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Homoleptic Organometallic Compounds of the Rare 
Earths 

INTRODUCTION 

Organometallic compounds of the transition metals containing metal- 
to-carbon u bonds are in general extremely sensitive and unstable sub- 
stances in contrast to the a-bonded organometallic compounds of the 
main group elements. The reason for this is the electron deficiency in 
the outer orbitals of the metals, a factor that becomes much more 
important going from the transition elements to the lanthanides. The 
latter have 4f orbitals in their outer valence shells, creating 16 outer 
orbitals that have to be occupied by 32 electrons. Therefore, preparing 
organometallic compounds of the lanthanides should present a great 
problem for the synthetic organometallic chemist. In 1925 A. von Grosse 
postulated the nonexistence of alkyl and aryl derivatives of the lan- 
thanides. ' 

The first description of such derivatives, the synthesis of Sc(C2H& 
and Y(C2H5)3 in 1938, was in erro? and the first attempts to prepare 
phenyl derivatives of lanthanum and some lanthanides by Gilman and 
co-workers failed. Biphenyl was the only reaction product isolated from 
the reactions of LaC13 with LiC6H5 in ether or from La with diphen- 
ylmercury at elevated temperatures in a sealed tube.3 

The discovery of ferrocene and the other sandwich complexes initiated 
a new organometallic chemistry, the chemistry of the 7~ complexes. 
Wilkinson and Birmingham prepared the first organometallic com- 
pounds of the rare earths, the tricyclopentadienyl complexes of Sc, Y, 
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La, Ce, Pr, Nd, Sm and Gd.4 But another 14 years were required to 
demonstrate the synthesis of S C ( C ~ H ~ ) ~ ,  the first homoleptic, monophato 
o-bonded organometallic compound of a rare earth. 

Organometallic chemistry of the rare earths entered a period of vig- 
orous activity during the last decade, demonstrating that this long- 
neglected area of organometallic chemistry offers some very interesting 
aspects, ranging from theory to practical reagents and catalysts in syn- 
thetic chemistry. 

SYNTHESIS OF HOMOLEPTIC ORGANOMETALLIC 
COMPOUNDS OF THE RARE EARTHS USING BULKY ALKYL 
AND ARYL LIGANDS 

Scandium trichloride and yttrium trichloride react with methyllithium 
as well as with phcnyllithium to yield air-sensitive products. But only 
the phenyl derivatives could be isolated and characterized as definite 
 compound^^^^: 

I'HF 
LnCll + 3 LiC,H5-Ln(C,,HS)? + 3 LiCI, 

Ln = Sc, Y. 

Their reactions with C02, benzophenone and HgCI2, as well as their 
IR spectra, verify the given formula. The reaction of phenyllithium with 
LaC13 or the trichlorides of some lanthanides did not give analogous 
derivatives. In the cases of LaCI3 and PrC13, compounds of the type 
Li[Ln(C6H5),] formed; the other lanthanides did not give reproducible 
compounds. 

A considerable stabilization of homoleptic organometallic compounds 
of the rare earths can be achieved by the use of bulky alkyl or aryl 
groups such as neopentyl, CH2SiMe3, CH(SiMe& or alkyl and aryl 
ligands containing built-in chelating groups, like N,N-dimethyl-amino- 
o-benzyl or N,N-dimethylaminomethylphenyl. The first compound of 
this class with a proven structure, tetrakis(tetrahydr0furan)lithium te- 
trakis(2,6-dimethylphenyl) lutetiate was prepared in the following way': 

THF 
LuC13 + 4 LiC6H3Me2 - [Li(THF),] [Lu(C6H3Me2h] + 3 LiC1. 
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Three-coordinate organolanthanide compounds can be considerably 
stabilized by the use of chelating ligands. A benzylascandium com- 
plex can be prepared from ScCI3 and LiCH2C6H4-2-NMe2 as an ex- 
tremely air-sensitive compound, showing an octahedral arrangement 
formed by three covalent Sc-C u bonds and three coordinative N-Sc 
bonds. The Y, La and Er derivatives could be prepared in the same 
way, as well as the compounds Ln(C6H4-2-CH2NMe2)3 with Ln = Sc, 
Y, Nd, Er: 

