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Ln Complexes Containing Ln—C o-Bonds
1. Introduction

1.1. General Introduction—Need of This Review

The past decade has witnessed an enormous growth in
the chemistry of o-bonded rare-earth metal (Ln) alkyls,
particularly due to their relevance for Ziegler-type anionic
polymerization catalysis and related catalytic transforma-
tions such as olefin hydrogenation, hydrosilylation, and
alkyne dimerization. A highly desirable feature of these
application-driven research efforts was the new funda-
mental organorare-earth metal chemistry, which has been
developing in parallel. It is only the availability and
utilization of pure (“well-characterized”) o-bonded rare-
earth metal alkyl complexes of the type Ln"R, and Ln'"R;
that ensures advanced precatalyst synthesis and design and,
hence, a meaningful interpretation of fundamental struc-
ture—reactivity relationships. Because the reactivity and catalytic
activity of organolanthanide complexes are highly dependent
on the size of the rare-earth metal center, it was of utmost
importance to gain access to structurally characterized deriva-
tives, with Ln"™Rs-trivalent derivatives being the most relevant
for catalytic transformations, spanning the entire size range (Sc™
— La'™). This, however, turned out to be a major challenge
because the thermodynamic and/or kinetic stability of such
homoleptic complexes crucially depends on the size of the rare-
earth metal cation and the synthesis protocol applied. While
the catalytic performance of o-bonded rare-earth metal (Ln)
alkyls has been an integral part and the main focus of several
recent surveys on organolanthanide chemistry (see Table 1),'
more fundamental aspects of the lanthanide—carbon o-bond
were described lately in a 1997 review by S. A. Cotton.! Albeit
giving some consideration to important catalytic applications,
the main emphasis of our presentation is clearly on the
synthesis, structure, and properties of homoleptic alkyl
complexes and their utilization as synthesis precursors.

1.2. Scope of This Review

To restrict the range of this review, several assumptions,
limitations, and definitions were carried out. The term
“rare-earth metal” will be used for the group 3 elements
scandium, yttrium, and the 14 lanthanides (lanthanum—lutet-
ium) excluding promethium. The elements will be ab-
breviated by Ln. The only work which will be surveyed
is that related to the chemistry of homoleptic rare-earth
metal complexes with a single type of monovalent
(hydro)carbyl ligand, that is, forming Ln—C o-bonds
(Chart 1 shows examples of (hydro)carbyl complexes,
which are beyond the scope of this review).?*"*! Com-
pounds containing donor solvent molecules (solv) as the
only additional ligands are also referred to as homoleptic
(e.g., Ln(CH,SiMej);(thf),). Only isolated and character-
ized derivatives will be included. In this regard, the
discussion of in situ generated compounds is omitted;
however, some examples are included in sections 8 and
14 paying tribute to their value as rare-earth metal alkyl
synthesis precursors.

Main emphasis will be put on synthesis approaches toward
homoleptic rare-earth metal (hydro)carbyl complexes, whereas
consideration is given to difficulties/imponderabilities of the
respective synthesis strategies. The (thermal) stability as well
as properties in solution and in the solid state will be
presented. Moreover, the derivatization of the homoleptic
(hydro)carbyl complexes with (ancillary) proligands will be
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surveyed and important catalytic applications will be em-
phasized. Only heteroleptic complexes of the type [L]Ln-
[(hydro)carbyl],(solv), (L. = ancillary ligand) directly derived
from homoleptic rare-earth metal (hydro)carbyl precursors
are included (for clarification, see Scheme 1). The present
review is based on peer-reviewed papers written in English
or German; patents are, however, not considered. Relevant
literature is covered up until the end of 2008.
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Table 1. Review Articles Covering Predominantly Ln—C Based Organorare-Earth Metal Chemistry

Zimmermann and Anwander

authors title year ref
Cotton, F. A. Alkyls and Aryls of Transition Metals 1955 2
Davidson, P. J.; Lappert, M. F.; Stable Homoleptic Metal Alkyls 1974 3
Pearce R.
Davidson, P. J.; Lappert, M. F.; Metal o-Hydrocarbyls, MR,. Stoichiometry, Structures, 1976 4
Pearce R. Stabilities, and Thermal Decomposition Pathways
Tsutsui, M.; Ely, N.; Dubois, R. o-Bonded Organic Derivatives of f Elements 1976 5
Lappert, M. F. Unusual Metal Alkyls 1978 6
Schumann, H. Organolanthanoid Compounds 1984 7
Schumann, H. Organometallic Compounds of the Rare Earths 1985 8
Bochkarev, M. N.; Kalinina, Advances in the Chemistry of Organolanthanides 1985 9
G. S.; Bochkarev, L. N.
Evans, W. J. The organometallic chemistry of the lanthanide elements in 1987 10
low oxidation states
Koschmieder, S. U.; Wilkinson, Homoleptic and Related Aryls of Transition Metals 1991 11
G.
Steinborn, D. On the Influence of Heteroatoms in a- and S-Functionalized 1992 12
Alkyl Transition-Metal Compounds
Schaverien, C. J. Organometallic Chemistry of the Lanthanides 1994 13
Edelmann, F. T. Cyclopentadienyl-free Organolanthanide Chemistry 1995 14
Edelmann, F. T. Comprehensive Organometallic Chemistry II 1995 15
Eaborn, C.; Izod, K.; Smith, J. D. Synthesis, structure and reactions of organometallic 1995 16
compounds of Groups 1—3 containing bulky
silicon-substituted alkyl groups
Zakharov, L. N.; Struchkov, Y. T. X-ray study of organic and organoelement compounds of the 1997 17
lanthanides
Cotton, S. A. Aspects of the lanthanide—carbon o-bond 1997 1
Edelmann, F. T.; Freckmann, Synthesis and Structural Chemistry of Non-Cyclopentadienyl 2002 18
D. M. M.; Schumann, H. Organolanthanide Complexes
Deacon, G. B.; Forsyth, C. M.; Bis(pentafluorophenyl)mercury—A versatile synthon in 2002 19
Nickel, S. organo-, organooxo-, and organoamido-lanthanoid chemistry
Piers, W. E.; Emslie, D. J. H. Noncyclopentadienyl ancillaries in organogroup 3 metal 2002 20
chemistry: A fine balance in ligand design
Arndt, S.; Okuda, J. Mono(cyclopentadienyl) Complexes of the Rare-Earth Metals 2002 21
Hou, Z.; Wakatsuki, Y Science of Synthesis 2002 22
Hou, Z. Recent Progress in the Chemistry of Rare Earth Metal Alkyl 2003 23
and Hydrido Complexes Bearing Mono(cyclopentadienyl)
Ligands
Mountford, P.; Ward, B. D. Recent developments in the noncyclopentadienyl 2003 24
organometallic and related chemistry of scandium
Zeimentz, P. M.; Arndt, S.; Cationic Organometallic Complexes of Scandium, Yttrium, 2006 25

Elvidge, B. R.; Okuda, J.

and the Lanthanoids

Chart 1. Examples of (Hydro)carbyl Complexes beyond the

Scope of This Review

in This Review
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1.3. Nomenclature

Cl
(Figure 2).

The review will be organized according to the type of
monovalent (hydro)carbyl ligand and the oxidation state of
the rare-earth metal center. Compounds will be labeled
following the system shown in Figure 1. Ligand variations
and cations are indicated by superscripts after the complex
type designation; rare-earth metal centers and retained donor
solvent molecules are specified by a subscript.

Homoleptic rare-earth metal (hydrocarbyl) complexes will
be named A—AH (Table 2). Heteroleptic derivatives derived
thereof will be numbered with Arabic numerals 1—263
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compound type
l / cation and ligand substituent variation|

(+) R
Ln-solv =—— solvent molecules retained

!

e _rare-carth metal

letter/number

Figure 1. Compound labeling scheme for this review.

1.4. History of Homoleptic Rare-Earth Metal
(Hydro)Carbyl Complexes

The way in which a metal atom and a carbon moiety
establish a chemical bond between themselves is the contrary
of a Romeo and Juliet story! The two elements can get
together, but actually they do not want to.** This rather
romantic description by Schlosser of the supposedly inherent
thermodynamic instability and/or kinetic lability of metal
alkyl complexes reflects not only the long search for stable
derivatives of the d-transition and rare-earth metals.* In fact,
the statement nicely scenarizes the main motivation why
chemists have not been desperate in pursuing research in
this field: lack of thermodynamic/kinetic stability means a
high reactivity and hence catalytic potential!

After Frankland’s epoch-making discovery of the spon-
taneously inflammable ZnEt, in 1849,* it was not until 60
years later when Pope and his co-worker Peachy isolated
heteroleptic Me;PtCl as the first stable solid metal complex
bearing single bonds to saturated carbon.***¢ Another 40
years later, the solid-state structures of [Me;PtX], (X = Me,
I) were determined by X-ray diffraction analyses.*’ Until the
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Examples:
—CHgSiMes  Ln(CH,SiMeg)s(thfl,  Y(CH,SiMeg)s(thf),
J Jins Jy—tnt
\@ SIME;R \@SIMEZ (CGF5
I/n""CHSM &9 CH,SIM
d iMe “ iMe.
th SR 2R
CstiMe:g cstiMES
R = CgFe. Ln = Sc (X-ray), ¥ (X-ray), Lu
R = 2-furyl; Ln = Sc (X-ray), Y, Lu (X-ray)
R = 2-fury-5-Me; Ln = Sc (X-ray), Lu 54CsFsg
R = 2-pyridyl; Ln = Sc, Y, Lu
R = PHCgH,Bus-2,4,6; Ln = Y, Lu (%-ray)
54

Figure 2. Examples of the compound labeling in this review.

1960s, homoleptic metal o-hydrocarbyls were described for
most of the main group elements, albeit only in the higher
oxidation states for elements such as Hg, TI, Sn, or Pb.*®
Unsuccessful attempts to prepare other simple transition
metal alkyl derivatives were still attributed to the low stability
of such compounds®>* The following decade was marked
by significant progress in the transition metal chemistry of
o-hydrocarbyl ligands, and the long established view that
the transition metal-to-carbon bond is weak became untenable
and had to be discarded.’! However, homoleptic transition
metal compounds were unusual and the known compounds
were highly unstable (TiMe,, ZrMe,).>> 3* A breakthrough
in organo-transition metal alkyl chemistry was independently

Table 2. Compound Labeling According to the Type of Monovalent (Hydro)Carbyl Ligand

label monovalent hydrocarbyl ligand Ln oxidation state
A Me (anionic complexes) I
B Me 11
C AIR,; (R = Me, Et) 11
D AIR,; (R = Me, Et) 111
E GaMe, 111
F (CH2)3NM62 111
G tBu 11
H CH,1Bus 11
J CH,SiMe; 11
K CH,SiMejs (anionic complexes) 111
L CH,SiMe,Ph 11
M CH(SiMejs), 11
N CH(SiMes), (anionic complexes) 11
P CH(SiMej3)(SiMe,OMe) 111
R C(SiMe;),(SiMe;R) (R = OMe, CHCH,, (CH,),0OEt) I
S (Me;Si),CSiMe,(CH,),SiMe,C(SiMes), 11
T (MesSi),CSiMe,0SiMe,C(SiMes), 11
U (MesSi)(SiMe,OMe)CSiMe,(CH,),SiMe,C(SiMe;)(SiMe,OMe) 11
\% CH,Ph® (R = H, Me-4, Me,-3,5, tBu-4) 11T
w CH(SiMe;)C¢Hy-0-NMe, 11
X CH2C5H4-0-NM32 111
Y CH,Cg¢H4-0-SiMes (anionic complexes) 111
Z PhR (PhR = C6H5, C6F5, C6F4-p-H, C6H3Ph2-2,6) 11
AA PhR (PhR = C(,H5, C6F5, C6H4-p-Me, C6H4-p-Et, CGHg(inr)2-2,6, 111
CsH3(OC6H,1)2-2,6)
AB PhR (anionic complexes) (Ph? = C4Hs CsH3;Me,-2,6, 1
CgH3(OiPr),-2,6)

AC ()-C6H4CH2NM€2 111
AD Ph (mixed-valent complexes) /11
AE C=CR (R = Ph, tBu, Me) 11
AF C=CR (anionic complexes) (R = C4Hy) 11
AG C=CR (R = Ph, tBu, dendrit) 11
AH C=CR (R = Ph, Bu, C4Hy) 11
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achieved by the groups of Lappert and Wilkinson. With the
introduction of bulky alkyl groups like [CH,SiMes;],
[CH(SiMej3),], [CH,CMe;], or [CH,Ph], stable transition
metal alkyl complexes became accessible, suggesting that
transition metal carbon bonds are not inherently weak.> 38
The synthesis of kinetically stable complexes rather depends
on the choice of a suitable ligand.

