastereoselective hydroamination/cyclization reactions
(Cp*=m°-CsMes; Ln=La, Sm, Y, Lu; TMS=SiMeg) to found their application in the total synthesis of the pyrrolidine
be effective as precatalysts for the rapid, regioselec- alkaloid (+)-197B and pyrrolizidine alkaloid (+)-xenovenine
tive, and highly diastereoselective intramolecular hydroam- reported by McDonald, Marks and co-worke($9].
ination/cyclization (ICH) of aminoallenefs8]. The hy- The organolanthanide precatalysts @fCH(SiMes3)2 and

[{[Zr2(0iPr)e]Lnl}a] + K:CsHs —  [{[Zr(OiPr)o]Ln}a(CsHg)]  + 2K (1)
Ln=Yb, Sm

[{[Zrx(OiPr)o]Sm}o(CsHg)]  + CsHs — 2 [[Zry(OiPr)o]Sm(CsHs)] (2)

Scheme 35.

Fig. 51. Molecular structures of [Zr,(OiPr)]Sm}2(CgHsg)] and [[Zr2(OiPr)]Sm(CgHs)].
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Table 3 for the hydrosilylation of a series of alkenes and alkynes using
phenylsilane as the hydrosilylation ag§s4].
Substrate Product Precatalyst Cyclization/silylation reactions of nitrogen-containing
\_/O enynes catalyzed by the complexes elptMe(THF)
PSP NN =" N . _ (Ln=Y, Lu) were investigated by Molander and Corrette
NH; H  (a) Cp2YCH(SiMes), [60]. Using standard conditions, the GyMe(THF) com-

(b) Cp2SMCH(SIMe)> plex suffers from poor reactivity at room temperature with

nitrogen positioned irx position to the alkyne. This can
— NN be overcome by either slow catalyst addition or by using
$ e N NH2 H () Cp2YCH(SiMes), Cp*sLuMe(THF) as the catalyst, which contains the smaller
(b) Cp*2SmCH(SiMe)2 Lu(lll) ion. The use of CpsLuMe(THF) allowed them to
prepare various nitrogen-containing ring systems in excellent
yields with good to excellent diastereoselectivities at room
Me>SiCp/ (tBuN)Ln(SiMes)» (Cp*=m°-CsMes; Cp’ =n°- temperature. The results of these studies highlight the abil-
MesCs; Ln=La, Nd, Sm) catalyze the regio- and stereose- ity to tune the reactivity of an organolanthanide complex by
lective cyclohydroamination of the aminoallenes (5S,8S)-5- changing the metal centélables 4 and Show examples of
amino-trideca-8,9-diene and the aminoallene (5S)-5-amino-the catalytic reactions performed.
pentadeca-1,8,9-triene, which are the key steps of the total Ishii and co-workers published the possibility of catalyz-
synthesis of the above mentioned molecules. ing the acetylcyanation of aldehydes with acetonecyanohy-
Marks and co-workers reported the organolanthanides drin and isopropenylacetate by G8m(THF) Scheme 3B
[Me2Si(CsMes)('BUN)ILNN(SiMes), (Ln=Nd, Lu, Sm)  [61].
and  [MeSi(CsMey)('BUN)ILNCH(SiMez)2  (Ln=Yb,
Lu) (see Chapter 2.2.1 for the synthesis) to be signifi- 2.9. Organolanthanides as polymerization catalysts
cantly more active as precatalysts for the aminoalkene
hydroamination/cyclization than the corresponding Dormond and co-workers published the polymer-
bis(cyclopentadienyl) complexes {Kes),LnN(SiMe3)2 ization of styrene (catalyst/styrene ratio=1:1000) us-
and (GMes)2LnCH(SiMes), [22]. ing anionic or neutral allylic samarium or neodymium
Schumann et al. described the dimeric lanthanide methyl species as catalysts, without addition of any co-catalysts
complexes [{°-CsH4SiMesR)Ln(p-Me)]2 (R =t-Bu, Me; [62]. Random syndiotactic-rich material was obtained
Ln=Y, Sm, Lu) (Chapter 2.2.2) to be effective precatalysts from anionic tetra(allyl)lanthanides, whereas the neutral

\ .
%LHCH(SiMGS)2+ HN 7 >=*""R

=
n
& CH2(SiM93)2

Fﬁ’f@)n
R \:/? /< %\ >
Il
=
HoN R %n m
SN

R

Scheme 37. Proposed catalytic cycle for the intramolecular hydroamination/cyclization of aminoallenes.
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Table 4

Cyclization/silylation of enynes to afford five-membered nitrogen heterocycles

Substrate Product Precatalyst Conditions Isolated yield (%)
N\ __ CeH1
N~ Cethi
O\/ H SiH,Ph Cp*2YMe(THF) rt,24h 43
N CeH
N ="CeH C‘Q\:/ sH11
Q\/ H \—siH,Ph Cp*,YMe(THF) 50°C, 24h 82
Cp*sLuMe(THF) rt,6h 92
Cp*2,YMe(THF) 50°C, 48h 82
Cp*2YMe(THF) rt., 44h 64
Cp*2YMe(THF) 90°C, 24h 34
Cp*;LuMe(THF) rt,5d 43

tris(allyl)lanthanides or anioniansabis(cyclopentadienyl)
bis(allyl)lanthanides afforded isotactic-rich polystyrene.