Other types of alkyl groups, bulky and with no possibility for a (3- 
elimination reaction, have been used for the preparation of such organ- 
olanthanide cornplexe~.''-'~ Sc and Y compounds with the ligands 
CH2CMe3, CH2SiMe3, CH(SiMe3)2 and CH2SiMe2C6H4-2-OCH3 have 
been obtained from the reaction of the appropriate lithium reagent with 
ScC4 or YC13. The complexes were isolated from pentane as analytically 
pure, air-sensitive, colorless crystals containing two molecules of THF 
coordinated to the metal. The NMR data are consistent with a trigonal 
bipyramidal structure, the THF ligands occupying the axial sites. The 
coordinated THF could not be removed in vacuo, and only the com- 
pounds Y[CH(SiMe&I3 and S C ( C H ~ S ~ M ~ ~ C ~ H ~ O M ~ ) ~ ,  with extremely 
bulky ligands, could be obtained free of solvent. The Tb, Er and Yb 
derivatives of the type Ln(CH,SiMe3)3 . (THFh were obtained by a 
similar procedure and some ionic derivatives, LiLnR4, LiLnR3Cl and 
LiLnR2C12, were also rep~rted. '~  Their structures could be established 
by IR and NMR spectra as well as by a single-crystal x-ray analysis 
for [ Li(THF)4]{Y b[CH( SiMe3)212C1}. 

We found that ErC13 and TmC13 give the pink or white air-sensitive 
complexes Ln(CH2SiMe3)3 * (THF)3, which crystallize from pentane at 
low temperat~re. '~* '~ Above - 35 to - 25°C one THF is lost irrever- 
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sibly, precipitating the dissolved complexes on recrystallization. YbC13 
and LuC13 form the corresponding complexes Ln(CH2SiMeh . (THFl2 
in the first The NMR of the lutetium compound is consistent 
with a trigonal bipyramidal structure with the THF ligands occupying 
axial sites. l5 

On keeping a pentane solution of Ln(CH2SiMe3)3 . (THFh with 
Ln = Er or Lu at room temperature for several days, the complexes 
lose THF and tetramethylsilane. An extremely pyrophoric material pre- 
cipitates. Quantitative experiments showed one SiMed splits off from 
the complex, leaving polymeric complexes with the formula 
[Ln(CH2SiMe3) (CHSiMe3)], and having decomposition points between 
380 and 39OoCl5: 

THF 
LnC13 + 3 LiCH2SiMe3 + Ln(CH2SiMe3)3 * (THF)3 + 3 Lick 

- 2S"C 
Ln(CHzSiMe& * (THF)3 ~ i n ( C H ~ s i M e ~ ) ~  * (THFL + THF; 

Ln(CH2SiMe3)3 - (THe2 + [Ln(CH2SiMe3)(CHSiMe3)] + SiMe4 
40°C 

+ 2THF; 

Ln = Er, Tm, Yb, Lu, 

We consider an a-elimination route reasonable. These polymeric 
complexes should have a structure involving CHzSiMe3 and bridging 
CHSiMe3 groups: 

SiMe3 
I 

I 
S iMe 

A similar decomposition is reported for some related derivatives of 
yttrium and neodymium.'"'' YC13 and NdC13 react with LiCH2SiMe3, 
LiCHzCaHS and LiCH2CMezC6HS to give unusual organometallic com- 
pounds. The first step is supposed to be the formation of the unstable 
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compounds LnR3, which decompose immediately in the reaction me- 
dium, yielding carbene-type complexes whose structure will have to be 
established in further investigations: 

LnCI3 + 3 LiCH2C6H5 --5* Ln(CH&H5), + 3 LiCI; 

L ~ ( C H ~ C ~ H ~ ) J  + Ln(CH2C6HS)(CHC6HS) + C,H&H,; 

Ln = Y, Nd. 