The first attempted preparation of an organorare-earth
metal compound surfaced most likely as early as 1902 in
the Anorganisch-Chemisches Laboratorium at Koniglich
Technische Hochschule zu Miinchen. Back then, Muthmann
and Kraft investigated, among others, into the reactivity of
metallic cerium and lanthanum—freshly prepared from LnCls
by way of electrolysis—toward hydrogen and ethylene,
affording the binary rare-earth metal hydrides.” In a footnote
of this paper, it is stated that, in the same laboratory, Dr. J.
Brunner has conducted a series of experiments in order to
synthesize trimethylcerium. Accordingly, the most promising
results were obtained when metallic cerium was treated with
HgMe, in a sealed ampule. Upon distilling off unreacted
dimethylmercury under a current of carbonic acid, a material
remained that, when exposed to air, took fire, instantaneously
releasing an exceedingly unpleasant smell. It was also noted
that the material, putative CeMes, could not be isolated in a
pure form. Because of the fact that the valence electrons of
the rare-earth elements can reside in orbitals with different
main quantum numbers, A. v. Grosse concluded in 1925 that
these elements do not qualify to form alkyl complexes.®
Certainly, such theoretical statements further stirred the
inventive talent of synthesis-driven chemists, true to the
motto “the importance of questioning scientific assump-
tions”.®! Ten years later, Rice and Rice provided further
positive evidence for the formation of alkyl compounds when
exposing a lanthanum mirror to methyl radicals in an
experiment utilizing the Paneth technique.®”> Next, the
synthesis of LnEt;(OEt,), (Ln = Sc, Y) from the respective
chlorides LnCl; and EtMgBr in ether followed by purification
via distillation at 200 °C under a current of nitrogen had
been claimed by Plets in 1938.% The synthesis, however,
could never be repeated. In connection with the Manhattan
project, Gilman and Jones attempted the preparation of
organolanthanide compounds. Reacting LaCl; with phenyl-
lithium in ether or lanthanum metal with diphenylmercury
at 135 °C in a sealed tube for 100 days yielded biphenyl
rather than benzoic acid after treating the reaction mixture
with CO,.** The formation of a “thick brown syrup”
accompanied by evolution of methane was described when
LaCl; and methyllithium reacted at ambient temperature. In
1955, an evaluation of the hitherto existing studies on rare-
earth metal o-bonded hydrocarbyls led to the conclusion that
the existence of isolable, well-defined (at least in composi-
tion) alkyl or aryl derivatives is extremely meager or
nonexistent.> This was stated one year after Wilkinson and
Birmingham succeeded in the synthesis, isolation, and
comprehensive characterization (except X-ray structure
analysis) of Ln(CsHs); (Ln = Sc, Y, La, Ce, Pr, Nd, Sm,
Gd, Dy, Er, Yb), the first “zz-bonded” complexes of the rare-
earth metals.® In 1968, Hart and Saran reported the synthesis
of Sc(C¢Hs); as the first genuine o-bonded organometallic
compound of a rare-earth element.®® With [Li(thf)4][Lu(CsHs-
Me,-2,6),], Hart and co-workers further provided the first
structural proof of a o-bonded f-transition metal alkyl/aryl
in 1972.7 Attempts to obtain permethylated rare-earth metal
complexes “LnMe;” as the simplest organometallic deriva-
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tives are strongly related to Schumann.3%%% In the early
1980s, Schumann and Miiller succeeded in the synthesis of
thermally stable ate complexes [Li(donor)]s[LnMes],”® but
it took another 20 years until the elusive neutral rare-earth
metal methyl complexes [LnMes], were isolated and char-
acterized by us.”!

In accordance with d-transition metal chemistry, the
introduction of “neopentyl”-type ligands [CH,CMes], and
particularly the silyl-substituted variants [CH,SiMes],
[CH(SiMe;),], and [C(SiMes);], by the groups of Lappert
and Eaborn opened up prolific organorare-earth metal
chemistry.”””7* It was not until 1988 when the structural
characterization of the first neutral homoleptic rare-earth
metal o-bonded hydrocarbyl complexes Ln[CH(SiMes),]; (Ln
= La, Sm) was reported by Hitchcock et al.”” Until today,
such (trimethylsilyl)methane derivatives are the most widely
applied alkyl ligands in rare-earth metal chemistry.

1.5. Synthesis Protocols and Other
Considerations

Associated with the exceptional progression in the field
of rare-earth metal hydrocarbyls, several synthesis routes to
homoleptic rare-earth metal alkyl, aralkyl, and alkynyl
complexes have been developed. Scheme 2 indicates com-
mon synthesis pathways toward the formation of Ln(IIl)—C-
(hydrocarbyl) bonds. Important compound-specific details
and differing synthesis protocols are mentioned in the
following sections.

Rare-earth metal halides are suitable precursors for a
variety of rare-earth metal hydrocarbyl compounds. Tradi-
tional salt-metathesis reaction of LnXj3(solv), and an organo-
alkali metal compound therefore remains by far the pre-
dominant synthesis route (Scheme 2a). However, incorporation
of alkali metal salts and ate complex formation are often
observed (vide infra). As this is usually an undesired feature
and particularly pronounced in rare-earth metal alkyl chem-
istry, alternative synthesis routes involving well-defined
metalorganic precursors have been developed.

The transformation of lanthanide alkoxide bonds to lan-
thanide alkyl bonds in some cases is an attractive alternative
to the traditional salt-metathesis reaction (Scheme 2b). The
outcome of this kinetically controlled metathesis reaction is
very sensitive toward slight changes of reaction conditions
and the properties of the reactants, though.

Oxidation of rare-earth metals (Scheme 2c) and trans-
metalation reactions (Scheme 2d) as synthesis protocols are

Scheme 2. Synthesis Routes to Homoleptic Rare-Earth
Metal(III) Hydrocarbyls

LnXz(solv),
[LnMes3], a Ln(OR')
salt metathesis
son | [alkoxide] —=
adduct formation I b [alkyl]
transformation)
oxidation of

rare-earth metals L
Cc

ILn(AIMe,), —donor-cleavage LnRs(solv),
g

[amide] —= [alkyl]
transformation

d transmetallation

e
acid-base reaction

Ln{NR3)s(solv), Ln

LnR‘gsolv),
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so far limited to the few lanthanide elements with readily
available divalent oxidation states (Sm, Eu, Yb). Because
of the comparatively low acidity of hydrocarbon acids (vide
infra), an [alkyl] — [alkyl] exchange as a synthesis route
toward homoleptic rare-earth metal hydrocarbyl complexes
could only be utilized for relatively Brgnsted acidic alkynes
(Scheme 2e).

Peralkylation of rare-earth metal amide complexes ([amide]
— [alkyl] transformation) using Lewis acidic group 13 alkyls
(AIR;, GaMes) offers an elegant route to heterobimetallic
Ln/M alkyl compounds (Scheme 2f). Strongly connected to
the intrinsic properties of such heterobimetallic compounds,
the donor cleavage of a tetraalkylaluminate moiety was found
to be a unique route to highly reactive rare-earth metal methyl
compounds (Scheme 2g). The reverse adduct formation
displays an economic pathway toward several other bimetal-
lic compounds (Scheme 2h).

The large rare-earth metal cations are characterized by high
electrophilicity and the ability to support high coordination
numbers (8—12).7° The 4f valence orbitals of the lanthanides
are embedded in the interior of the ion, well shielded by the
5s% and 5p® orbitals.”’” Consequently, their poor overlap with
ligand orbitals contributes to the predominant ionic character
of organolanthanide complexes. Thus, the chemistry of the
rare-earth metal complexes is rather governed by electrostatic
and steric requirements than by filled orbital considerations.
The gradual decrease in ionic radius (lanthanide contraction)
and the limited radial extension of the valence orbitals are
manifested in subtle reactivity changes of complexes with
analogous ligand environments but different rare-earth metal
centers.’8 8!

The given intrinsic properties of rare-earth metal cations
imply challenges inherent to the accessibility and stability
of homoleptic rare-earth metal hydrocarbyl complexes.
Besides extreme sensitivity toward air and moisture, the large
size of the rare-earth metal cation and its preference for high
coordination numbers are the main challenges to be met by
the hydrocarbyl ligand.** Potential ligands have to provide
enough steric bulk and/or additionally coordinating groups
to achieve steric and electronic saturation of the rare-earth
metal center. In the absence of such bulky ligands, steric
and electronic saturation is achieved by various methods,
severely influencing the complex stability and reactivity:

Formation of Anionic or Ate Complexes

The formation of anionic rare-earth metal ligand moieties
or ate complexation are commonly observed features of salt-
metathesis reactions when alkali metal hydrocarbyl deriva-
tives are employed (vide infra). Ate complexation, as the
main reaction pathway or as contamination, occurs via
coordination of additional counterligands or alkali metal
halide incorporation. Because of the additional electronic and
steric saturation of the metal environment, as a rule the
reactivity of ate complexes is significantly decreased.

Donor Interactions/Solvent Complexation

Solvent complexation usually results from salt-metathesis
reactions carried out in ethereal solvents such as Et,O or
tetrahydrofuran (thf) (vide infra). Solvent coordination usu-
ally decreases the reactivity of Ln—R bonds by depolariza-
tion, steric saturation, and competitive reactions. As the
majority of organic transformations mediated/catalyzed by
lanthanide centers depends on the precoordination of a
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neutral, functionalized substrate, solvent coordination pos-
sibly competes or even suppresses substrate coordination by
stereoelectronic saturation of the rare-earth metal center.
However, donor coordination in many cases allows for the
isolation of otherwise labile homoleptic rare-earth metal
hydrocarbyl complexes. It can further enforce crystallization
and disrupt polymeric networks.

Formation of Polymeric Networks

Steric and electronic factors often force the stabilization
of monometallic species via agglomerization (vide infra).
Formation of di- and multinuclear species is achieved by
intermolecular bridging of the smallest, most reactive, and
labile Ln—R bond and, hence, leads to decreased reactivity.
Formation of polymeric networks can further result in low
solubility of the respective compounds, frustrating charac-
terization and further reactions.

Despite the requirements for a suitable ligand system, a
variety of hydrocarbyl ligands has been successfully applied
to organorare-earth metal chemistry. One of the concepts
applied includes hydrocarbyl ligands containing “built-in”
chelating donor functionalities. Intramolecular ring formation
via dative bonds stabilizes mononuclear complexes by the
chelate and entropy effect. Ligand-bonded donor groups
successfully compete with donor solvent molecules for
coordination sites, implying improved thermal stability. The
interaction of strong donor groups significantly decreases
the reactivity of an adjacent Ln—R bond but enhances the
complex stability.

Introduction of bulky neopentyl-type ligands and particu-
larly the use of silyl-substituted derivatives [CH,SiMes],
[CH(SiMes),], and [C(SiMes);] resulted in very high stability
of the respective rare-earth metal complexes. As the f-e-
limination pathway is an important decomposition route in
early transition metal chemistry, ligand degradation reactions
are impeded by the absence of f-hydrogen atoms. The
remarkable stabilizing effect of the silyl substituents is further
attributed to the stabilization of the respective carbanion by
(p — d), or (p — o*) interaction with the silicon atom.%? 34

Measurement of the gas-phase acidity of the corresponding
carbon acids indeed revealed a significant stabilization of
the o-silyl substituted carbanions. The acidity, relative to
neopentane, increases by about 20 and 36 kcal/mol for the
addition of one or two silyl groups, respectively.?*# (The
gas-phase proton affinity (gas-phase acidity) is defined as
the enthalpy change for the heterolytic H—R bond dissocia-
tion, AH®a (HR) = D°(H—R) — EA(R) + IP(H). The
smaller the AH®,4 value, the more acidic the compound.)

Rare-earth metal alkyl compounds are important alkyl
transfer reagents and initiate a variety of catalytic reactions.
The Ln—C(hydrocarbyl) bond is significantly weaker than
Ln—O(alkoxide) bonds and, however, as strong as Ln—
N(amide) bonds, which markedly affects the synthesis
chemistry and derivatization of rare-earth metal hydrocarbyl
complexes.

This has been confirmed by the determination of absolute
bond disruption enthalpies D by means of calorimetric titrations
for the representative systems Cp*Sm—X (X = OBu, D =
82.4 kcal/mol; NMe, = 48.2 kcal/mol; CH(SiMes), = 47.0 kcal/
mol).¥” In addition to the comparably low thermodynamic
stability, the Ln—C(hydrocarbyl) bond displays kinetic
lability. Acid—base exchange reactions are fundamental for
the derivatization of rare-earth metal hydrocarbyl complexes
and the formation of catalytically active species. Therefore,
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relevant for rare-earth metal hydrocarbyl chemistry .34~

20(H;0)
Huy 2% {HaO) r "
3 26 {Hy 43 (H;0)
2 \ H a4 (Dmsoy 43 (H0)
o RAS A H
15 (4,0} - 1L s ® N 53 (H,0)
180 (DMSO) Fr (i CH,
.
M 40 (H,0) HJ.—CH,
¥ 322(DMSO} g ruacey I
D 7 25(H0) PhyCH; _E
N 2O cHy | 481H0)
55 (DMS0)

HC=—CH
! CH,

261 (DMS0}
M
Y

L,
9,

pK,

Figure 4. pK, values of several C—H acidic compounds relevant
for rare-earth metal hydrocarbyl chemistry (solvent indicated in
parentheses). 880

the most common hydrocarbyl proligands are depicted in
Figure 4 according to their increasing pK, values in H,O or
dimethylsulfoxide (DMSO).38~% Under certain restrictions,
this scale might be used as a measure of reactivity.

Because of the weak acidity of organosilanes and competi-
tive nucleophilic displacement reactions, pK, values of the
organosilicon compounds could so far not be measured by
the usual proton-transfer equilibria studies.”’ A good estimation
of relative acidities, however, can be obtained from the
respective gas-phase acidities as depicted in Figure 3.34786
Hydrocarbyl proligands display (with some exceptions)
relatively high pK, values. In an acid—base type reaction, a
hydrocarbyl ligand and particularly alkyl ligands can there-
fore be displaced by a proligand with lower pK,. This applies
for almost all known classes of ligands, be it hydrido, amido,
and alkoxo ligands. Even though the reactivity of a Ln—C
bond is critically dependent on several additional kinetic/
steric and thermodynamic factors, shown characteristics give
an impression of the high potential of rare-earth metal
hydrocarbyl complexes in synthesis.

2. Methyl Complexes

Unsolvated methyl complexes are classified as the most
reactive organorare-earth metal compounds. Enhanced basic-
ity and the small size of the methyl ligand promote
extraordinary reactivity,**> enabling, e.g., methane activa-
tion”® and multiple hydrogen abstraction.®* Permethylated
transition-metal complexes, as represented by neutral
M(CH3;),, and anionic [M(CHj3),]", have attracted consider-
able interest not only for displaying the simplest organome-
tallic derivatives but also for their intrinsic bonding
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phenomena.** While structural and theoretical investigations
on homoleptic group 4, 5, 6, and 7 derivatives proceeded
remarkably, group 3 and lanthanide congeners remained
elusive until very recently.”*> Commonly, stable homoleptic
rare-earth alkyl compounds involve sterically demanding or
chelating alkyl groups to meet the rare-earth metal’s need
for steric saturation. Apparently, the small methyl ligand
cannot provide such stereoelectronic protection, often result-
ing in fast secondary reactions and decomposition.