methylaluminoxane-containing isobutylaluminoxane) as a
co-catalyst (1:200) induces rapid polymerization of butadiene
Barbier-Baudry et al. showed, that the bisabyisa at50°Cintoluene, with the conversion of 2500 equiv. of buta-
lanthanide complexes (MEGCsHa)2Ln(allyl),Li(DME) diene reaching to 65% in 5 min (TON: 20000 butadiene/Sm-
(Ln=Sm, Nd) act as single component catalysts of mol/h). The resulting polybutadiene possesses a very
diene polymerization[63]. The polymerization of an  high 1,4¢cis-microstructure (98.8%), high molecular weight
equimolar mixture of isoprene and 1-hexene led to a (M,=400900), and narrow MWD My/Mn=1.82). This
co-polymer (1-hexenel/isoprene=1:10) essentially formed shows that this catalytic system can effect both highcls4-
of 1,44ranspolyisoprene blocks separated by only one selectivity and “living” control on the molecular weight of
inserted hexyl group. The tetra(allyl)lanthanide complexes the polymer products.
[Li(dioxane) s][Ln(allyl) 4] (Ln=Sm, Nd) showed no Marks and co-workers reported efficient and selec-
hexene insertion under the same polymerization conditionstive silanolytic (PhSiH, n-BuSiH;, CsHsCH,SiH3) chain
and formed a mixture afis- andtrans-polyisoprene. transfer in organolanthanide-catalyzed ethylene polymer-
Hou, Wakatsuki and co-workers reported a stereospe-ization and ethylene co-polymerization with several
cific polymerization of 1,3-butadiene with samarocene- olefins [65]. The result is a series of silyl-capped poly-
based catalystf64]. The lanthanide-based single-site cat- olefins. In [(MgCs)2LnH]2 (Ln=Y, La, Sm, Lu) and
alyst system (6Mes)2Sm(THF) with MMAO (modified [Me2Si(MesCs),LnH]2-mediated ethylene homopolymer-
ization and ethylene co-polymerization, both primary arylsi-
lanes (PhSil) and alkylsilanesr{-BuSiHz, CsHsCH,SiH3)

lables function as efficient chain-transfer agents.

Cyclization/silylation of enynes with Cp¥Me(THF) to afford six-
membered nitrogen heterocycles

Substrate Product Silane Isolated o o
yield (%) + HO__CN /J\
HJLH > /U\O
S Colt i Cp*2Sm(THF
N —CeH14 R = Me, 2-Me,i-Pr,t-Bu, | CP"2SM(THF),
O\/ Cyclohexyl, Ph, Allyl  [toluene, rt, 3 h
= SiHMePh  PhMeSiH100
CeHi1 CN O

Ao

Scheme 38.

O/\\/%CGHM
Z SiHMePh  PhMeSith 94
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Scheme 39. Proposed catalytic cycle for silyl-capped polyolefins mediated by organolanthanide catalysts.

In the case of ethylene polymerization mediated by active {)-1-methyltrimethylenecarbonate (1-MTC=1-
[(MesCs)2SmHDL, the mechanism of chain transfer is sup- methyltrimethylenecarbonate) was performed in toluene
ported by the observation that the number-average molec-solution using various types of initiators including
ular weight M) of the capped polyethylenes formed at (CsMes)oSm(THF) and (GMes),SmMe(THF). While
constant concentrations of catalyst, Ph§ildnd ethylene  all other catalysts for the ring opening polymerization
is inversely proportional to the concentration of PhSiH required relatively high temperatures (60-1@), the
(Scheme 3P The authors also found the use of silane- samarium complexes initiated polymerization processes
activated MeSi(Me4Cs)2LNCH(SiMes3)2 precatalysts to be  at room temperature and below. 5(@es5),Sm(THF) and
efficient in producing silyl-endcapped ethylene/1-hexene and (CsMes).SmMe(THF) brought about higher yields and
ethylene/styrene co-polymers. lower polydispersities when the ring-opening polymer-

Ring-opening polymerization of lactones using SgnX ization was carried out at . (CsMes)>Sm(THF) and
(X =1, Br, CsHs) catalysts was reported by Agarwal et al. (CsMes).SmMe(THF) were also used in the homopoly-
[66]. Successful room temperature ring-opening polymeriza- merization of RR)-1,3-dimethyltrimethylenecarbonate
tion of e-caprolactone an#é-valerolactone has been carried giving polymers in high yields. (§Mes)>Sm(THF) was
outusing the SmXcatalysts. Smlinthe presence of metallic  also used as an initiator for the co-polymerizationRR)-,

Sm was found to have enhanced reactivity at room temper-(SS- or rac-1,3-dimethyltrimethylene carbonate with
ature in ring-opening polymerization processes as compareds-caprolactone. All polymers exhibited high molecular
to pure Smg. SmBr and Sm(GHs)2 showed increased re-  weights, low polydispersities, and high polymer vyields.
activity compared with the Sm/Smbystem owing to their ~ Biodegradation processes of the synthesized polymers were
higher reductive power. The catalyst concentration and time performed in detail.

of polymerization showed a remarkable effect on number-  Hessen and co-workers showed the catalytic formation
average molecular weightA,). A decrease iMy, on increas- of thienyl-capped polyethylerjé9]. [(CsMes)2La(CsH3S)]o

ing reaction time and decreasing catalyst concentration waswas found to be able to combine ethylene polymerization and
observed. C—H activation of thiophene to result in catalytic formation