The “ate” complexes [LiL,] [Ln(CHzSiMe3)4] with L = tetramethyl- 
ethylenediamine (tmed) and [LiL4] [Lr~(CH~s iMe~)~ l  with L = THF 
and ether have been prepared by the reaction of the neutral homoleptic 
rare earth organyl Ln(CH2SiMe& * (THF), with LiCH2SiMe3, either 
in THF or tmed or from the rare earth trichlorides with excess of 
LiCH2SiMe3’ ’ * 1 s 3 1 9 :  

THF 
Ln(CH2SiMe3)3 - (THF)2 + LiCHzSiMe3 - fLiL4][Ln(CH,SiMe3)4]; 

Ln = Y, L = THF Ln = Y or Er L2 = tmed. 

etzO 

- LiCl 
LuC13 + 4 LiCH2SiMe3 -[Li(et20)z][Lu(CH2SiMe3)4]; 

+ 2  tmcd 
[Li(et20)41 [Lu(CH2SiMe3),] -et;O [Li(t~ned)~] [LU(CH,S~M~~)~] .  

Proton and 
equilibrium at room temperature for the yttrium derivative: 

NMR spectra suggest a rapid dissociation-recombination 

[Li(THF)4][Y(CH2SiMe3)4] =Y(CH2SiMe3), - (THF), 

+ LiCH2SiMe3 (THF). 

The ether-stabilized lutetium ~omplex ’~  shows complex reactive be- 
havior. The benzene soluble compound has a broadened CH2 resonance 
in the ‘H NMR spectrum, which indicates a relatively slow dissociation 
with respect to the NMR time scale. In a subsequent reaction the com- 
plex loses SiMe4 by an a-elimination route during a period of a week. 
At - 10°C a white-green compound could be isolated: 

~ S i M q  

- 4  et2O 
[Li(et20)4][Lu(CH2SiMe3)4] -L~[LU(CH~S~M~~)~(CHS~M~,)]. 
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Addition of a base such as tmed, THF or dme leads to stabilized but 
benzene insoluble compounds. The NMR spectrum of [Li(tmed)] 
[ L u ( C H & M ~ ~ ) ~  (CHSiMe3)] in THF-& shows only some of the ex- 
pected signals. At 6 = 0.02 and -0.05 ppm relative to TMS, two 
peaks appear for the Me,Si groups, the one at -0.05 ppm having a 
half width of 5 cps. The CH2 resonance at - I .06 ppm is also broadened 
to 5 cps; the CH signal cannot be located with certainty due to its low 
intensity. Cooling to -35°C produces two sharp signals for the tri- 
methylsilyl protons with an approximate integrated ratio of 2: 1 sug- 
gesting a definite kinetically stable compound. 

Further splitting off of one SiMe4 occurs for the solvent-free 
Li[Lu(CH2SiMe&(CHSiMe3)] as revealed by NMR experiments. The 
spectrum collapses to a broad unresolved signal centered around 0.40 
ppm. After three weeks the reaction is complete and the SiMe4 con- 
centration remains constant. 

Careful investigations in the systems LnCI3-LiCH2SiMe3 revealed 
the simultaneous formation of neutral and ionic species, even with an 
excess of LnC1,. The ionic derivatives decompose by an a-elimination 
mechanism, finally resulting in an extremely pyrophoric compound with 
the unusual stoichiometry of Li:Ln= 1:2. All analytical results are best 
rationalized by the formulation {[Li(THF)2] [Ln2(CH2SiMe3)2 (CHSiMe,) 
(CSiMe3)]},.L9,20 

tert-Butyl derivates of the rare earths are prepared by slow addition 
of a freshly prepared solution of ten-butyllithium to a suspension of 
anhydrous SmC13, ErCI,, YbC& or LuCI3 in THF at - 55°C. These are 
air-sensitive complexes which contain 4 THF for Sm, Er and Lu but 
only 3 for Yb21*22: 

THF 

- 55°C 
LnC1, + 4 LirC4H9dLi[Ln( 'C4H9)4] (THF), + Lick 

Ln = Sm, Er, Lu, x = 4 Ln = Yb, x = 3. 