2.1. Synthesis, Structure, and Properties of
[Li(donor),Js[LnMeg], LisLn,Mey(thf),(Et,0),, and
[LnMes],

Early attempts to obtain permethylated rare-earth metal
complexes by reaction of methyllithium with LnCl; (Ln =
Sc, Y, La) gave evidence for the formation of such
compounds as non-volatile, pyrophoric products. Isolation
from ethereal solutions, however, was not successful.4% In
the 1980s, Schumann and co-workers reported on the
synthesis of thermally stable anionic permethylated com-
plexes [Li(donor)];[LnMes] (A) stabilized by chelating bases
(donor = tmeda (N,N,N',N'-tetramethylethylenediamine),
dme (1,2-dimethoxyethane), and teed (tetracthylethyl-
enediamine)).”% %8

Dropwise addition of ethereal LiMe solutions to suspen-
sions of the rare-earth metal trichlorides in the presence of
stoichiometric amounts of the respective donor molecules
resulted in the formation of hexamethylate complexes for
the entire series of rare-earth metals except Sc, Ce, Pm, and
Eu (Scheme 3, I—1III). Following a slightly modified synthesis
procedure using LnCl;(thf), as the rare-earth metal source,
Okuda and co-workers obtained [Li;LnMeg(thf),] as powdery
solids for the smaller metal centers Sc, Y, and Gd—Lu
(Scheme 3, IV).%%1% Crystallization of [LisLnMeg(thf),] (Ln
= Sc, Y, Tb) from saturated diethyl ether solutions gave the
heteronuclear complexes [LisLn,Meo(thf).(Et,0),] (Scheme
3, V).'% In an attempt to synthesize permethylated com-
pounds of Ce(IV), Thiele et al. reacted cerium(IV) acety-
lacetonate with varying amounts of methyllithium in ethereal
solvents.!?! Because of the high oxidation potential of Ce*/
Ce*" combined with the high polarity of lithiumorganyls,

Scheme 3. Synthesis of Anionic Methylate Complexes (A)
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Ln=Y, La, Pr, Nd,
Sm, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu

[Li{dme)]s[LnMeg]
Ln = Ho, Er, Tm, Yb, Lu

Et,0/dme, -78 *C~rt, 3 h

] i
LnCl; + 6 LiMe SRl

teed/Et-0O, -78 “C—rt,
2LnCly + 10 LiMe 3h

[Liz(teed)(Et,0)z]2[LnMes]s|
Ln =Pr, Nd, Sm, Lu
EL,0, -78 “C—1t, 3 h

IV LnCla{thf), + 6 LiMe _aLicl

[LisLnMeg(thf),]
Ln=S8c Y, Gd, Th,
Dy, Ho, Er, Tm, ¥b, Lu
[LizLnzMeg(thf),(Et;0)]

Ln=Sc(x=2;y=23);
Y, To(x=3y=2)

Lis[CeMeg][Li(acac)]s

1. ELO,-78°C—nt, 3 h
2. crystallization from Et;0

-3 Licl

V' LnCls(thf), + 6 LiMe

thf, -78 *C—rt, 12 h

- Li{facac)
- Me -

Et;0, -78 *C—rt, 12h
_—

- Lifacac)
-Me-

dme, -78 °C~rt, 12 h
-3 Li(acac)

VI Ce(acac)y + 7 LiMe

Vi

Ce(acac)s + 4 LiMe Lis[MesCe(acac)s]

VIl Ce(acac)y + 4 LiMe Li[Me;Ce(acac)]



http://pubs.acs.org/action/showImage?doi=10.1021/cr1001194&iName=master.img-007.jpg&w=239&h=113
http://pubs.acs.org/action/showImage?doi=10.1021/cr1001194&iName=master.img-008.jpg&w=239&h=155
http://pubs.acs.org/action/showImage?doi=10.1021/cr1001194&iName=master.img-009.jpg&w=227&h=230

Ln Complexes Containing Ln—C o-Bonds

Figure 5. Solid-state structure of [Li(tmeda)];[HoMes] (AHo—tmeda)s
adapted from ref 97.

only cerium(II) compounds could be isolated (Scheme 3,
VI—VIII). Common to all methylated Ce(IIl) products was
the incorporation of Li(acac) (Li(acetylacetonate)), while the
extent of the salt incorporation was governed by the reaction
conditions.

Compounds [Li(donor)];[LnMeg] (A) are soluble in ethe-
real solvents, slightly soluble in aromatic solvents, but
insoluble in aliphatic solvents.”’ The thermal stability
decreases with increasing effective radius of the rare-earth
metal cation. Hence, derivatives of the small ions (Lu—Ho)
decompose over 120 °C, whereas all larger ions form
complexes that are less stable.”” The cerium(III) compounds
Lis;[CeMeg][Li(acac)]s, Lis[Mes;Ce(acac)s], and Li[Me;Ce-
(acac)] decompose at temperatures above 110 °C,!°! while
hexamethylates [Li;L.nMeg(thf),] are reported as thermally
extremely sensitive.'”

In the solid state, the rare-earth metal cation of
[Li(donor)];[LnMeg] is surrounded by six methyl groups in
a slightly distorted octahedral arrangement (Figure 5). The
lithium atoms are located at the center of tetrahedra made
up of two methyl groups and the two nitrogen or oxygen
donors of tmeda and dme, respectively.$%% [Li,(teed)-
(Et;0),],[L.nMes], appear to be dinuclear complexes featuring
bridging methyl groups between the two rare-earth metal
cations and between Ln and Li.3°® Heteronuclear complexes
[LizLn,Mey(thf),(Et,0),] display a LiLn, core structure and
show an overall C,-symmetry. Each rare-earth metal center
is surrounded by six methyl groups, describing a distorted
octahedral geometry (Figure 6).!%

Hexamethyl rare-earth metal complexes are extremely sensi-
tive toward moisture and oxygen. Upon hydrolysis, all ligands
are displaced from the rare-earth metal with concurrent forma-
tion of Ln(OH);, CHy, and tmeda/dme/teed. Further investiga-
tions on the chemical reactivity of [Li(donor)];[LnMeg] (A)
are limited to preliminary studies on the methylation of o.f3-
unsaturated ketones and aldehydes. 1,2-Methylation was
found to be favored over 1,4-methylation of the tested
substrates.” Protonolysis of compounds [Li;LnMeg(thf),]
with borate reagents yielded cationic species active in
isoprene polymerization (vide infra).?®!%

Twenty years after Schumann’s discovery of ionic perm-
ethylated compounds [Li(donor)];[LnMeg], we succeeded in
the synthesis of neutral homoleptic trimethylyttrium and
trimethyllutetium (B).”! Adding stoichiometric amounts of
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Figure 6. Solid-state structure of [Li3Sc,Meq(thf),(Et,0);]
(Asc—wtE,0), adapted from ref 100.

Scheme 4. Synthesis of [LnMe;], (B)

hexane, -35 °C, 10 min
+3Et

Ln(AMe,)s 0 [LnMes].

- 3 AlMes(OEt;)
Ln=Y¥,Lu

hexane, rt, 30 min

+ exc. Phe

I Y(AMey)s 2 [YMe3],

- 3 AlMes(PMe;)

thf (3 equiv) to a solution of Ln(AlMe,); (DM®) in hexane
instantly produced a white precipitate of [LnMes], (B).
Optimized conditions for the donor-induced tetramethyl-
aluminate cleavage reaction (see also section 3.4) comprise
the use of freshly sublimed Ln(AlMe,); and the less Lewis
basic donor diethyl ether, as well as low reaction temperature
(Scheme 4, I). Homoleptic Y(AIMey); was also successfully
cleaved by the softer donor PMe; (Scheme 4, 1I).!%> The
production of [YMe;], is accompanied by formation of
thermally stable Me;Al(PMe;); the microanalytical data,
however, clearly show that diethyl ether is a superior
cleavage agent for Y(AlMey).

Compounds [LnMes], (B) are insoluble in aliphatic and
aromatic solvents and slowly decompose in the presence of
donor solvents (thf, Et,0). Insolubility prevents the charac-
terization of [LnMe;], by solution NMR spectroscopy and
single-crystal X-ray diffraction studies. Solid-state Fourier
transform infrared (FTIR) and magic-angle spinning (MAS)
NMR spectroscopy revealed a uniform coordination environ-
ment at the rare-earth metal center, suggesting a polymeric
network of rare-earth metals connected by bridging methyl
groups. So far, only trimethylyttrium and trimethyllutetium
could be obtained following the synthesis routes depicted in
Scheme 4. Applying similar synthesis protocols to
Ln(AlMey); of the larger rare-earth metals resulted in the
formation of powdery materials with low solubility. The
obtained solid materials contain mixtures of rare-earth metal
cluster compounds, which are the result of incomplete
tetramethylaluminate cleavage and extensive C—H bond
activation reactions.!??

2.2. [Li(donor),]s[LnMe;] and [LnMe;], as
Synthesis Precursors

The donor-cleavage reaction of Ln(AlMey); (DM®) (Ln =
Y, Lu) as described above was found to be completely
reversible. Treatment of [LnMes], (B) with 3 equiv of AlMe;
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Scheme 5. Derivatization of [LnMe;], (B) by Lewis Acid/
Donor Addition
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Scheme 6. Synthesis of Cationic Methyl Complexes from
[Lis;LnMeg(thf),] (A) and Ln(AlMe,); (D)
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led to quantitative reformation of Ln(AlMe,); (D) (Scheme
5).”! Accordingly, other strong Lewis acids like AlEt; and
GaMe; redissolved [YMes], to yield heterobimetallic
Y(AlzMesEty) (DEMey) and Y(GaMe,)s (Ey),”"'% respec-
tively. In the presence of tmeda as donor solvent, [YMes],,,
and 3 equiv of LiMe, the anionic hexamethylate [Li(tmeda)]s-
[YMeg] (Ay—imeda) formed in moderate yield. Reaction with
1,4,7-trimethyl-1,4,7-triazacyclononane (Cn) gave [CnYMe;]
(1) which has previously been prepared in the group of
Bercaw following a salt metathesis protocol (Scheme 5).!%

Homoleptic [LnMe;], further proved to react with Brgnsted
acids HN(SiHMe,), and HOCH#Bu,, forming homoleptic
solvent-free amide {Y[N(SiHMe,),]3}» (2)'® and alkoxide
Y(OCHBu,); (3),”! respectively. Highly efficient methylation
of the carbonylic functionality in 9-fluorenone (high yield,
high group transfer economy) was observed, demonstrating
the multifaceted applicability of [LnMes], as rare-earth metal
precursor and in organic synthesis.'%

Dimethyl monocations [LnMe;(thf)][BPhs] (B* ) can be
prepared from the ate complexes [Li;LnMeg(thf),] (A) by
protonolysis with [NEt;H][BPhy], by nucleophilic attack of
the methyl dications [LnMe(thf),][BPh,], (B> ) (vide infra)
with methyllithium, or by protonolysis of Ln(AlMe,); (D)
with [NEtH][BPhy] (Scheme 6, I). Only the latter method
allowed isolation of the monocations (B™) as these com-
pounds cannot be separated from LiBPhy, which is formed
by the former two methods.?®!00:105
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Figure 7. Solid-state structure of cation [YMe,(thf)s]" in
[YMes(thf)s][BPh,] (B*y_,), adapted from ref 99.

Cc25

Figure 8. Solid-state structure of bis(cation) [YMe(thf)¢]*" in
[YMe(thf)s][BPhy], (B*"y_us), adapted from ref 105.

When 5 equiv of [NEt;H][BPh,] are added to thf solutions
of [Li;LnMeg(thf),] (A), compounds [LnMe(thf),][BPhy],
(B**y) precipitate (Scheme 6, 1I).!%%1% Because of the
unavailability of the methylate complexes A for the larger
rare-earth metal centers La, Ce, Pr, Nd, and Sm, dicationic
methyl complexes were prepared by protonolysis of the
homoleptic tetramethylaluminates Ln(AlMe,); (DM®) using
[NR;H][BPhy] (R = Et, nBu) or [NEtH][B(C¢Hs-
F-4),] as Brgnsted acids (Scheme 6, III—V),!00:106

Methyl dications [LnMe(thf),][BPhy], of the larger rare-
earth metals La—Sm are significantly less stable than their
smaller analogues.'® A ring-opening reaction of tetrahydro-
furan to form a pentoxy complex was reported for Nd as
the metal center,'” whereas a suspension of the samarium
derivative in thf gradually dissolved at ambient temperature
and in daylight to give divalent [Sm(thf);][BPh,], (4).!107

The solid-state structure of ion pair [LuMe,(thf),][BPhy]
(B*Lu—umr) revealed a distorted octahedral coordination ge-
ometry around the lutetium metal center with four coordinat-
ing solvent molecules and a cis-arrangement of the methyl
groups.'® On the contrary, the structure of [YMe(thf)s]-
[BPhy] (B*y_q) shows frans-disposed methyl groups, a
pentagonal bipyramidal coordination geometry around the
yttrium metal center, and the coordination of five thf
molecules (Figure 7).%

Replacing one methyl group by thf leads to the solid-state
structure of ion triple [YMe(thf)e][BPhs], (B>"y—s), showing
a similar geometric arrangement of the methyl ligand and
donors around the Y metal center (Figure 8).!% The remain-
ing methyl group occupies the apical position of the
pentagonal bipyramid. Analogous solid-state structures were
also found for the small to medium sized rare-earth metal
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Figure 9. Structure of (binam)Ln(u-Me),Li(Do),(#-Me)Li(Do) (5).

Do?

centers Sc, Dy,'® Ho,'® and Tm.!% The solid-state structures

of [LnMe(thf)¢][B(C¢H4F-4)4], (Ln = La, Sm) display a
methyl-capped octahedral geometry. According to density
functional theory (DFT) calculations, the preference for this
capped octahedral structure is electrostatically driven because
the shorter Ln—Me distance allows for a stronger electrostatic
interaction.

In situ generated dications [YMe(solv),]** (B*"y_) (solv
= toluene) catalyzed the polymerization of 1,3-dienes when
applying [PhNMe,H][B(C¢Fs)4] as the cationizing agent,
while the activation by [PhNMe,H][BPhy,] did not result in
catalytically active species.” This marked reactivity differ-
ence was attributed to the comparatively weak coordination
of fluorinated anions, resulting in solvent-separated ion pairs
in aromatic solvents. On the contrary, a strong 7°-coordina-
tion of the [BPhy] anions would lead to inactive-contact ion
pairs. Investigating the catalytic performance of in situ
prepared [YMes(solv),]” (B*y) and [YMe(solv),]*" (B**y)
toward dienes revealed remarkably higher activity and cis-
selectivity for the dicationic species (monocation, 90% cis-
PBD; dication, 97% cis-PBD; PBD = polybutadiene).
Activities and polymer properties further displayed a strong
dependence on the use of AliBuj as a scavenger (100 equiv).
Initial studies further revealed a high reactivity of the cationic
complexes, including the C—H bond activation of pyridine.'®®

Recently, in situ generated anionic complexes [Li(donor)]s-
[LnMeg] (A) were reported to form chiral amide alkyl
complexes 5 (Figure 9), which display active catalysts for
the enantioselective hydroamination of aminoolefins.'?