Among detailed studies of other samarium(ll) ary- of polyethylene with 2-thienyl end-groupS¢heme 41
loxide complexes, Wakatsuki and co-workers showed
[(CsMes)Sm(u-OCsH,!Buy-2,6-Me-4)b to exhibit an ex- 2.10. Theoretical calculations
tremely high activity for the ring-opening polymerization of
8-capr0|actone ana_va|ero|acton¢67]_ Ethylene insertion into the Sm-C bond of

Yasuda et al. reported the synthesis and stud- H2SICRSMCH;, a model reaction of an olefin poly-
ies of the physical properties of optically active
poly(estgrcqrbonate)s, yvhlch V\_/here synthesized by co- S _H +n Hy,C=CH, S
polymerization of substituted trimethylenecarbonate with U [Co",La(Caso ) WH
e-caprolactone using organolanthanides among others
as catalysts[68]. The homopolymerization of optically Scheme 40.
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merization propagation step, has been studied by Koga
using ab initio molecular orbital method30]. The low
electronegativity of the samarium atom makes the Sm—C
bond ionic, the methyl group having a charge-df.75. The
reaction passes through a loose ethylene complex with a
binding energy of 15 kcal/mol and then a tight four-centered
transition state with an agnostic interaction between the Sm
atom and one of the methyl CH bonds. A small activation
energy of 14 kcal/mol is required to pass through this transi-
tion state, indicating that this is an easy reaction. Compared
with reactions involving group 4 cationic silylene-bridged

metallocenes the activation energy is higher, and the reaction

is less exothermic.
Kulkarni and Koga investigated also the samarium(lll)-
catalyzed olefin hydroboration reaction using ab initio meth-

ods[71]. The stationary structures on the model reaction path

considering ethylene as alkene,SmH as an active cata-
lyst, and HB(OH) as model borane were obtained atthe RHF

and MP2 levels, and the MP4SDQ energy calculations were
carried out at the MP2 structure. In the reaction, ethylene ini-

tially coordinates to the active catalyst to formracomplex.

acetylenes

lutidine'HCI

—N - e R

dihydropyridine H‘N--!'?U*N'R

Scheme 42.

Then, ethylene insertion into the Sm—H bond takes place lead-

ing to stable CpSMGHs after passing through the barrier

lar reaction of [U(NN)I] with potassium in toluene re-

of 4.2 kcal/mol. In the following step, the model borane adds Sults in formation of the dimeric U(IIl) compleX[K(n°-

to CpSMGHS5 to form a borane complex, which thereafter

passes through the smaller barrier of 1.1 kcal/mol giving rise

C6H5Me)][[U(bit-NN’3)]}2.
Oxidation of [U(bit-NN;)] with air or other oxygen

to a product complex. In the final step, the dissociation of the sources led to formation of an oxo-bridged dimer with in-

hydroborated product, £EisB(OH),, takes place with a large
endothermicity of 40.4 kcal/mol.

3. Actinides

3.1. Actinide complexes without supporting
cyclopentadienyl and cyclopentadienyl-like ligands

3.1.1. Alkyl, alkenyl and CO complexes

Scott and co-workers reported the surprisingly fast
reaction of [U(NN)I] [NN%=N(CH,CH,NSiMeBuY)3]
with Groups 1 and 2 metal alkyls giving, via metalla-
tion of a methylsilyl group, the metallacycle [U(bit-MN
(Scheme 4)1[72]. The analogous [Th(bit-NY] was pre-
pared using the same procedure from [Thg)MBl] or through
reduction of [Th(NN)I] with a potassium film. A simi-

H
H _Me
| /‘Si‘IBU
I R
H“N---HU—N VR R‘N---yu—N
REN J —_ Ran \j
SN -MI/-R'H %N
R = SiMe,Bul MR' = ZnEt,, LiCH,Bu' or KBz

R' = Et, CH,BU' or Bz

Scheme 41.

termolecular by metalated methylsilyl groups. Reaction of
H-acidic compounds HX like lutidirf¢dCl, diethylamine,
or t-butanol gave the [U(NQX] complexes under repro-
tonation of the previously metalated methylsilylgroygs.
Hydropyridines and monosubstituted alkynes react in a sim-
ilar manner to given2-dehydropyridyl complexes ang'-
alkynyls, respectively§cheme 4

Andrews and co-workers published studies of the reaction
of thorium atoms with C@73]. The reaction of laser-ablated
thorium atoms with carbon monoxide in excess neon gave
the first thorium carbonyl complex, ThCO, which rearranges
photochemically to CThOScheme 438

3.1.2. Metallacarborane complexes

Xie et al. reported the synthesis ¢fK >(THF)s][(n’-
CzBlole)('r]7-CzBloH12)U]}2, which contains a metalla-
carborane with a noveh(-C»B1oH10)*~ ligand Scheme 4%
[74].