Variable temperature magnetic susceptibility measurements confirm 
the structure of the complexes with keff = 9.7 for the Er compound, 
4.6 for the Yb compound and 2.1 for the Sm derivative, as well as a 
sharp singlet for the 36 tert-butyl protons at 6 = -0.79 ppm relative 
to TMS. 

TbCI,, ErC13 and LuC13 as well as the tert-butoxides of Er and Lu 
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react in pentane in the presence of ether or tmed to form complexes of 
the same type, with ether or tmed as the stabilizing ligands2": 

pentane 

etzO 
LnCI, + Li'C4H9 -[Li(et20),] [Ln('C4H9)4] + 3 LiCI; 

Ln = Tb, Er, Lu; 

Ln(O'C,H9), + 4 LirC4H9 -[Li(tmed),] [Ln('C4H9),] 
pentane 

tmed 

+ 3 LiO'C,H,; 

Ln = Er, Lu. 

The 'H NMR spectrum of [Li(tmed)2][Lu('C4H9)4] in THF-d8 gives the 
following chemical shifts: 6 CCH, = 0.97 ppm, 6 NCH2 = 2.27 ppm 
and 6 NCH, = 2.13 ppm relative to TMS. 

The complexes Li[Ln(%,H,),] are starting materials for the synthesis 
of homoleptic lanthanide alkynide compounds. They react with an ex- 
cess of 3,3-dimethylbut- 1 -yne in tetrahydrofuran at room temperature 
with complete replacement of the tert-butyl ligands and formation of 2- 
methylpropane in addition to the new lanthanide alkynides2': 

Li[Ln('C4H,),] (THF), + 4 HC CC (CH,), + 4 C4HI0 

+ Li{Ln[C = CC(CH,),],} * (THF); 

Ln = Sm, Er, Lu. 

HOMOLEPTIC METHYL DERIVATIVES OF THE RARE 
EARTHS 

The most exciting problem to be solved in organometallic chemistry of 
the lanthanides was the preparation of homoleptic permethylated deriv- 
atives. Erbium tribromide reacts with methyllithium in ether-tetrahy- 
drofuran at 0°C with formation of a sensitive product, which seemed 
to be trimethylerbium coordinated with three tetrahydrofurans. The el- 
emental analyses were reasonable for erbium and quite resonable for 
carbon and hydrogen, but they always showed some lithium which could 
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not be removed. The ratio of erbium to lithium was 2:l and the ratio 
of erbium to CH3 was 1:3. 

The problem was solved by using tetramethylethylenediamine as a 
stabilizing base.24 Dropwise addition of an ether solution of methylli- 
thium to a suspension of the rare earth trichloride in diethyl ether with 
a stoichiometric amount of tmed affords good yields of analytically pure 
reaction products, in some cases colored crystals, which were free of 
excess methyllithium after r ec ry~ ta l i i za t ion~~~~~:  

e b 0  

LnC13 + 6LiCH3 + 3 tmed----t[Li(tmed)]3[Ln(CH3)6] + 3 LiCl. 

The scandium, cerium and europium compounds have not been isolated 
up until now for a number of reasons. All the other compounds are 
extremely sensitive to moisture and air. Hydrolysis and alcoholysis 
liberate six moles of methane per mole of lanthanide. The proton and 
I3C NMR spectra of the diamagnetic Y, La and Lu compounds show 
singlets for the methyl groups bound to the rare earths and signals for 
the tmed ligands. The paramagnetic derivatives give broadened spectra 
which can be resolved in some cases. 

The single-crystal x-ray structure analysis of the erbium25 and the 
holmium derivatives26 show the lanthanides surrounded by six methyl 
groups in a slightly distorted octahedral arrangement. Figure 1 shows 
the molecular structure of the Er derivative. All the Er-C bonds are of 

TABLE I 

Ln Color Dec.p. (“C) 6CH3 (ppm) 

Y White 120-1 32 -0.52 
La White 79--82 
Pr Green 59-62 - 5.9 
Nd Blue 78-83 -6 .2  
Sm Yellow 85-88 -2 .8  
Gd Greenish I12 
Tb White 1 I5 - 108 
DY White I06 - 14 
Ho Green I22 - 60 
Er Pink 122-125 
Tm Greenish 105-114 - 92 
Yb Yellow 116-126 
Lu White 141-142 - 1.18 
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c2 2 