3. Tetraalkylaluminate Complexes

3.1. Synthesis, Structure, and Properties of
[Ln(I)(AIR4).]5

Early investigations by Boncella and Andersen regarding
the reactivity of dimeric { Yb(II)[N(SiMes),]»}, (6) toward
molecules with Lewis acidic sites fundamentally contributed
to the development of lanthanide tetraalkylaluminate com-
pounds.!'!? Reaction of compound 6 with equimolar amounts
of AIR; (R = Me, Et) resulted in the formation of
bis(trialkylaluminum) adducts Yb(ID)[N(SiMes),],(AIR3), (7).
Determination of the solid-state structure of Yb[N(SiMes);],-
(AlMe3), (7M°) revealed a monomeric Yb[N(SiMes),], frag-
ment in which each lone pair of electrons on the nitrogen
atoms is coordinated to aluminum atoms (Figure 10).!'° Steric
saturation of the large divalent ytterbium metal center is
achieved by four additional y-CH agostic interactions with
adjacent methyl protons.
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Figure 10. Structure of Yb(II)[N(SiMes),]>(AlMes), (7M°).

Scheme 7. Synthesis of [Ln(II)(AlRy),], (C)
hexane, rt, 16 h

| Ln[N(SiMes)la(thf), + > 6 AIR; [Ln(AIRy)zl,
- 2 [RpAIN(SiMes)ln
- 2 AIR;(thf) Ln=Yb, Sm
R = Me, Et, iBu

hexane, rt, 16 h
- [MezAl(p-OAFP H),
- 2 AlMe(thf)

Il Ln(OArPTH),(thf), + >6 AlMes [Ln(AIMe4)2]|

Ln="Yb Sm

In 2001, the above-mentioned reactions were reinves-
tigated our group using an excess of the trialkylaluminum
reagents (Scheme 7, I).!''!2 The obtained peralkylated
heterobimetallic complexes [Ln(IT)(AlRy),], (C) (R = Me,
Et, iBu) are the products of a complete [amide] — [alkyl]
transformation, proceeding via intermediately formed AIR;
adducts as found by Boncella and Andersen (Scheme 7).!1

While the methyl derivatives [Ln(AlMey)s], (CM°) pre-
cipitate quantitatively from hexane reaction mixtures to give
analytically pure solids, [Ln(AlEt,),], (C®) and [Ln-
(AliBuy),], (C®Y) display excellent solubility in aliphatic
media and can be separated from the byproduct [R,AIN-
(SiMe3),], by fractional crystallization.'''~''3 Homoleptic
[Ln(AlMey),], (CM®) could further be obtained by complete
alkylation of lanthanide(Il) bis(2,6-diisopropylphenolates)
with an excess of AlMes (Scheme 7, 1I).!#

Structure determination of the methyl derivatives [Ln-
(AlMey),], (CMe) is frustrated by the insolubility in aliphatic
and aromatic solvents, but single crystals suitable for X-ray
crystallographic structure determination could be obtained
for the higher alkylated congeners [Ln(AlEt,),], (CEY).!113
Both divalent metal centers ytterbium and samarium show
isotypic structures in the solid state consisting of a polymeric
network of interconnected anionic [Ln(AlEty);] (Figure 11)
and cationic [Ln(AlEty)]" (Figure 12) fragments. In the
anionic unit, the lanthanide(II) metal center is coordinated
by six carbon atoms in a pseudo-octahedral geometry (Figure
11). Each [AlEt,] unit is coordinated in an #? fashion. While

Figure 11. Solid-state structure of the anionic molecular fragment
[Sm(AIEt)s]~ of CEg,, showing the interconnection of the formally
anionic and cationic fragments, adapted from ref 113.
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Figure 12. Solid-state structure of the cationic molecular fragment
[Sm(AIEt,)]" of C¥g,, showing the interconnection of the formally
anionic and cationic fragments, adapted from ref 113.

Chart 2. Donor Adducts Ln(AlIRy),(Do),

Et Et Et R
5 Et R __R
IS @ﬂ Et Etnﬂ-\ﬁp'a B @.Et Et\@?’ f}b" R-.}A\“;{
Et Et R
Cinf Coyr Cphen

R =Me; Ln = Yb (X-ray)

Ln=Sm (X-ray}, Yb (X-ray) Ln=Sm, Yb

R=EtLn=Yb Sm

the [AlEt,] coordination in the cationic moiety [Yb(AIEt)]*
was described as a slightly distorted #*-coordination,!!! the
respective cationic samarium unit is rather approaching a
bent 7*-coordination mode with one significantly longer
Sm—(u-CH,) contact (Figure 12).!'* Interconnection of the
formally anionic and cationic molecular fragments into a three-
dimensional network is accomplished via the “terminal” ethyl
groups of [Ln(AlEty);]”, resulting in an overall u,':77* coor-
dination mode.

Because of dynamic exchange processes in solution (see
section 3.3), the 'H NMR spectrum of diamagnetic [Yb-
(AlEty),], (C®yp) exhibits only two resonances for the [AlEty]
ligands.!"® Variable-temperature '"H NMR studies did not
reveal decoalescence of the proton signals for the bridging
and nonbridging alkyl groups over the temperature range of
—100 to +90 °C.!'"! MAS NMR spectroscopic investigations
of insoluble [Yb(AIMe,),], (CMey,) were indicative of two
distinct bridging methyl groups in the solid state.'"?

Contrary to the reactivity observed for trivalent homoleptic
Ln(AlMey); (DM®), donor-induced aluminate cleavage''> (see
section 3.4) does not occur at lanthanide(Il) metal centers.
Interaction of polymeric [Ln(AlRy),], with donor molecules
(donor = thf, pyridine (pyr), 1,10-phenanthroline (phen))
leads to the formation of discrete monomeric lanthanide
donor adducts Ln(AIR4),(donor), (Cit, Cpyr, and Cphen) (Chart
2) 112,113

The observed divergent reactivity of heterobimetallic
homoleptic [Ln(II)(AIR4),], and Ln(IIT)(AlMe,); toward
Lewis basic molecules accounts for a different nature of the
lanthanide—carbon bonding. Whereas the latter display true
aluminate complexes (E\ scale according to Pauling: Ln(III)
= 1.1—1.3, AI(IIl) = 1.6), divalent derivatives are better
described as lanthanidate complexes [AlEt,],[LnEt,(donor),]

Zimmermann and Anwander

similar to [Li(donor),]s[Ln(Ill)Meg] (see section 2). The
Ln—C bonding nature cannot be rationalized on the basis of
Pauling’s electronegativity scale.''®!'7 Neither can the Lewis
acidity criterion (AI(III) > Ln(Ill) > Ln(I)), commonly
considered as the driving force for AIR;(donor) separation,
be applied. Increased covalent contributions to the Ln(II)—C
bonding rather seem to control the observed Lewis base
addition reactions.

3.2. [Ln(I1)(AIR,).], as Synthesis Precursors

Studies on the reactivity of peralkylated [Ln(II)(AlRy4),],
(C) toward protic substrates were performed only recently.
A suspension of [Yb(AlMey),], in thf reacted with excess
HCsMes to yield the solvent-separated ion pair [(CsMes)Yb-
(thf)4][AlMey] (8) according to a methane elimination
reaction.''® A similar structural motif has previously been
found in the solid-state structure of [7°-(fluorenyl)Yb(thf),]-
[AlMey] (9).!'® Complexes [Ln(AlRy,),], (C) readily undergo
protonolysis reactions with bulky phenolic substrates
HOArB*Me (QArB-Me = OC4H,1Bu,-2,6-Me-4) and HOArP+H
(OAr”H = OC4H;iPr,-2,6) (Scheme 8).!" Generally, the
reactions give complicated product mixtures containing up
to three alkylation products. The reaction outcome is hereby
sensitively balanced by the sterical demand of the phenolate
ligands. Two prevalent secondary reaction pathways have
been unambiguously identified, TMA(TEA) (TMA = tri-
methylaluminum; TEA = triethylaluminum) adduct forma-
tion and ligand rearrangement under formation of the
bidentate ligand [(u-OAr™™),AlIR,]. The bulkiness of the
tert-butyl-substituted aryloxides, however, seems to suppress
such ligand rearrangement,!!*!1%:120

3.3. Synthesis, Structure, and Properties of
Ln(l)(AIR,);

When investigating the reactivity of homoleptic rare-earth
metal alkylamides toward Lewis acidic highly reactive
organoaluminum reagents, Evans and co-workers discovered
the formation of heterobimetallic Ln(IIT)/Al alkyl species. '~}
The degree of alkylation in the generated heterobimetallic
compounds is hereby strongly dependent on the amount of
alkylaluminum reagent present in the reaction mixture and
the steric/electronic properties of the alkylamide ligands.
Whereas homoleptic AlMe; adducts Ln[(u-NMe,)(¢-Me)-
AlMe,]; (16) were isolated from Ln(NMe,);(LiCl); in the
presence of 3 equiv of AlMes,'?' peralkylated tris(tetra-
methylaluminates) Ln(AlMe,); (DM®) formed with an excess
of trimethylaluminum.'?? Such AlMes;-mediated complete
[NR,] — [AlMe,] transformations were found to be a viable
route for the synthesis of several tetramethylaluminate-
containing organorare-earth metal complexes.'?*~1?7

Since the discovery of Ln(AlMey); (DM®) in 1995,'?? the
general synthesis protocol has been optimized and applied
to the entire size range of Ln*t metal centers (Scheme 9,
1).!2%12 The hetereobimetallic compounds can be obtained
in high yield. Several crystallization steps are, however,
necessary to obtain crystalline, trimethylaluminum-free
Ln(AlMey4);. The high volatility of the alkylated amide
byproduct [Me,AINMe,], is one of the main advantages of
this synthesis strategy, allowing for easy separation of the
desired product.

Although rare-earth metal tetramethylaluminates are acces-
sible by alkylation of a number of other Ln(III) precursors, like
silylamide complexes Ln[N(SiHMe,),]5(thf), (17),'* tetrameric
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Scheme 8. Alkane Elimination Reactions of Peralkylated Complexes [L.n(AlR,),],: All Reactions Performed in Toluene (R =
Me) or Hexane (R = Et) with 2 equiv of HOArR: (a) 1 equiv HOAr®“M¢; (b) Degradation Product Most Likely by Traces of

H,0; (c) Also Obtained with 4 equiv of HOAr™™H
(e) Main Product but Slower Crystallization

3 (d) thf Possibly Originates from Yb(AIEt,),(thf), Present As Minor Impurity;
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Scheme 9. Synthesis of Homoleptic Ln(III)(AIRy); (D) Scheme 10. Two-Step Mechanistic Scenario for the
z hexane, i, 18 h Formation of Tetramethylaluminate Ligands by (a) [Amide]
| Ln(NMep)a(LiCl); + 6 AlMe, e Ln(AlMey)s ~ [Methyl] or (b) [OR] — [Methyl] Exchange
: Ln=Y, La, Ce, Pr,
il - P ag] (a)
hexane, rt, 18 h + AlMe - Me\ .\,M
I LnN(SiHMez)Js(thf); + 8 AIR L Ln(AIRy)3 @—N‘ 5, A" B el T SR
ks e Mel
-15[RAIN(SIHMe)l,  Ln=Y, Nd, La;
- 2 ARs(thf) R = Me
Ln=La;R=Et
Il 0.25 [Ln(OCHzCMes)sls + 6 AlMe; —ene. L 180 _ ) h(AIMey)s (b) Me
- 3 Me,AIOCH,CMe; T — /  +AMe, o Me. YAl I/M
& 05[M92N0R]z ‘I:E Me” M
R =1 hexane, rt, 18 h
| v LnOsiRRs1, + exc AiMe; e e Ln(AlMey)s crystals of La(AlEty); (DE‘La) (Scheme 9, II).'?® Salt metath-
= :’;:“&.Lf:mu esis as a one-step synthe§is protocol for the preparation gf
Ln=Y, La, Nd, Lu; Ln(AlMey); could be applied for anhydrous YCl; and 3 equiv
I il of lithium tetramethylaluminate (Scheme 9, V).'* Suspen-
¥ e F LA _aucl Y(AMay)s sions in toluene yielded 7% of Y(AlMe,); after seven days.
Derivatives of the larger rare-earth metals could not be
hexane, -35 °C obtained by this method. Alternatively, Ln(AlMe,); of very
VI [LnMes), + 3 AlMe; 30 min Ln(AlMeg)3 high purity can be obtained by AlMe;-adduct formation to
Ln=Y, Lu polymeric trimethyl compounds [LnMes], (B) (Ln =Y, Lu).

[Ln(OCH,CMe;)s], (18),'%° aryloxide [Y(OAr™H),], (19),!4
and siloxides [Ln(OSiR’;,R")3], (20),'3! separation of per-
alkylated Ln(AlMe,); from the alkylated byproducts has
proven to be difficult (Scheme 9, II-1V). Because of the
high solubility of tetraethylaluminate complexes Ln(AlEt,);
(DBY, separation from residual AlEt; and the byproduct
[Et;AINR,], was not successful. Only reaction of La[N-
(SiHMe;),]5(thf), (17.,) with AlEt; produced separable single

Adding 3 equiv of AlMe; to a hexane suspension of [LnMes],
yielded crystalline Ln(AlMe,); in almost quantitative yield
(Scheme 9, VI).71:102

Formation of tetramethylaluminate ligands by [amido] —
[methyl] or [OR] — [methyl] exchange, respectively, likely
proceeds via a two-step mechanistic scenario (Scheme 10).
In a first step, the strong Lewis acid AlMes coordinates to
the basic amide—nitrogen/OR. Such adduct formation ap-
parently results in a weakening of the originally strong
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Figure 13. Structure of Nd(NiPry)[(u-NiPry)(u-Me)AlMe,][(u-
Me),AlMe,] (21).

Figure 14. Solid-state structure of Lu[(u-Me),AlMe,]; (DMeL,),
adapted from ref 129.