Single-crystal X-ray determinations revealed a cen-
trosymmetrical dimer with a bent sandwich structdig. 52
shows arm®-coordination of the uranium ion to theido-
C,B10H12%~ ligand and an’-bonding to thearachnotype

Th + CO —=ThCO

Th* + CO —=CThO

ThCO =———=22= CThO
240 - 580 nm
Scheme 43.
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THF + AdN,
4 O‘CzB1oH12 + 12K + 2 UCI4 - =

- AdMH, N,
{[Ko(THF)s][(™-C2B1oH12)(n"-CoB1gH12)Ull,  + 8 KCI

Scheme 44. /& %
\, NHAd \. .NAd
C>B1oH15* ligand. Furthermore, a coordination of two B—H U, U
bonds of the @Bs layer of thearachneC,B1oH12*~ is ob- % NHAd % NAd
servable.
The most interesting feature of the structure is the boat
conformation of the gBs layer described above with short

U-C distances of 2.41 and Z.MFig. 52 lying in the range
of U-C-o-bonds. +Hy

3.2. Cyclopentadienyl complexes Scheme 45.

3.2.1. Bis(cyclopentadienyl) complexes

Burns and co-workers reported studies on the catalytic
reduction of azides and hydrazines involving high va-
lent organouranium complexgd35]. (CsMes)2U(=NAd)2
(Ad =1-adamantyl) reacts with hydrogen under a hydrogen
atmosphere to give the corresponding reduced bis(amide)
complex (GMes)2U(NHAd), (Scheme 45 The reaction

substrate was entirely consumed, and aniline and azoben-
zene were formed in a 2:1 ratid¢heme 4% The dis-
proportionation indicated that thi,N’-diphenylhydrazine
acted upon the uranium complexes as both oxidant and
reductant.

proceeded cleanly with a rate of hydrogenation;gf=4 h.

When AdN; was added to a solution of the bis(amide) com- /%Nph

plex, the bis(imido) compound ¢®es)2U(=NAd), was re- U\iNPh

generated. Heating of gMes),U(NHAd) to 55°C in THF H‘N—N'H \%(

with AdN3 under an atmosphere of hydrogen led to catalytic ©’ @ 2PhNH, + PhN=NPh
hydrogenation of Ady to AdNH.

When (GMes)U(=NPh) was treated with an excess
of N,N'-diphenylhydrazine in the absence of hydrogen, the Scheme 46.

Fig. 52. Molecular structure gfK 2(THF)s][(n8-C2B10H12)(n”-C2B10H12)U] }2 and the interaction between the uranium ion andtfie,B10H12)*~ ligand.
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c2n ca7

C(23)

C(25) C(20)

/é \U,,NAd CeDg/ A
\%‘\NAd

Scheme 47. Formation of the intramolecular ring bite uranium complex.

Burns and co-workers observed a-l& bond with the
above described bis(imido) uranium comp|ég]. Thermo-
lysis of (GMes)2U(=NAd)2, in benzene or hexane resulted
in the intramolecular €H bond activation of a methyl group  Fig. 54. Molecular structure  of  chlomichloroanilidoN)bis@®-
on a pentamethylcyclopentadienyl! ligand across the imido pentamethylcyclopentadienyl)uranium(Iv).
functional groups. The activation product is a reduced U(IV)
metallocene bis(amide) complex with an N-bonded methy- co-workers[78]. The G-S bond cleavage of a thiolate lig-
lene unit derived from the methyl group attached to one amide and of [U(GMes)2(S'Bu)z] was induced by treatment with
group.Scheme 4Bhows the formation of the ring bite ura- Na(Hg), and [Na(18-crown-6)][U(§Mes)2(S'Bu)(S)] was
nium complex with the two possible structures that are con- isolated after addition of 18-crown-6. Single-crystal X-ray
sistent with the'H NMR data. determinations exhibited the unsupported U-S-Na linkage of

Single-crystal X-ray structure determinations revealed the molecular complex with a5 bond distance of 2.462
a constrained geometry of the bifunctional amido- (Fig.59.
cyclopentadienide ligand, that leads to the distortions in  Ephritikhine and co-workers reported the synthe-
the metallocene geometry. The N-bonded methylene derivedsis of bis(pentamethylcyclopentadienyl) uranium(lV) thi-
from a GMes methyl group is pulled out of the plane of the ©olate compounds and their reactions with £@nd
Cs ring toward the metal center by 0.BXFig. 53. CS [79]. The bis(thiolato) complexes [UgMes)2(SR)]

Burns and co-workers also reported the solid-state (R=Me, 'Pr, 'Bu, Ph) were synthesized by treatment of
structure  of  chlorgg-chloroanilidoN)bism®-pentame-  [U(CsMes)2Clo] with NaSR in toluene or THF. Their re-
thylcyclopentadienyl)uranium(IV)Rig. 54 [77]. actions with CQ and CS gave the insertion derivatives