FIGURE 1 
R%,Z = 2,  a = 130.9(2) pm, a = 79.39(10)", R = 0.085.2s 

Molecular structure of [Li(tmed)13 [Er(CH&]. Rhombohedra], space group 

equal length and the methyl groups are bridged pairwise by lithium 
atoms, resulting in a slight widening of the corresponding CH3-Er4H3 
angles to 93". The lithium atoms are each located in the centers of 
tetrahedra made up of two methyl groups and the two nitrogens of one 
tmed ligand. Thus, an octahedron results which is coupled via three 
comers to three tetrahedra not linked with each other. 

HOMOLEPTIC YLIDE COMPLEXES 

Among the first isolated organometallic compounds of the lanthanides 
the trimethylsilylmethyl derivatives played an important role because 
they were more stable than the other derivatives. Trimethylmethylene- 
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phosphorane, the simplest phosphorus ylide, is isoelectronic to the 
(CH3)3SiCHz anion. Therefore, ylide complexes of the lanthanides should 
be as stable as the trimethylsilylmethyl derivatives. 

The addition of (CH3)3P==CHz to a suspension of rare earth tri- 
chlorides in pentane or hexane results in the formation of pyrophoric 
phosphonium salts in quantitative yields. While no dehydrochlorination 
of these salts was observed by reaction with excess ylide to form te- 
tramethylphosphonium chloride, the compounds react with butyllithium 
in ether-hexane with formation of LiCl, C4HIO and a new class of 
uncharged homoleptic rare earth alkylsz7: 

LnC13 + 3 (CH3)3P = CHz -+ Ln[CH2P(CH3)3CI]3; 

Ln[CHzP(CH3)3C1]3 + 3 LiC4H9 

Ln = La, Pr, Nd, Sm, Gd, Ho, Er, Lu. 

These very air-sensitive complexes apparently owe their high stability 
to the incorporation of chelating phosphorus ylide ligands. The neutral 
complexes show dynamic behavior in solution, producing dimeric, tri- 
meric and polymeric species in addition to the monomers, as could be 
shown with the di-tert-butyl phosphonium derivative of lutetiumz8: 

LuC& + 3 Li(CHz)zP(t - 
CHz 

b H 2  
+ Lu" >PO- C4H9)213 

C4H9)2 

+ 3 LiCl. 

The complex can be isolated free of coordinating solvents. The colorless 
crystals decompose above 136°C. The NMR spectra indicate dynamic 
behavior in solution. The complicated line-rich proton NMR spectrum 
at room temperature is reduced to two doublet signals at - 26"C, which 
is assignable to an octahedral compound with six LUX-q' bonds. This 
spectrum, as well as the 13C and 31P NMR spectra which contain many 
signals of low intensity in addition to the main signals, argues for a 
dynamic oligomerization in solution as indicated in Figure 2. 

This dynamic behavior can be frozen using blocking ligands like 
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cyclopentadienyl. (C5H5)2L~(CH2)2P(t-C4Hy)z prepared in accordance 
with the following equation in tetrahydrofuran is a monomeric com- 
pound in solution, which crystallizes solvent-free from toluene? 

(C5H5)zLuCl + Li(CH,),P(t - C4Hy)2 - (C5H5)2Lu, ,P(t - C4H& + LiCl. /cH2\ 

CH2 

OUTLOOK 

In the past ten years it has been possible to prepare not only homoleptic 
organometallic compounds with rare earth-carbon bonds but also homo- 
leptic derivatives with bonds from the rare earths to phosphorus,29 
arsenic,30 ger~nanium,~' tin32 and even some transition metals.33 The 
postulate of the nonexistence of organometallic compounds of the lan- 
thanides that was made by von Grosse in 1925 has now been refuted. 
Organometallic compounds of the rare earths are preparable compounds. 
They are delicate but because of their coordinative unsaturation are 
highly reactive, offering new catalytic and synthetic possibilities on a 
large scale in organic chemistry. 
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