Ln—N/Ln—O bond. Intermediate formation of a four-
membered Ln—N—Al—Me ring!'%"?"12 (Ln—0O—Al—
Me ring)!'41317134 containing a bridging methyl group allows
for partial saturation of the mildly Lewis acidic rare-earth metal
center. Addition of a second AlMe; molecule results in the
complete [amido] — [methyl] ([OR] — [methyl]) exchange
under the formation of a tetramethylaluminate ligand and the
thermodynamically very stable [Me,AINR,], ([Me,AIOR],).!35~138
It is suggested that the rates of the individual steps are
controlled by the amido/OR group, the aluminum alkyl, their
concentrations, and the reaction conditions. Stepwise addition
of 4 equiv of AlMe; to Nd(NiPr,);(thf) allowed for the
isolation of Nd(NiPr,)[(u-NiPr,)(u-Me)AlMe,][(u-Me),-
AlMe,] (21) containing three different types of ligands
(Figure 13).'?* This mixed ligand compound is acting as a
model for the two-step tetramethylaluminate formation.
The [amido/OR] — [alkyl] transformation is a versatile
synthesis procedure, reported for several heteroleptic Ln/Al
heterobimetallic organorare-earth complexes. A high-yield
synthesis of rare-earth metal tetramethylaluminates, though,
underlies steric restrictions, and the choice of monoanionic
lanthanide amide/OR precursors is often limited to small
functionalities (NMe,, NEt,). Contrary to divalent Ln(IT)[N-
(SiMes),o(thf),, steric constraints hamper the adduct formation/
alkylation when using homoleptic Ln(III)[N(SiMe3),]s.12%13°
The solid-state structures of homoleptic Y,'?? La, Pr,'?
Nd,'”? Sm, and Lu'® tetramethylaluminates have been
determined, showing a rare-earth metal cation size-dependent
aluminate coordination. Ln(AlMe,); of the small- to middle-
sized Ln(IIl) ions (Lu—Sm) crystallize in the centrosym-
metric space group C2/c (Figure 14). The slightly larger
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Figure 15. Solid-state structure of La[(u-Me),AlMe,],[(u-
Me);AlMe] (DM¢;,), adapted from ref 129.

praseodymium and neodymium derivatives (monoclinic
space group P2,/c) crystallize with two independent mol-
ecules in the unit cell. All solid-state structures show a 6-fold
coordination of carbon atoms around the Ln(III) metal
centers, resulting in a pseudo-octahedral coordination ge-
ometry (Figure 14). Each [AlMe,] unit coordinates to the
central Ln metal through two bridging methyl groups,
forming planar or almost planar [Ln(u-Me),Al] metalla-
cycles. The bridging carbon atoms revealed a heavily
distorted trigonal-bipyramidal coordination geometry. Be-
cause of steric unsaturation of the rare-earth metal center,
two of the three H atoms in each bridging methyl group are
directed toward the Ln atom.

X-ray crystallographic structure analysis of La(AlMey);
revealed the presence of three different [AlMe,] coordination
modes (Figure 15). While one ligand coordinates in the
routinely observed #? fashion to form an almost planar [La(u-
Me),Al] heterobimetallic unit, the second [AlMe,4] ligand
shows a bent #? coordination with an additional La—(u-Me)
contact. The third tetramethylaluminate ligand coordinates
through three bridging methyl groups to the lanthanum metal
center, providing additional stereoelectronic saturation.'?

In the course of X-ray crystallographic investigations of
homoleptic and heteroleptic organorare-earth metal com-
plexes with tetramethylaluminate ligands, different types of
[AlMe4] coordination modes were observed (Chart 3). Among
these, terminal (b) and bridging #":57' coordinated ligands (f)
seem to be favored.!4!26:129.133.140-1493 However, in the presence
of sterically highly unsaturated rare-earth metal centers, bent
[Ln(u-Me),Al] moieties (c)!?31447148 a5 well as terminal 7°
(d)'®® and bridging (u-Me)AlMe(u-Me),-coordinated alumi-
nate ligands (g) appeared.'*'* A few examples of terminal
n'-coordinated [AlMey4] ligands (a) were reported for steri-
cally very constrained environments.'**>2 Noncoordinating
[AlMe,] units (e) were found for solvent separated lanthani-
de(II) ion pairs.!!>!8

Homoleptic tris(tetramethylaluminates) are soluble in
aliphatic and aromatic solvents. Because of immediate donor-
induced aluminate cleavage, ethereal solvents have to be
avoided. Ln(AlMe,); are thermally stable, and derivatives
of the small- to middle-sized rare-earth metals can be
sublimed (Ln =Y, 80 °C at 1073 mbar; Ln = Lu, 90 °C at
1073 mbar).
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Chart 3. Structurally Characterized Coordination Modes of
the [AlIMe,4] Ligand in Organorare-Earth Metal Chemistry
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Despite their solid-state structures, the 'H NMR spectra
of Ln(AlMe,); show only one signal for the [AIMe,] moieties
at ambient temperature.'?? This is indicative of a very fast
exchange of bridging and terminal methyl groups (Figure
16). However, different types of methyl groups could be
resolved at lower temperature for complexes of the smaller
Ln(IIT) metals. Consistent with increased steric unsaturation
and therefore more rapid alkyl exchange, decoalescence
temperatures decreased with increasing size of the rare-earth
metal center (Lu = 278 K, Y = 229 K, and Sm = 216 K).
The methyl group exchange mechanism was studied by
dynamic NMR spectroscopy and line-shape analysis, reveal-
ing activation parameters indicative of an associative methyl
group exchange for Ln(AlMe,); (Ln = Sm, Y, Lu).

3.4. Ln(lll)(AlMe,); as Synthesis Precursors

An important reactivity concept of heterobimetallic Ln/
Al alkyl complexes, the donor(Do)-induced aluminate cleav-
age was reported by Lappert and co-workers in 1979
(Scheme 11).'13

Originally applied for lanthanidocene complexes
(CsHs),Ln(AlMe,), the donor(pyridine)-cleavage gave access
to dimeric (u-Me),-bridged complexes [(CsHs),Ln(u-
Me)],.!"5 Lappert’s concept of donor-induced aluminate
cleavage recently allowed for the generation of solvent-free
[LnMes], (B) from homoleptic Ln(AlMe,); (Ln = Y, Lu)
(section 2.1).7"192 The previously mentioned formation of
ion pairs [LnMes(thf),][BPh;] (Bt and ion triples
[LnMe(thf)s][BArR,], (B** ) (section 2) can also be assigned
to a donor(thf)-induced cleavage of Ln(AlMe,); followed by
protonolysis reaction with [NR;H][BArR,].%%100.105

The reversibility of the tetraalkylaluminate cleavage reac-
tion is another important detail of the early work by Lappert
and co-workers.'"” It was later exploited for the synthesis of
mixed-alkylated complexes, e.g., mixed methyl/ethyl alu-
minate complexes.'?*

Further, the above-mentioned donor-induced cleavage
reactions imply another important concept of the [AlMey]
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Figure 16. Proposed associative methyl exchange in homoleptic
Ln(AlMe,); complexes.

Scheme 11. Donor(Do)-Induced Aluminate Cleavage and the
Reversibility Phenomenon in Aluminate Chemistry
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Scheme 12. Ln(AlMey); as Synthesis Precursors
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moiety. Thus, tetramethylaluminates can also be described
as adducts LnMes(AlMe;); (“alkyls in disguise”). In ac-
cordance with this bonding feature, several alkane elimination
reactions have been reported, leading to heteroleptic Ln/Al
tetramethylaluminate rare-earth metal complexes (Scheme
12a).

Reaction with substituted cyclopentadienes H(Cp®) gave
access to a variety of mono(cyclopentadienyl) bis(aluminate)
complexes (Chart 4).'*~ 146 Metallocene formation, even for
the large rare-earth metal centers, could successfully be
suppressed by adjusting the reaction time and temperature.
The reaction of Ln(AlMe,); with potassium salts K(PC,;Me,)
and K[PC,;Me,(SiMe;),] was found to produce mono-
(PC4Me;R5) bis(tetramethylaluminate) complexes 26 under
concomitant formation of KAIMe, (Scheme 12b).'%” This
reaction adds another bonding concept describing the Ln(III)-
AlMe, bonding as predominantly ionic, readily engaging in
salt-metathesis reactions. All half-sandwich complexes de-
picted in Chart 4 form active catalysts for the polymerization
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Chart 4. Ln(AlMe,); Derivatives Containing Cp® Ligands
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Chart 5. Ln(AlMe,); Derivatives Containing Monoanionic
[O] and [OCO]_ Ligands
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of isoprene upon activation with B(C¢Fs)3, [Ph;C][B(CgFs)4],
or [PhNMe,H][B(C¢Fs),]. The catalyst activities and stereo-
selectivities are governed by the size of the rare-earth metal
center, the substituents at the cyclopentadienyl ancillary
ligand, and the borane/borate activator employed. Excellent
trans-1,4-stereoselectivity was found for the catalyst mixture
(CsMes)La(AlMe4)2/B(C6F5)3 (995% trans—1,4 PIP, MW/M“
= 1.19).

Homoleptic Ln(AlMe,); readily undergoes protonolysis reac-
tions with Brgnsted acidic proligands, e.g., alcohols, silanols,
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Chart 6. Ln(AlMe,); Derivatives Containing Monoanionic
[NNN]~ Ligands
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Chart 7. Ln(AlMe,); Derivatives Containing Dianionic
[NONJ* and [NNNJ*~ Ligands
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carboxylic acids, and amines, to generate heteroleptic Ln/Al
bimetallic complexes (Charts 5—7).126.128.129.133.140.150-152 pay._
ticularly, mixed alkoxide/aluminate and carboxylate/alumi-
nate complexes were extensively used as model systems to
study structure—reactivity relationships in commonly used
Ziegler-type catalysts. Upon “cationization” with R,AlCI
reagents (R = Me, Et), such compounds provide highly
active catalysts for the cis-1,4 stereospecific polymerization
of 1’3_dienes.114,128,129,1317134

The reactivity of Ln(AlMey); toward several monoanionic
(Chart 6)'%°"152 and dianionic chelating nitrogen donor
ligands (Chart 7)!2%!40 has been investigated. Reaction
according to Scheme 12 was observed in all cases, leading
to rare-earth metal complexes that contain [AlMe,] moieties
or cleavage (31) and C—H bond activation products (32 and
37) thereof.

The overall yields of rare-earth metal containing products,
however, were significantly dependent on the rare-earth metal
size. Competitive formation of aluminum complexes ap-
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Scheme 13. Proposed Mechanistic Scenario of Kinetically and Thermodynamically Controlled Ligand Attack Occurring in
Reactions between the Imino—Amido—Pyridine Ligand Precursor and Ln(AlMe,); (D) (H[NNN] = Imino—Amido—Pyridine;
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Scheme 14. Mechanistic Scenario for the Formation of [Me,L.nCl], from Ln(AlMey4); and Et,AlC1
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peared to be inherent to the interaction of nitrogen donor
ancillary ligands and Ln(AlMe,);. The product distributions
seem to be the result of kinetically controlled reaction
sequences (Scheme 13). The key feature appears to be the
kinetically controlled initial attack of the ancillary ligand’s
amine functionality at a bridging or terminal methyl group
of one tetramethylaluminate moiety. In the presence of easily
accessible bridging methyl groups, particularly for the larger
rare-earth metal centers (La—Nd), methane elimination
reaction between a bridging methyl group and the amine
functionality (Scheme 13, I;) results in the formation of
thermodynamically stable Ln—N(ancillary ligand) bonds
(Scheme 13, 33). Because of enhanced steric crowding, the
thermodynamically less favored attack at a terminal methyl
group appears to be pronounced for Ln(AlMe,); of the small
rare-earth metal centers (Lu—Y) (Scheme 13, I,). Consequent
bond formation to the adjacent aluminum atom proceeds

under loss of methane and leads to preferential formation of
the respective aluminum complexes (Scheme 13, I; — 38
— 39). A significantly increased yield of aluminum side-
products with decreasing metal cation size (La<Nd <Y <
Lu) is inherent to all investigated systems, substantiating the
proposed mechanistic scenario,!26:140:150.151

Homoleptic Ln(AlMey); reacts with R,AICI (R = Me, Et)
under formation of polymeric/ionic mixed-methyl/chloride
rare-earth metal compounds [Me,LnCl],/[MeLnCl,], (40).'2%153
Such compounds are discussed as possible polymerization-
initiating species in the industrial cis-1,4 stereospecific
polymerization of dienes. Mixtures containing Nd(AlMey);
and Et,AlCI initiate the stereospecific polymerization of
isoprene with very high activities. The resulting polyisoprene
shows very high cis-1,4 content (99%) and narrow molecular
weight distributions (M,/M,, = 2.11).!>* On the basis of NMR
spectroscopic investigations and catalytic studies, a mecha-
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Scheme 15. Proposed Surface Species of Hybrid Materials
after Immobilization of Nd(AlMe,); and Et;AICI on
Dehydrated MCM-48
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nistic scenario for the formation of [Me,LnCl], from
Ln(AlMe,); and Et,AICI has been proposed (Scheme 14).!5

In a preliminary study, cubic mesoporous silica MCM-48
featuring a three-dimensional mesopore arrangement was
applied to heterogenize binary [Nd(AlMe,)s;/Et AICI] pre-
catalyst systems (Scheme 15).!?® The organometallic—inorganic
hybrid material 41 was characterized by means of FTIR
spectroscopy, elemental analysis, and nitrogen physisorption.
The neodymium-grafted materials performed as efficient
single-component catalysts in the slurry polymerization of
isoprene. Polymer analysis revealed high-cis-1,4-stereospeci-
ficities (>99% cis) and narrow molecular weight distributions
(MM, = 1.33—1.88).

4. Tetramethylgallate Complexes Ln(GaMe,);

In 1994, Evans et al. reported the synthesis and molecular
structure of neodymium(I1Il) tris(tetramethylgallate) (Eng) as

Scheme 16. Synthesis of Ln(GaMey); (E)
hexane, rt, 84 h

| Ln(NMez)s(LiCl); + 6 GaMes Ln(GaMe,
1.5 [Me;GaNM
-3 LEJ o Ln=La, Nd
hexane, -35 °C, 30 min
Il [YMGQ" + 3 GaMe, Y(GaMey)s

Chart 8. Isolated Reaction Intermediates Occurring during
the Formation of Ln(GaMey);
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the first structurally characterized molecular lanthanide—gal-
lium heterobimetallic complex.'?' The reaction of 6 equiv
or an excess of GaMe; with a suspension of Nd(NMe,);-
(LiCl); in hexane afforded the solvent-free heterobimetal-
lic alkyl compound Nd(GaMe,); in high yield (Scheme
16, I).