The synthesis of [Na(18-crown-6)][U&Mes),(S'Bu) [U(CsMes)2(SR)(CSR)] (E=0 and R*Bu; E=S and
(S)], which is the firstf-element compound containing a R=Me,'Pr or'Bu) and [U(GMes)2(E2CSR)] (E=0 and
metal—sulfur double bond, was reported by Ephritikhine and R='Bu; E=S and R =Me ofBu) (Scheme 48 Treatment

of [U(CsMes),(S'Bu)(SCSBuU)] with CO, gave the mixed

—

(\) | X_:) C(31A) B )
@3 C)ﬁ\
ﬂ o le

.
, )
C)-"'(:?/—\y\ab)\/\ CUZAW\X/

Fig. 53. Molecular structure of gMes)(CsMesCHNAd)U(NHAG). Fig. 55. Molecular structure of [Na(18-crown-6)][U{®es)2(S!Bu)(S)].
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insertion complex [U(EMes)2(02CSBu)(SCSBu)]. Ther-
molysis of the insertion compounds led to the reverse
elimination reaction of C® and C$. Reduction of
U(CsMes)2(0.CSBu),] with Na(Hg) afforded the corre-
sponding anionic U(l11) complex. Single-crystal X-ray struc-
ture determinations of [U(§Mes)2(S'Bu)(S;CSBu)] re-
vealed a classical bent sandwich structuig(56). The U,
C(21), C(25), S(1), S(2) and S(4) atoms are coplanar, and
this plane is almost perpendicular to that defined by U and
the two centroids of the pentamethylcyclopentadienyl rings.
The reaction of [U(GMes)2Me3] with HPPh was also
studied by Cendrowski-Guillaume and Ephritikhine lead-
ing to the first uranium diphenylphosphide compoufafy.
They found the reaction of [U#Mes)2Me,] with HPPh to
be the best route to the uranium(IV) diphenylphosphide com-
pounds [U(GMes)2(PPR)(Me)] and [U(GMes)2(PPh)2].
Thermolysis of [U(GMes)2(PPh)(Me)] afforded theortho-
metallated complex [U(§Mes)2(PPH0-CsHa})] after 24 h
in refluxing toluene. Reduction of [U@Mes)2(PPh)2] with
KH gave the first U(lll) phosphide K[U(§EMes)2(PPh)2]. Fig. 56. Molecular structure of [U@Mes)2(S'Bu)(S;CSBuU)].

CO, CO,

U(CsMes)s(03CS'BuU)y] ———xio
[U(CsMes)o(O )2] o,

[U(CsMes)a(SR);] [U(CgMes)»(S'Bu)(O,CS'Bu)]

082 C02 CS2 Na(Hg)

CO.
[U(CsMes)a(SR)(S2CSR);] [U(CsMes)o(0,CS'Bu)(S,CS'Bu)] Na[U(CsMes),(0,CS'Bu);]

o
CO
-CS, | CS, / |2
>

[U(CsMes)2(S2CSR),] [U(CsMes)s(1)(S2CS'Bu);]

R = Me, Pr, 'Bu, Ph

Scheme 48. Formation and reactions of the,@@d C$ insertion compounds.

Et,0
UCl, + CpMg — Mg20I2 Cp,UCI,
Cp =Cp" or Cp*
+ Me;SiBr Cp,UBH,

- Me;SiCl Me;Si i
3 Cp' = 3 S|Me3
Cp,UCl, —
+MegSBr . Cp* = MesCCMea
~Me,SiCl P2tl2

Cp"2U(NMey),  +  BF3(Et;0) [Cp"2UF;],
Cp*,U(OMe), +  BF3(Et;0) Cp*oUF,
Cp*,UMe, +  BF3(Etx0) Cp*UF;

Scheme 49. Synthesis of substituted bis(cyclopentadienyl) uranium halides.
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Andersen and co-workers presented detailed studies or ¢,
substituted bis(cyclopentadienyl) complexes of U(IV) and
U(lll) [81-83] Besides common analytical methods they ;.
used variable temperature NMR determinations and EXAFS
studies to characterize the monomeric and dimeric com-
plexes as well as their dynamic behavior. High-yield prepara-
tions of the uranium metallocenes [1,3-(382),CsH3]2UCl»
(Cp(/=l,3-(|\/|%5i)2C5H3) and [1,3-(MQC)2C5H3]2UC|2
(Cp"=1,3-(MgC),CsH3) have been developed from the
reactions of UG with the corresponding magnesocenes
Cp;Mg and Cg Mg in diethyl ethel{81]. The chloride lig-
ands were exchanged with either M&Br or MesSil to give
the uranium metallocene bromides;(qBrz and Cgg, UBr;

or iodides CpUI, and Cg, Ul, (Scheme 49
The corresponding fluorides (§PF2); and CpoUF;
were prepared by the reaction of BBOEL with
Cp,U(NMey)2, Cp"2U(OMe), or Cp*2UMes. Crystal struc-
ture determinations show monomeric structures fé;:tﬂlblg,
Cp*,UCIy, Cp;UMez, Cp'2UF> and a dimeric one for @\