The formation of tetramethylgallate ligands is likely to
occur through intermediate coordination of Lewis acidic
GaMe; to the basic amido-nitrogen atoms of Ln(NMe,);-
(LiCl);. An additional equivalent of GaMe; triggers the
complete [amido] — [methyl] exchange, leading to [GaMey]
ligands (see section 3.3). Successful isolation and charac-
terization of the GaMe; adduct Nd(NMe,);(GaMes); (42)
(Chart8) and partially exchanged complex La(GaMe,)[(NMe,)-
(GaMes)], (43) (Chart 8) support the proposed stepwise
mechanism.'?!

Ligand transformation is further driven by the formation
of very stable [Me,GaNMe,],, which can be separated from
Ln(GaMe,); by fractional crystallization. With the discovery
of [LnMes], (B), an alternative and economic synthesis route
toward homoleptic Ln(GaMey); evolved.”""'% Polymeric
compound [YMes], could be redissolved by GaMes, yielding
very pure Y(GaMe,); in almost quantitative yield (Scheme
16, IT). The stoichiometric use of expensive trimethylgallium
and the avoidance of undesired gallium-containing byprod-
ucts are clearly favorable attributes. However, the applicabil-
ity of this synthesis approach is so far limited to yttrium as
a rare-earth metal center.

Tris(tetramethylgallate) complexes of the rare-earth metals
are soluble in hydrocarbons and aromatic solvents. Donor
solvents lead to immediate donor cleavage of the [GaMey]
ligand (see section 3.4). Single crystals of the neodymium
and yttrium derivatives have been obtained from hexane
solutions and revealed octahedrally coordinated rare-earth
metal cations and a tetrahedral geometry about the gallium
metal centers (Figure 17).!2! All three Ln—C—Ga—C rings
are almost planar, and two of the hydrogen atoms at the five-
coordinate bridging carbon atoms are tilted toward the rare-
earth metal center. Compared with structurally related
Ln(AlMey)s, the LnGa distances are considerably shorter than
the respective LnAl distances, which is further reflected in
less acute C—Ln—C angles.

Figure 17. Solid-state structure of Y(GaMe,); (Ey), adapted from
ref 103.
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Scheme 17. Synthesis of Dimethylaminopropyl Complexes
(¥)

| Lncis + 3 LiCH,)NMe, T8 e LiLn[(CH,):NMe,1Cllthf)]
Ln =La (x=2), Pr {x = 0.5),
Er{x=10)
| yock + 4 LicHy)NMe, % LI{YBI(CHz)sNMezl}
thi, t, 6 h i
|1 ceCla+ 6 Li(CHz)NMe, g Lis{Ce[(CHz)sNMez]g}

5. Dimethylaminopropyl Complexes
Lis{Ce[(CH,);sNMe;]s} and Li{Yb[(CH,);NMe,],}

The large size of the rare-earth metal cation and its
preference for high coordination numbers challenges the
development of potential hydrocarbyl ligands. One concept
to achieve steric and electronic saturation of the rare-earth
metal center is the use of ligands containing “built-in”
chelating donor functionalities. Intramolecular ring formation
via dative bonds stabilizes mononuclear complexes by the
chelate and entropy effect. Ligand-bonded donor groups can
further compete with donor-solvent molecules for coordination
sites, enhancing the thermal stability of the resulting compounds.
The 3-(N,N-dimethylamino)propyl moiety appeared as well
suited for the formation of a multiplicity of main group'** 157
and transition metal chelates.!>¥~!% The envisaged synthesis of
neutral homoleptic dimethylaminopropyl complexes of the rare-
earth metals by reaction of anhydrous LnCl; (Ln = La, Pr, Er)
with Li(CH;);NMe, did not yield the desired products but
resulted in the formation of LiCl containing compounds
Li3{Ln[(CH,);NMe,]sCl; }(thf), (F) (Scheme 17, I).'°" Salt
contamination was found irrespective of the amount of
lithium alkyl used, and attempted separation of lithium
chloride by extraction and recrystallization was unsuccessful.
Analogous reactions of NdCl; and DyCl; with Li(CH,);NMe,
revealed the decomposition of the organic ligands already
at ambient temperature. When treating YbCl; with 4 equiv
of Li(CH,);NMe,, red crystals of the homoleptic dimethyl-
aminopropyl complex Li{ Yb[(CH,);NMe,]s} (Fyy,) could be
isolated in moderate yield (Scheme 17, II).!52 Applying a
similar synthesis procedure to cerium(Ill) chloride in the
presence of 6 equiv of the lithium alkyl gave anionic
Li3{CC[(CH2)3NMCz]6} (FCe) (Scheme 17, HI)

Anionic rare-earth metal dimethylaminopropyl complexes
are soluble in aliphatic and ethereal solvents. The described
compounds are thermally stable and decompose at temper-

Figure 18. Solid-state structure of Li{ Yb[(CH,);NMe,ls} (Fyp),
adapted from ref 162.
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atures above 110 °C under formation of dimethylamine,
propene, and small amounts of higher hydrocarbons. Despite
the presence of -hydrogen atoms, S-hydride elimination as
a decomposition pathway has not been observed.!®!:162

The solid-state structure of Li{Yb[(CH,);NMe,l|4} (Fyp)
revealed a distorted octahedral geometry at the ytterbium
metal center (Figure 18).'2 Two [(CH,);NMe,] ligands
coordinate in a chelating fashion to the ytterbium metal
center, while the dimethylamine functionalities of the other
two alkyl ligands form a dative bond toward the lithium
cation. On the basis of the atomic distances C21—Li and
C31—Li, multicentered bonding has been proposed, which
results in a distorted tetrahedral coordination of lithium.

Derivatization of dimethylaminopropyl rare-earth metal
complexes by means of alkane elimination has not been
reported so far.

6. tert-Butylate Complexes [Li(solv),J[LntBu,]

The first synthesis of homoleptic zert-butylate complexes
of the rare-earth metals was reported in 1978 by Evans.'®
Following the synthesis approach in Scheme 18, I, thf adducts
[Li(thf),][LnfBuy] (Ln = Sm, Er, Yb) have been isolated and
characterized by means of elemental analysis, IR spectros-
copy, magnetic susceptibility, and 'H NMR spectroscopy
(Sm).

Several years later, Schumann et al. synthesized the diethyl
ether analogues [Li(Et,0)4][LnsBuy] of lutetium, erbium, and
terbium (Scheme 18, I).” Ate complex formation was
reported regardless of the stoichiometric ratio of the starting
materials. Exchanging the ether donors by tmeda allowed
for the isolation of compounds [Li(tmeda),][LnBuy] (Scheme
18, TI1).”” An alternative synthesis protocol starting from
Ln(OrBu); and 4 equiv of LirBu in the presence of tmeda
yielded products of the same composition (Scheme 18, V).%
Aiming at the synthesis of tetravalent tert-butylate rare-earth
metal complexes, the preparation of dme analogues
[Li(dme);][LnBuy] (Ln = Tb, Er) was reported (Scheme 18,
VI).164

Compounds [Li(solv),][Ln#Buy] are insoluble in hydro-
carbon solvents and form oils in aromatic solvents. They
are completely soluble in ethereal solvents (Et,O, thf).

Scheme 18. Synthesis of [Li(solv),][Ln/Buy] (G)

pentane, thf
LnCly  + 4LiBu % [Lithf)JILn(Bu,)
= Ln=Yb (x=3), Er (x=4),
Sm(x=4)
pentane, ether
-30°C,2h
I nCly  + 4LiBu — o [Li(E0)][LnBus]
Ln=Tb, Er, Lu
pentane, tmeda
Il LaCl, + 4LitBu '3°3‘Ej:|" [Li(tmeda),][Ln{Bug]
S Ln="Tb, Er, Lu
hexane, thi
VoOYCl; o+ 4LliBy —2oBC2R L (Lithf)[YtBua]
-3 LiCl
pentane, tmeda
V Lu(OfBu); + 4 LitBu n2h [Litmeda);][LutBug]
-3 LiOBu
pentane, dme
-T8*C—r,55h
VI LnCls + 4LiBu o I:CI [Lifdme)s][LntBuy]
Ln = Th, Er



http://pubs.acs.org/action/showImage?doi=10.1021/cr1001194&iName=master.img-043.jpg&w=190&h=147
http://pubs.acs.org/action/showImage?doi=10.1021/cr1001194&iName=master.img-044.jpg&w=206&h=221
http://pubs.acs.org/action/showImage?doi=10.1021/cr1001194&iName=master.img-045.jpg&w=216&h=98

6212 Chemical Reviews, 2010, Vol. 110, No. 10

Figure 19. Solid-state structure of [Li(tmeda),][LurBu,] (GLu—tmeda)s
adapted from ref 165.

Scheme 19. Reactivity of [Li(thf),][Lnf/Buy] (Gus) toward
Alkynes

[LithfyJlLntBuy] + 4 HC=CR PR 1R240 5 qIC=CR](thf)

-4 CHy
Ln=Y, Ly, Er, Sm
R=1Buy, Ph

The solid-state structures of [Li(tmeda),][LurBuy]
(GLu—tmeda) and [Li(dme);][ErfBuy] (Gg—ame) revealed solvent-
separated ion pairs (Figure 19).!%4165 The rare-earth metal
center of the anionic [LnfBu,] unit is ligated by the four ferz-
butyl groups in an approximately tetrahedral arrangement.
The Ln—C distances and the C—Ln—C angles (107.3—111.2°)
are in the expected range.

Despite the presence of S-hydrogen atoms, compounds
[Li(solv),][LnfBuy] provide relatively high stability. [Li-
(thf),][LnsBuy] (Ln = Yb, Sm) were reported to be stable
for several days at ambient temperature.'® Thermal decom-
position of the respective samarium compound was moni-
tored by NMR spectroscopy, and it was suggested that
dissociation of LirBu occurs as one of the initial decomposi-
tion steps. The absence of equivalent quantities of 2-meth-
ylpropene and 2-methylpropane after decomposition led to
the conclusion that S-hydride elimination is not the most
facile degradation pathway. ' This phenomenon is in contrast
to transition metal organometallic chemistry, where 3-hydride
elimination usually prevents the formation of stable /Bu
species.

[Li(thf),][LnsBuy] react with alkynes according to an
acid—base reaction under formation of tetra(alkynide) anions
[Ln(C=CR)4]" (Scheme 19). The rBu ligands are hereby
completely displaced under concomitant formation of
2-methylpropane. 67168

Already under mild conditions, [Li(tmeda),][LnsBu,] reacts
with o.,f-unsaturated aldehydes and ketones under formation
of 1,2-addition products.'®> All four Bu groups can be
transferred, but rare-earth metal containing reaction inter-
mediates could not be isolated. Attempts to oxidize fert-
butylate complexes [Li(dme);][LnsBuy] to neutral tetra(tert-
butyl) rare-earth metal(IV) compounds by common oxidizing
agents (dry O,, Ag-salts, 1,1'-dimethylferrocenium tet-
rakis[3,5-bis(trifluoromethyl)phenyl]borate) did not yield
isolable compounds. '

7. Neopentyl Complexes Ln(CH,tBu)s(thf),

Lappert and Pearce reported the first group 3 neopentyl
complexes Ln(CH,/Bu);(thf), (H) together with their silyl
analogues Ln(CH,SiMe;)s(thf), (I) in 1973.7% A trigonal-
bipyramidal arrangement of the ligands around the metal
center was anticipated by the 'H NMR spectra of
Sc(CH,Bu)s(thf), and Y(CH,tBu);(thf),, but final structural
proof was not supplied until 30 years later when Niemeyer
successfully crystallized the respective ytterbium compound
Yb(CH,tBu)s(thf),.!%°

Zimmermann and Anwander

Scheme 20. Synthesis of Ln(CH,/Bu);(thf), (H) by Salt
Metathesis

thf, pentane, ether

0°C
LnClz  + 3 LICH By —— = Ln(CH,Buly(thf)

pentane, ether

LnCls(thflx + 3 LiCH,Bu #» Ln(CH,fBu)s(thf),

Ln =S¢, Y

Scheme 21. Synthesis of Yb(CH,/Bu);(thf), (Hy;,)
3 IYbCH,(Bu

3Yb + 3 ICH,tBu

thf
3 IYbCH,tBu + 3 ICH,tBu ———— 3 1,YbCH,tBu + 3 CH,tBu

3 1,YbCH,tBu YB(CH,tBu)s(thf), + 2 Yblg

thf

o, 3 Ybl,

2Ybl; +  Yb

thf
4Yb + 6ICH,Bu — Yb(CHytBu)a(thf); + 3 Ybly + 3 CHytBu

Whereas Lappert and Pearce followed the widely used
synthesis procedure starting from lanthanide tris(halides) and
lithium alkyl reagents (Scheme 20), Yb(CH,rBu);(thf), was
synthesized directly from Yb metal and organohalides
(Scheme 21).'%°

Such a direct approach is more common for the synthesis
of divalent organolanthanide complexes, and reaction mix-
tures often provide complex mixtures of Ln(Il) and Ln(II)
organyls. Purple crystals of Yb(CH,tBu);(thf), were obtained
from reaction mixtures containing Yb chips and 2,2-
dimethylpropyliodide (neopentyliodide).

"H NMR spectroscopy and magnetic-susceptibility mea-
surements confirmed the presence of a paramagnetic Yb(III)
metal center. The expected trigonal-bipyramidal structure
could finally be proven by X-ray structure determination
(Figure 20).'%

Structural details are in very good agreement with those
found in the respective Yb(CH,SiMe;);(thf), structure. The
O—Yb—O angle (178.8°) between the axial thf donor
molecules is very close to the ideal value, but the highest
possible Cs, symmetry is not accomplished. Two [CH,/Bu]
ligands are facing each other. Steric repulsion is reflected in
the nonuniform C—Yb—C angles (110.3°—133.5°) and
Yb—C bond lengths (2.36—2.39 10\).

Figure 20. Solid-state structure of Yb(CH,rBu);(thf), (Hyy),
adapted from ref 169.
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Scheme 22. Decomposition of [(CsMes),L.n(CH,tBu)], (44)
via f}-Methyl Elimination

Very little is known about rare-earth metal neopentyl
complexes. Considering the wide application of the respective
tris(trimethylsilyl)methyl complexes, this is especially sur-
prising. Further derivatizations of lanthanide alkyls Ln-
(CH,Bu);(thf), by means of alkane elimination have not been
reported so far. The low thermal stability of [CH,/Bu]
containing compounds could be a reasonable explanation for
the low number of reported representatives. Metallocenes
(CsMes),L.n(CH,7Bu) (44) (Ln = Sc, Lu) could be obtained by
salt-metathesis reaction of [(CsMes),L.nCl], and LiCH,/Bu.!7%!7!
Such compounds decompose at ambient temperature, and
their solutions are sensitive to ambient light. The stability
of 44 the hereby decreases with increasing size of the
lanthanide cation, and decomposition occurs under formation
of the p-methyl elimination products [(CsMes),LnMe],
(Scheme 22)'7°17! No a-agostic interaction of the neopentyl
ligand and the lanthanide metal center—providing further
stabilization—was observed in the solid-state structure of mono-
meric (CsMes),Sc(CH,rBu). These findings substantiate the
low thermal stability of the homoleptic compounds and
demonstrate possible decomposition pathways, regardless of
the absence of a -hydrogen atom.

8. (Trimethylsilyllmethyl Complexes

In 1969, trimethylsilyl-substituted methyls were recognized
as valuable ligands for main group and transition metal
organometallic chemistry.'”> Useful properties like thermal
stability, solubility, and chemical reactivity are conferred on
their metal complexes. Steric bulk, the stabilizing effect of
the silyl group, and the absence of -hydrogen or S-alkyl
substituents characterize this important class of alkyl
ligands.®

8.1. Synthesis, Structure, and Properties of
Ln(ll)(CH,SiMe;)s(solv), and
[cation(solv),][Ln(CH,SiMej3)]

The application of homoleptic (trimethylsilyl)methyl rare-
earth metal complexes Ln(CH,SiMes)s(thf), (Ju) underwent
an exceptional development during the past decade. Today,
Ln(CH,SiMe;);(thf), are among the most widely used starting
materials in organorare-earth metal chemistry. Although first
synthesized as early as 1973 by Lappert and Pearce,” detailed
investigations into structure and reactivity of these lanthanide
hydrocarbyls were presented only recently.

The initial synthesis of group 3 (trimethylsilyl)methyl
complexes Sc(CH,SiMes);(thf), and Y(CH,SiMes)s(thf),”
was extended to the lanthanide metals some years later. Main
contributions were made by the groups of Lappert and
Schumann describing the respective lutetium,'”? ytterbium,'7*
thulium, erbium,'”*!'”> and terbium'”* compounds. The rep-
resentative of the medium-sized lanthanide metal center
samarium'” was described and characterized in 2002,
marking the upper cation size limit for isolable compounds
Ln(CH,SiMes)s(thf), (Juny)-
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Scheme 23. Synthesis of Ln(CH,SiMes);(solv), (J)
thf, pentane, Et;O

LnCl;  + 3 LICH,SiMes .Oanﬁg

Ln(CH2SiMes)a(thf),

thf, pentane, Et,O
LnCly(thflx + 3 LiCH,SiMe; # Ln(CH,SiMea)s(thf),
hexane

I LnCly(th), + 3 LiCH,SiMe; —T2=0.C.30

Ln(CH;SiMeg)s(thf),
hexane

Il LnCls(thf)y + 3 LICH,SiMe; —n3h

3 Licl LI'I(CHQSIMBg)g(‘hf}x

thf

IV 2Yb + 3ICH,SiMes Lin

Yb(CHZSiMes)s(thf), + Ybla(thf)y

pentane
' Ln(CH3SiMeg)s(thf); + do U4u-ﬁh Ln(CH;SiMes)a(thf)(do
Ln = Lu; do = dme, diglyme
Ln = Er, Lu; do = ImMe,iPry
Et;O/pentane

VI Ln(CH,SiMes)s(thf)(ImMeiPry) + ImMegiPr, — ot

Ln(CHzSiMes)s(ImMeaiPrs
Ln=Er Lu

Table 3. Ln(CH,SiMej3);(thf), (Jume): Synthesis, thf Coordination,
Yield, And Characterization

Ln synthesis thfea(x) yield characterization ref

Sc 1 2 H, 13C, IR, elemental 72
analysis (EA), mp
I 2
11 2 71% 179
Y I 2 'H, °C, ¥Si, IR, EA, 72
mp, X-ray (x = 3)
I 2 82% 176, 180
11 3 69% 179
Lu I 2 'H, °C, IR, EA, X-ray 177, 181
11 2 63% 177
111 2 65% 179
Yb I 2 'H, IR, EA, mp, X-ray 174, 181
II 2
v 2 48% 178
Tm I 2 IR, EA 181, 182
I 2
Er I 2 29% IR, EA, mp, X-ray 174, 175
Tb I 2 IR, mp, EA 174
I 2
Sm I 3 50% 'H, BC, IR, EA, mp, 173

X-ray

Several synthesis procedures for Ln(CH,SiMe;);(thf), have
been described, the majority following a salt-metathesis
reaction of the anhydrous rare-earth metal halides LnCl; or
the thf adducts LnCl;(thf), and 3 equiv of LiCH,SiMe;
(Scheme 23, I—1III). The original syntheses reported by the
groups of Lappert and Schumann follows eq I in Scheme
23 using hexane (pentane)/diethylether mixtures combined
with (stoichiometric) amounts of thf.”>!”® Reactions were
performed at ca. 0 °C and ambient temperature, respectively.
With the introduction of compounds Ln(CH,SiMe;);(thf),
as rare-earth metal alkyl precursors, slightly modified
synthesis protocols II and III have been applied using hexane
suspensions of LnCls(thf), and LiCH,SiMes.'"®!"

Synthesis route I'V starting from Yb chips and ICH,SiMe;
is limited to this redox-active Yb metal center.'” In situ
preparation of the rare-earth metal alkyls has also proved
suitable when further reacting Ln(CH,SiMej3);(thf), in alkane
elimination reactions with protic reagents. Table 3 sum-
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Figure 21. Solid-state structure of Lu(CH,SiMes);(thf), (JLu—m)s
adapted from ref 173.

Figure 22. Solid-state structure of Sm(CH,SiMes)s(thf); (Jsm—n)s
adapted from ref 173.

marizes the reported synthesis approaches, the number of
coordinating thf molecules, yields, and characterization of
compounds Jis.

Because of inefficient steric shielding of the rare-earth
metal center by the [CH,SiMe;] ligands, complexes J require
stabilizing donor molecules, usually thf. The number of thf
molecules coordinated increases with increasing size of the
rare-earth metal cation (Table 3).

Solvation affects the solid-state structures of Ln-
(CH,SiMe;);(thf), (Figures 21 and 22). The representatives of
the smaller rare-earth metals Ln(CH,SiMe3)s(thf), (Ln = Lu,'”
Yb,'”® and Er'?) feature a five-coordinate metal center with
the three [CH,SiMes] ligands occupying the equatorial
positions and the thf oxygen atoms occupying the axial
positions of a trigonal bipyramid (Figure 21). A propeller-
like arrangement of the alkyl ligands around the metal center
(G5, symmetry) is not realized. Rather, two of the silyl groups
are facing each other, causing nonuniform angles C—Ln—C
(max. 110°—134°) and Ln—C distances. X-ray structure
analyses of Y(CH,SiMe;);(thf);!%° and Sm(CH,SiMe;)s-
(thf);'7 revealed a distorted fac-octahedral coordination of
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Scheme 24. Thermal Decomposition Pathways of
Lu(CH,SiMej3)3(thf), (According to Ref 183)

-.niCHZ:. J
ME3SiCH2 )SiMe
CHE
+ SiMe, + 2 th

- H elimination ‘

/) 3

0] (@)
~CHzSiMes f - H elimination «CH2SiMe;

(L) + MesSiCHs
CHsSiMe;

+ SiMey + thf v

o - H elimination l

Me3810H2—®:CHSiMeg|

CH 2SiM93

+ SiMey + 2 thf

alkyl ligands and the three donor thf molecules (Figure 22).
The angles O—Ln—0O (74°—81°) are considerably smaller
than angles C—Ln—C (101°—108°). Such octahedral coor-
dination can also be enforced by thf — diglyme ligand
exchange as reported for Lu(CH,SiMes);(thf)(diglyme)
(Scheme 23, V).!®3 Replacement of one thf molecule by 1,3-
diisopropyl-4,5-dimethylimidazol-2-ylidene (ImMe,iPr,) ac-
cording to Scheme 23, VI, yielded Ln(CH,SiMes);(thf)-
(ImMe,iPr,) (Ln = Er, Lu).'®* In the solid state, the carbene
adducts display a distorted trigonal-bipyramidal coordination
sphere around the metal center. Contrary to the respective
thf adducts, the thf oxygen and the third alkyl ligand occupy
the axial positions of Jugm While steric requirements force
two alkyl ligands and one ImMe,iPr, ligand into the
equatorial positions of the trigonal bipyramid. Displacement
of thf in Ln(CH,SiMe;);(thf)(ImMe,iPr,) by a second
ImMe,iPr, donor molecule (Scheme 23, VI) results in five-
coordinate complexes that resemble a strongly distorted
square pyramid.'3* The edges of the basal plane are occupied
by two alkyl and two ImMe,iPr, ligands, and the apical
position is occupied by the third alkyl ligand.

A major drawback of homoleptic alkyls J is their thermal
instability. At ambient temperature, solid and dissolved
samples of Ln(CH,SiMes);(thf), decompose within hours,
leading to oily insoluble products and the formation of
SiMe,.'” Especially the derivatives of the larger lanthanides
are prone to ligand degradation reactions, limiting the
availability of these useful precursors to the small- and
middle-sized rare-earth metals (Sc—Sm). Nevertheless, the
synthesis of Nd(CH,SiMes); was published in 1980. The
authors claimed a dimeric structure of the insufficiently
characterized product.'®® The synthesis and isolation of the
neodymium compound, however, has not been reproduced
so far. In some cases, in situ alkylation of LnBr;(thf), with
LiCH,SiMe; followed by the addition of a protic ligand
precursor yielded the desired alkylated compound in moder-
ate yields, even for the large rare-earth metal centers.'3¢~ 1%
Monitoring the reaction of LaBr;(thf), with 3, 4, and 5 equiv
of LiCH,SiMej in thf-dg by 'H NMR spectroscopy revealed
a highly dynamic system with rapid interconversion of
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Scheme 25. Formation of Ate Complexes
[Li(solv),][Ln(CH,SiMe3)4] (K)

| Y(CH,SiMea)s(thf)y + LICHzSiMes —w [Li(thf)4J[Y(CH,;SiMes).]
I| Ln(CH,SiMes)s(thf)p + LiCHzSiMe; —meo2,.  [Li(tmeda),]
-2thf  [Ln(CH3SiMeg)4]
Ln=Y, Er, Yb
pentane/Et;0
; : . 30 min [LI{Et20)4]
i | —_— 2 )y
LuCly + 4 LICH,SiMeq -aLcl [Lu(CHoSiMes)]

+2tmeda | -4 Et;O

[Li{tmeda),][Lu(CH,SiMe3)q]

thf

IV LnCly + 4 LiCH,SiMes %- [Li(thf)4][Ln(CH,SiMe3)4]
Ln=5c Y Lu

different alkyl species in solution, whereas the products
derived from a 1:4 stoichiometry are the thermodynamically
most stable species.'®

Three reasonable elimination pathways have been pro-
posed for the thermal decomposition of Ln(CH,SiMejs)s(thf),,
all involving the evolution of SiMe, (Scheme 24).'%* While
a-H elimination from a [Ln—CH,Si] moiety was first
assumed to be the preferred decomposition pathway,!”> more
detailed investigations on the thermal degradation of
Lu(CH,SiMe;);(thf), corroborate y-H elimination to be
predominant. The “face-to-face” arrangement of two of the
SiMes groups in trigonal-bipyramidal compounds Jy (Figure
21) seems to impede the a-H elimination of SiMe,, and
octahedrally coordinated Lu(CH,SiMes);(thf)(diglyme) proved
to be thermally robust.!® A S-H elimination mechanism
involving the donor (thf) ligands could be ruled out by studies
on LU(CstiMe3)3(thf-dg)2.

Carbene adducts Ln(CH,SiMes);(ImMe,iPr;), slowly
decompose at ambient temperature under formation of so
far unidentified decomposition products.'®* Tetramethyl-
silane, however, could not be detected, which excludes
degradation via an o- or y-elimination process yielding
carbene-stabilized organorare-earth alkylidene complex
(Me;SiCH,)Ln(=CHSiMe;)(ImMe,iPr»),.

Besides thermal instability, ate complex formation is a
complicating side-effect in the synthesis of J. Already the
earliest publications reported on the occurrence of anionic
complexes [Li(solv),][Ln(CH,SiMe;),] (K) regardless of the
stoichiometry of LnCl; and LiCH,SiMes."”*!8! Direct syn-
thesis of the lithium salts K was achieved by reaction of
Ln(CH,SiMe3);(thf), with LiCH,SiMe; (Scheme 25, I and
II)!741% and LnCl; with 4 equiv of LiCH,SiMe; (Scheme
25, 1T and 1V),'841% regpectively. The ate complexes are
insoluble in nonpolar solvents but are readily soluble in
ethers. The diethylether adducts [Li(Et,0),][Ln(CH,SiMes)4]
are kinetically labile and follow an o-H elimination pathway,
leading to lanthanide alkylidenes Li[Ln(CH,SiMe;),-
(CHSiMe;)], but can be stabilized by donor exchange with
tmeda (Scheme 25, III).'8!

However, the use of such ate complexes as alkyl precursor
is limited. So far there is only one report on the successful
application of [Li(thf)4][Ln(CH,SiMes),] for the synthesis
of rare-earth metal bis(alkyl) complexes bearing a fluorenyl
functionalized N-heterocyclic carbene ligand (Chart 10,
45)'190

Alkylation of homoleptic rare-earth metal aryloxide com-
plexes proved to be an excellent synthesis approach toward
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SEME3

Figure 23. Structure of [Li(thf)],[Sm(OAr™H);(CH,SiMe3),]
(46).

Scheme 26. Formation of
{Y(CH,SiMe;)(OrBu)s_[Li(thf),]C1}{Y(CH,SiMe;)4} (47)
1. 2 LiCH,SiMe5
2.2 LiOtBu
YCls ———————  {Y(CH,SiMes),(OfBu)s[Li(thf],Cl}
thf, 18 . 1t {Y(CH,SiMes)a}

+ byproducts

neutral compounds Ln[CH(SiMes),]; (0).” Attempts to
synthesize neutral Sm(CH,SiMej3);(thf); following a similar
synthesis protocol starting from monomeric aryloxide
Sm(OArP*H)s(thf), and 3 equiv of LiCH,SiMes, however,
gave the mixed aryloxide—alkyl ate complex [Li(thf)],-
[Sm(OArP*H);(CH,SiMes),] (46) in moderate yield.'”! The
ionic compound can rather be described as the product of
an addition reaction of 2 equiv of LiCH,SiMe; than that of
a ligand-substitution reaction. The solid-state structure
displays a distorted square-based pyramidal samarium metal
ligated by one terminal and one bridging [CH,SiMe;] ligand.
The three [OAr™H] ligands are bridging between the
lanthanide metal and the lithium cations (Figure 23).