(Cp;UFz)z (Fig. 57. The idealized symmetry of the

monomers C@UXZ and Cg,UCI, was found to b&€,, when
X=F, Cl or Br andC, when X is | or Me; in the dimer, the %4
idealized symmetry i€;. The preferences can be rationalized , / , y
by intramolecular and intermolecular steric effects. The solu- ® o7 ~ T @
tion ring conformation and intramolecular exchange process o/
have been studied by variable-temperatttieNMR spec- I
troscopy which suggests that a monomer—dimer”equilibrium .Q) @
is present in solution in the difluoride complexes {§0p2) VA
and Cp2UP.. /‘ o
Studies of the solution structure and the behavior of cis '0 s
dimeric uranium(lll) metallocene halides were performed N A
on the complexes [GUX], and [CpUX], were X is s13 (D ) ~ P 1
F, ClI, Br or | [82]. The synthesis of these complexes X
was performed using reactions of the above described cor-
responding bis(cyclopentadienyl)uranium(lV) halides with
tert-butyllithium. The variable-temperatutél NMR behav-
ior of the uranium(lll) dimers [C’igJX]z and [Cp2 UX]»
was examined in a range of90 to 100°C. At low temper-
ature, the number of inequivalent Ciler SiMe; groups
implies that the solution structure is the same as the solid
structure in all of these complexes. The barriers of ring ro-
tation in the Cp series are strongly dependent upon the
U-X distances, but all of the barriers of ring rotation in the
Cp' series are the same. The trends in ring rotation barriers
were explained by the different conformation of the Cp lig- idealizedCyr, symmetry, and their U-U distances are 3.85
ands in the dimers. In addition to the homo-halide dimers, and 3.39, respectively Fig. 58. The X-ray spectra of
the variable-temperature NMR behavior of the hetero-halide several uranium metallocene complexes and the numerical
dimers CpU2(-X)(-Y), where Cpis Cfyor Cp" and X and results from fitting the EXAFS spectra were reported. For
Y are halides where ¥ Y, was examined. Above roomtem-  [Cp*,UF], the U--U distance was found by EXAFS to be
perature, the halide atoms exchange sites rapidly on the NMRsimilar to that in [CéUF]z, implying that [Cg2UF]; is
time scale. dimeric. A structural model is advanced that correlates the
The structure of substituted-cyclopentadienyl ura- U---U distances with the orientation of the cyclopentadienyl
nium(lll) dimers and related uranium metallocenes were rings; the orientation depends on a subtle combination
deduced by EXAFS, and the crystal structures oféﬁ(l]ﬁ]z of steric repulsions between ligands on adjacent metal
and [CP2UQ], were reported83]. Both complexes have centers.

Fig. 57. Molecular structures of CpUCl, and (CH2UF2)2.
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Fig. 58. Crystal structures of [CpUF], and [CP2UO]>.

3.2.1.1. ansa-Cyclopentadienyl complex€amplexes of Reaction of [MeSi(CsMes)(CsHg)JUBz, with N,N'-
U(lV) containing the chelating bis(cyclopentadienyl) lig- diphenylhydrazine gave the U(VI) monoimido dimer

and sets [MgSi(CsMey),]%~ and [MeSi(CsMes)(CsH4)]%~ {[Me2Si(CsMeys)(CsH4)JU(NCgHs)]}2.  The  molecular
have been prepared by Burns and co-workers to examine theirstructure of this complex revealed a the dimeric structure
utility in generating organoamido complexes of uran[8di. with asymmetric organoimido bridging ligandsig. 59.

The chloride complexes {[Me;Si(CsMe4)2]UCI,
(LiICD)2(Et20)4} and {[Me2Si(CsMes)(CsHa4)JUCI2(LICI) 2 3.2.2. Tris(cyclopentadienyl) complexes

(EtzO)a} were generated by reaction of UCHith the Andersen, Carmona and co-workers reported stud-
corresponding bis(cyclopentadienyl) d_|I|th|o salt in diethyl jes on carbon monoxide and isocyanide complexes of
ether and tetrahydrofuran, respectivelfscheme 5 trivalent uranium metallocenef85]. Organic isocyanide

The dilithio complexes were alkylated by Grignard complexes of trivalent uranium metallocenes of type
reagents. [MgSi(CsMes)2]UMe, and the benzyl deriva- [CP,U(CNR)], where Cp=CsHs, MeGsHa, MesCCsHa,
tives employing both ligand sets have been prepared. gng MeSiCsH4 and R=Et; Cp=1,3-(MeSi),CsHz and
[Me2Si(CsMes)(CsHa)lUMe,  was  not  isolable  be-  R=t.Bu; Cp=MesCsH and R=4-(MeO)gH4 and 2,6-
cause it appears to be thermally unstable. The alkyl pe,CsHs, were prepared3cheme 51

complexes [MQSi/((JgMe4)2]UR2 (R=Me, Bz) were The new metallocenes{],3-(MeSi)2CsH3}3U] and
protonated byN,N'-diphenylhydrazine yielding the ex-  [(c5Me4H)sU] were prepared by synthetic routes that in-
pected U(VI) complex [MgSi(CsMes)2]U(NCeHs)o. volve the reduction of the appropriate tetravalent uranium

metallocene precursors with potassium metal and ydg;

? CI=Li(Et:0),
LiMesSiCaMeg)l /T N\ L]
Et;0, RT 2 SN

% Cl=Li(THF),

LiglMezSI(CsMea)(CsHa)] N\ _‘.\CI\/

THF, RT 2 UQCN
\% CI—Li(THF),

Scheme 50. Synthesis of theansabis(cyclopentadienyl) ura-
nium complexes  {[Me2Si(CsMes)2]UCI(LICl) 2(Et20)4} and
{[Me2Si(CsMe4)(CsH4)JUCI(LICl) 2(Et20)4}.

UCl, —

Fig. 59. Molecular structure dfiMe;Si(CsMes)(CsHa)JU(NCeHs)] }2.
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R R
g\'U#@H o . Rchr@ﬂl
< <,

Cp' = CsHs, MeCsHy MegCCsHy MegSiCsHy, 1,3-MesSiCsHs CsMyH
R = Me, Et, 'Pr, tBu, MeO-p-CgH, 2,6-Me,CgHj

é( —_— %o
XH T T

Scheme 51. Formation of the carbon monoxide and isocyanide complexes
of trivalent uranium metallocene complexes.

c®

respectively cheme 5@ Fig. 60shows the molecular struc-
ture of [(GMe4H)3U] revealing a perfectly trigonal structure
with a threefold axis (all Cjfcentroid)-U—-Cf{centroid) an-
gles equal to 120.

When Cp=MeCsHs and R=2,6-MeCgH3, both 1:1
and 1:2 adducts were obtained. The IR spectra of the
complexes showed thabcy increases slightly for the
alkyl isocyanide complexes and decreases slightly for the
aryl isocyanide complexes relative tazy for the free
ligands. The uranium metallocenes form carbon monoxide
adducts in whichbco moves to lower wavenumbers upon
coordination by 155-266 cnt (Scheme 5@ In only one
case a carbon monoxide adduct, Ji,H)3U(CO)],
could be isolated in crystalline form. A single-crystal
X-ray determination of [(GMe4H)3U(CO)] revealed
a monomeric structure with a U-C(CO) bond length
of 2.383A with an almost linear YC-O bond angle
(175.2). The vco stretching frequencies are in the order
1,3-(M%Si)2C5H3 > Me3SiCsHa > MesCCsHy4 > CsMegH.
[(CsMe4H)3U] was shown to be the best donor in
this series of metallocenes. Solutidti NMR spectra
showed that the adducts are fluxional, and in case of
[(CsMegqH)3U(L)], where L=CO or 4-(MeO)gH4NC,
two fluxional processes were observed: dissociation of L at

Fig. 60. Molecular structures of [g8esH)3U] and [(GMegH)3U(CO)].

SiM33 SiM83
SiMes
MesSi~ \ Ol K MesSi” N
Messi%U»Cl — MesSi U + other products
. & SiMe
SiMey SiMes  °

Cl él
% &€ NaGioHs | +NaCl + CyoHg
\%“; % THF \%Uﬂ

Scheme 52. Synthesis dff],3-(Me&3Si).CsHz}3U] and [(GMesH)sU].
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relatively high temperature and cessation of ring rotation at ipr
low temperature. 7 (f”C
All experimental studies reported in this work are consis- HC=C-'Pr Cpo*An + CH,
tent with the view that the uranium metallocenes are better hexane Me
w donors than their cerium analogues, and #hdonating An=U
ability is dependent upon the ring substituents. Cpg*An/Me
‘Me
- . . . ,CR
3.3. Organoactinide complexes in organic synthesis 5 HC=CR o
b Cpo*An + 2CH,
) o exane C
Eisen and co-workers showed that organoactinide com- “tR

plexes of the type CgAnMe, (An=Th, U) are efficient cat-
alysts for the hydrosilylation of terminal alkyn§&6]. The
chemoselectivity and regiospecificity of the reactions were
found to be strongly dependent on the nature of the cata-
lyst, the nature of the alkyne, the silane substituents, the ratio
between the silane and the alkyne, the solvent, and the reac 4 Organoactinide complexes as polymerization
tion temperature. The hydrosilylation reaction of the terminal
alkynes with PhSidat room temperature produced trens

vinylsilane as the major product along with the silylalkyne Eisen and co-workers also used the @4iMe, (An = Th,
and the corresponding alkertéogheme 58 U) system for the synthesis of short oligomef@s].

At higher temperatures (50-8Q), besides the products  They described a novel strategy for the catalytic syn-
obtained at room temperature, thes-vinylsilane and the  thesis of short oligomers, dimers and/or trimers, of ter-
dOUble'hydrOSilylated alkene, in which the two silicon moi- minal a|kynes_ The method allows control of the ex-
eties are connected with the same carbon atom, were ob+tent of, and, in some cases, the regiospecifity in the
tained. The catalytic hydrosilylation of (M8))CCH and  catalyzed oligomerization of terminal alkynes promoted
PhSiHs with Cp*>ThMe, was found to proceed only at  py bis(pentamethylcyclopentadienyl)actinide dimethyl com-
higher temperature, although wis-vinylsilane or double-  plexes. These metallocene precursors are known to promote
hydrosilylated products were observed. Mechanistic studiesthe simultaneous production of a large number of differently
on the hydrosilylation ofPrCCH and PhSiklin the pres-  sjzed oligomersin the presence of terminal alkynes. However,
ence of Cp3ThMe, showed that the first step in the cat-  the addition of specific amines ensures the selective synthesis
alytic cycle is the insertion of an alkyne into a thorium—H  of short oligomers. Catalytic “tailoring” to dimers, or a mix-
bond. The key organoactinide intermediates for the ture of dimers and trimers could be achieved by using non-
vinylsilane and the double-hydrosilylation products were the pylky or bulky amines, respectively. Kinetic, spectroscopic
Cp*2An(CCR)(C(PhSiH) = CHR) (An=Th, U) complexes.  and mechanistic data argue that the turnover-limiting step in-
These complexes were trapped (for i) and characterized  yolves the formation of the mono(amido)thorium acetylide

An = U, R = Ph, Pr, Bu
An = Th, R = SiMes, Pr

Scheme 54.

catalysts

by spectroscopic methods. complex with rapid insertion of the alkyne and protonolysis
Eisen and co-workers also found the cationic actinide py the amine.

complex [(EeN)3U][BPh] to be an active catalytic precur- Various organoactinides of the type Ggh(CCR)

sor for the selective dimerization of terminal alkyr{83]. (An=Th, U) have been synthesized by Eisen and co-workers

The 'regio§electivity in this reaction was mainly toward the from the corresponding CpAnMe, complexes by addition
geminal dimer, but for bulky alkyne substituents the unex- of an equimolar amount or an excess of the corresponding
pecteccis dimer was also obtained. Mechanistic NMR stud- terminal alkyne $cheme 5%[89].

ies showed that &2-w-complex was formed between a ter- Attempts to trap the mono(acetylide)complex
minal alkyne and an uranium-acetylide intermediate. This Cp*,An(CCR)(Me) were successful only for the tran-
latter complex had been characterized only spectroscopi-sient species CptJ(CCPr)(Me). The bis(acetylide)

cally. complexes are active catalysts for the linear oligomerization
CsMes),AnMe R H
RC=CH + PhSiHs _(CsMes)2AnMe, = + RC=CSiH,Ph  + RHC=CH,
An=U, Th :
H  SiHyPh
R = Bu, 'Pr, "Bu

Scheme 53. Room temperature reaction of &piMe, (An=Th, U) with an excess of terminal alkynes RCCH (EBw, 'Pr, "Bu) and PhSiH
(alkyne:silane:catalyst =40:40:1) in either benzene or tetrahydrofuran.
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of terminal alkynes HCCR. The regioselectivity and the [16] A.A. Trifonov, E.N. Kirillov, A. Fischer, F.T. Edelmann, M.N.

extent of oligomerization depend strongly on the alkyne
substituent R, whereas the catalytic reactivities are similar [17]

for both organoactinides. Reaction witrt-butylacetylene

regioselectively yields the 2,4-disubstituted 1-butene-3-yne

Bochkarev, J. Chem. Soc. Chem. Commun. (1999) 2203-2204.

R.J. Butcher, D.L. Clark, J.C. Gordon, J.G. Watkin, J. Organomet.

Chem. 577 (1999) 228-237.

[18] W.T. Klooster, L. Brammer, C.J. Schaverien, P.H.M. Budzelaar, J.
Am. Chem. Soc. 121 (1999) 1381-1382.

dimer, whereas (trimethylsilyl)acetylene is regioselectively [19] J. Lin, Z. Wang, J. Organomet. Chem. 589 (1999) 127-132.

trimerized to E,E)-1,4,6-tris(trimethylsilyl)-1,3-hexadiene-

5-yne, with small amounts (3-5%) of the corresponding
2,4-disubstituted 1-butene-3-yne dimer. Oligomerization

[20] I. Lopes, G.Y. Lin, A. Domingos, R. McDonald, N. Marques, J.
Takats, J. Am. Chem. Soc. 121 (1999) 8110-8111.

[21] W.J. Evans, M.A. Greci, M.A. Johnston, J.W. Ziller, Chem. Eur. J.
5 (1999) 3482-3486.

with less bulky alkyl- and aryl-substituted alkynes produced [22] s. Tian, V.M. Arredondo, C.L. Stern, T.J. Marks, Organometallics

a mixture of oligomers.

3.5. Theoretical calculations and electronic structure
determinations

18 (1999) 2568-2570.

[23] X. Zhou, Z. Huang, R. Cai, L. Zhang, L. Zhang, X. Huang,
Organometallics 18 (1999) 4128-4133.

[24] S. Anfang, T. Gob, K. Harms, G. Seybert, W. Massa, A. Greiner,
K. Dehnicke, Z. Anorg. Allg. Chem. 625 (1999) 1853-1859.

[25] D. Pfeiffer, I.A. Guzei, L.M. Liable-Sands, M.J. Heeg, A.L. Rhein-
gold, C.H. Winter, J. Organomet. Chem. 588 (1999) 167-175.

Cloke and co-workers reported the preparation of the [26] A.V. Khvostov, B.M. Bulychev, V.K. Belsky, A.l. Sizov, Russ. Chem.

bis(pentalene) complex [{318-C8H4(1,4-SiPr3)2}2] and

studies of the binding properties by density functional the-

ory and photoelectron spectf@0]. Geometry optimization
of [M(n8-CgHg)2] M = Th with Dog andD» symmetry con-

Bull. 48 (1999) 2162-2166.

[27] A.A. Trifonov, E.N. Kirillov, M.N. Bochkarev, H. Schumann, S.
Miuhle, Russ. Chem. Bull. 48 (1999) 382-384.

[28] L.-X. Zhang, X.-G. Zhou, Z.-E. Huang, R.-F. Cai, X.-Y. Huang,
Polyhedron 18 (1999) 1533-1537.

straints, gives structures in good agreement with the X-ray [29] T. Labahn, A. Mandel, J. Magull, Z. Anorg. Allg. Chem. 625 (1999)

structure found for [Tkm8-CgHa(1,4-SiPr3),}2]; in partic-

1273-1277.

ular, the folded nature of the ligand is well reproduced by the [30] H. Schumann, K. Herrmann, J. Demtschuk, S.HiHl¢, Z. Anorg.

calculation. Examination of the barrier of relative rotation of
the two ligands only showed a significant energy rise when

the two rings were eclipsed.
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