Interesting reactivity patterns were observed when com-
bining [CH,SiMe;] and alkoxide ligands. In an attempt to
make a mixed alkyl/alkoxide compound starting from YCl;
with 2 equiv of LiCH,SiMe; and 2 equiv of LiOfBu, the
product of a nearly complete segregation of alkyl and
alkoxide ligands into anionic and cationic compounds was
observed (Scheme 26).'%2

X-ray crystallography revealed the ion pair { Y(CH,SiMe;),-
(O1Bu)s—,[Li(thf),]JC1} { Y(CH,SiMe;)4} (47) to be the out-
come of this intricate reaction. While the cationic unit shows
a complex structure of a central five-coordinate yttrium atom
surrounded by [OrBu] ligands (the cation contains a disor-
dered ligand, which is a mixture of ~75% OrBu and 25%
CH,SiMe;), the anionic part contains an anionic homoleptic
yttrium tetrakis(trimethylsilyl)methyl complex. The geometry
about the yttrium central metal describes a tetrahedron with
C—Y—C angles ranging from 105.9° to 113.2° (Figure 24).

8.2. Ln(CH,SiMe;),(thf), as Synthesis Precursors

Despite the aforementioned drawbacks (cation size restric-
tions, thermal instability, and ate complex formation),
Ln(CH,SiMej);(thf), (Jums) are widely used rare-earth metal
alkyl synthesis precursors. Protonolysis of one, two, or all
three [CH,SiMes] ligands under loss of SiMe, allowed for
the synthesis of an impressive variety of heteroleptic rare-
earth metal (alkyl) compounds. Particularly, the access to
catalytically highly active alkyl compounds including cationic
variants led to extensive derivatization of Ln(CH,SiMe;)3-

(thf),.
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Si3
\\‘s
Figure 24. Solid-state structure of anionic { Y(CH,SiMe;),} in 47,
adapted from ref 192.

8.2.1. Cationic Complexes
[Ln(CH,SiMes)s—(donor),]™* [anion]"~

Okuda et al. found that toluene solutions of
Ln(CH,SiMes);(thf), (Ln = Y, Tm, Er, Ho, Dy, and Tb)
effectively catalyze the polymerization of ethylene upon
activation with Brgnsted acid [PhNMe,H][B(C¢Fs)4]
in the presence of AliBus.!® The obtained polymeriza-
tion activities were well correlated to the effective ionic
radius of the rare-earth metal. Monocationic complexes
[Ln(CH,SiMes)o(solv),][B(CeFs)4] (J7) and dicationic com-
pounds [Ln(CH,SiMes)(solv),][B(CsFs)s]> (J*7) were dis-
cussed as the catalytically active species, and a series of such
ionic rare-earth metal (trimethylsilyl)methyl compounds
was investigated.'”>”!%®  Neutral tris(alkyl) complexes
Ln(CH,SiMe;);(thf), react via alkyl abstraction with neutral
Lewis acids, in particular group 13 organometallics such as
BPh;, B(CgFs);, and M(CH,SiMe;); M = Al, Ga, In), to
form monocationic complexes of the type [Ln(CH,SiMes),-
(donor),]T[anion]~ (Scheme 27, I—-V, VIII, and 1X).!05193-197
The compounds display solvent-separated ion pairs while the
number of coordinated donor molecules is governed by the
size of the rare-earth metal cation and the type of donor
ligands (thf, 12-crown-4, 15-crown-5, 18-crown-6). The
reaction of the tris(alkyls) with B(C¢Fs); in thf-dg requires
forcing conditions (several hours at 40—50 °C; Scheme 27,
V), and the resulting monocations can only be characterized
in situ. Ion pairs [Y(CH,SiMes),(thf),][M(CH,SiMes),]
(Scheme 27, VIII and IX) are stable as thf solutions but
recombine in the presence of aromatic hydrocarbons to form
the respective neutral precursor compounds.'®” Cationic
(trimethylsilyl)methyl complexes can further be obtained by
protonolysis reaction of Ln(CH,SiMes);(thf), with weak
Brgnsted acids such as [NEt;H][BPhy], [PhNMe,H][BPh,],
and [PhNMe,H][B(C¢Fs)4] (Scheme 27, VI and VII).!05195.19
Thermally fairly robust compounds can hereby be obtained
with [BPhy]™ counterions, whereas mono(cations) containing
the [B(CgFs)4]” anion are only observable by NMR
spectroscopy.

The respective two equivalent reactions of J with BPhs,
[NEt;H][BPhy], and [PhNMe,H][BPh,] result in the clean
formation of thermally robust dicationic alkyl complexes
[Ln(CH,SiMe;)(donor),]* [anion],>~ (Scheme 28, I—III).!0519.1%
The residual alkyl group of the thf solvates is resistant to a third
equivalent of [NR,H][BPhy].
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Scheme 27. Synthesis of Cationic Complexes
[Ln(CH,SiMe;),(donor),][anion]~ (J7)

thf, rt, 20 min

[Ln(CH,SiMeg)(thf),]
[Me3SiCH,BPh]
Ln=Y (x=34); Lu(x=3

| Ln(CHzSiMes)s(thf)z + BPhg

1. thf, rt, 20 min
2.12-crown-4,

Il Ln(CHgSiMes)s(thf)y + BPhy —thLt.i5min
[Ln{CHzSiMes),(thf)(12-crown-4)}§
[Me3SiCH,BPhs)
Ln=Y, Lu
1. thf, rt, 20 min
2.15-crown-5,
Il Lu(CHgSiMes)s(thf), + BPh; —thh.rtiSmin
[Lu(CH2SiMes)a(15-crown-5))
[Me3SICH,BPhs]
1. thf, rt, 20 min
2.18-crown-6,
IV Lu(CH,SiMes)s(thf), + BPh; —tf.itiSmin
[Lu(CH»,SiMes)s(18-crown-6)§
[Me4SiCH,BPha)

thf-dg 40-50 °C,
V' Ln(CH,SiMes)s(thf), + B(CgFs)y —==220

[Ln(CH,SiMes),(thf),]

[Me3SiCH,B(CgFs)sl

Ln=Y, Lu
thf, -78 *C—rt,
VI Ln(CH,SiMes)s(thf); + [NEtaH][BPhy) — 215" o
TNt

[Ln(CHzSiMes),(thf),][BPh,

Ln=Y¥(n=34)
Sc, Lu(x=3)
thi-ds ,
, [PhNMeH] _ 40min2h
[B(CsFs)4 - SiMey
- PhNMa;
[LA(CHZSiMes)y(thf),]
[B(CgFs)al

Ln=Y,Lu

pentanalthf, rt,
5-10 min

[Y(CHzSiMe3)a(thf),]
[M(CH_2SiMes)4]
M=Al Ga,In

VII Ln(CH,SiMe3)s(thf),

VIIIY(CHzSiMeg)s(thf)z + M(CH,SiMes)s

1. thf, it
2.12-crown-4, rt,

IX Y(CHySiMes)s(thf), + M(CH:SiMeg); —2-min
[Y(CH_SiMes),(thf)(12-crown-4)]|
[M(CHzSiMe3)4]

M= Ga, In

Scheme 28. Synthesis of Dicationic Complexes
[Ln(CH,SiMes)(donor),]* [anion],>~ (J*")

—
thf, -78 *C—nt,
48 h

-2 SiMe,
-2 NEty
[Ln(CHzSiMeg)(thf)s][BPhy],

thf, 78 *C—rt,
4-24 h

| Y(CH,SiMes)s(thf), + 2 [NEtgH][BPhy]

Il Ln(CHzSiMeg)s(thf); + 2 [PhNMeH] ——22n
[BPhy] -2 SiMey
- 2 PhNMe;
[Ln(CH,SiMes)(thf),]
[BPhslz
Ln=Y (x=5);Lu(x=4)

12-crown-4, thf, -100 °C—r,
50 h

I11 Y(CH,SiMes)s(thf), + 2 BPhg
[Y(CH,SiMes)(12-crown-4),)]

[BPhy(CH;SiMey)l,

While cationic rare-earth metal alkyls [Ln(CH,SiMe3)s—,-
(solv),]""[anion]"” are insoluble in hydrocarbons and aro-
matic solvents, they were reported to be soluble and stable
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Figure 25. Solid-state structure of the cationic moiety of
[Y(CH,SiMe3),(thf),][AI(CH,SiMe3)4] (J+Y—thf/A1(CHZSiM63)4)v
adapted from ref 105.

Scheme 29. Reaction of [Y(CH,SiMe;),(thf),][BPhy],
[Y(CH,SiMej3),(thf),][Al(CH,SiMe;),], and
[Y(CH,SiMe;)(thf)s][BPhy], with Benzophenone/Fluorenone

o
thf, rt,
[YRathalBPhs]  —22ME~  cis[Y(OCRPh,),(thf)J[BPhy]
o]
th, t,
|YRo(thh)JBPR]  —22MN o Gis[Y(OCRG1oHg)(thf)][BPh,]
(X-ray)
oo
hf, r; cis-[Y(OCRPhy)o(thf)4}[AIR4]
[YRy(thf)JAIR,] ~ —20min . k
trans-[Y(OCRPhy),(thf),JAIR,]
i (90:10)
thf, rt, cis-[Y(OCRCoHg)o(thf)4][AIR]
[YRy(thf)JJAIR,] ~— —22min '
trans-[Y{OCRC,Hg)o(thf)4][AIR4]
‘/L‘j‘\‘ (86:14)
hf, q
[[YRtn0sIBPR;  —2M— [Y(OCRPhy)(th)sI[BPhal
o]
thf, t,
[YRengBPR, 20~ [V(OCRCzHg)(th)slBPhal,

in the presence of donor solvents (thf, pyridine). Ion pair
[Y(CH,SiMe;3)y(thf),][AI(CH,SiMes)s] (' y—md/ Al(CH,-
SiMes),) could further be activated by [PhNMe,H]-
[B(C¢Fs)4], providing high activity in the polymerization of
ethylene. Single crystals of J'y_q/Al(CH,SiMes)s were
obtained from a pentane/thf mixture, revealing a distorted
octahedral coordination geometry about the yttrium metal
center (Figure 25).!% The two remaining alkyl ligands of
the cationic unit are arranged in a cis fashion while four
thf donor molecules stabilize the yttrium metal center.
Such a cis arrangement of the alkyl ligands was further
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Chart 9. Complexes Derived from
[Y(CH,SiMes),(thf),][BPhy]

A,

\’"\O

thf
[BPhslof

Co—- Y)—CH,SiMe;

e
Ph—B~y
I

Me

Scheme 30. General Synthesis Procedure for Half-Sandwich
Complexes from Ln(CH,SiMe;);(thf), (Jime)

<
x R solvent i
JLn(CH,SiMea)s(thf), + H(Cp®) — (n
"'CH,SiMe.
donor CH,SiMes

observed in the solid-state structure of [ Y(CH,SiMes),(thf)4]-
[Ga(CstiMe3)4] . 197

Since a highly polarized rare-earth metal—carbon bond is
combined with a Lewis acidic cationic metal center, both
nucleophilic and electrophilic properties can be anticipated
for cationic bis(alkyl) and mono(alkyl) complexes. Accord-
ingly, monocationic complexes [ Y(CH,SiMe3),(thf),][BPhy]
and [Y(CH,SiMes),(thf),][AI(CH,SiMes),], as well as dica-
tion [Y(CH,SiMe;)(thf)s][BPhy],, were found to be highly
reactive toward ketones in thf solutions at ambient temper-
ature.'”® Whereas reactions with aliphatic ketones (acetone,
pentanone-3, acetophenone) resulted in intractable mixtures
of several compounds, the reactions with excess of ben-
zophenone and fluorenone gave the expected alkylation
products in high yield (Scheme 29). In the presence of carbon
dioxide (1 bar), [Y(CH,SiMe;),(thf),][BPhy] produced di-
nuclear cationic complex 48 as the product of a CO, insertion
into the rare-earth metal alkyl bond (Chart 9). Further, the
yttrium monocation proved to be a suitable precursor for the
synthesis of bis(1,2-azaborolyl)yttrium alkyl complex 49
(Chart 9).!% Treatment of the rare-earth metal compound
with 1 equiv of the respective lithium azaborolyl yielded the
thermodynamically stable bis(1,2-azaborolyl)yttrium com-
pound as the result of ligand redistribution.

8.2.2. Half-Sandwich Complexes

Structurally well-characterized organorare-earth metal
complexes based on cyclopentadienyl ligands are of con-
siderable interest, particularly for catalytic hydroamination
and as homogeneous polymerization catalysts for both
nonpolar and polar monomers. Compared with bis(cyclo-
pentadienyl) complexes, half-sandwich rare-earth metal
complexes that contain only one cyclopentadienyl ligand
show an increased potential for functionalization at the metal
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Chart 10. Complexes (Cp®)Ln(CH,SiMe3),(donor), Derived from Ln(CH,SiMes)s(thf), (Jur)
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Do = thf (X-ray), 2,2-bipyridine in situ derivatization

center. Allowing for two o-bonded alkyl ligands, such
compounds retain one alkyl ligand upon cation formation
by treatment with, e.g., organoboron reagents. Hence, they

display potential catalyst precursors for polymerization
reactions or organic transformations. The conventional
synthesis of mono(cyclopentadienyl) rare-earth metal com-
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Table 4. Further Applications of Half-Sandwich Complexes
(Cp®Ln(CH,SiMe;),(donor),

compound

further application ref

205—209

50 [CH,SiMes] exchange reactions
formation of mono(cations)

alternating ethylene—norbornene
copolymerization

insertion of CO
intramolecular C—H bond activation
formation of Lu/Ru heterobimetallic
dihydrido complexes
51 [CH,SiMes] exchange reactions
synthesis of hydride compounds
synthesis of mixed hydride/aryloxide compounds
formation of mono(cations)
syndiospecific polymerization of styrene
ethylene—styrene copolymerization

ethylene—norbornene copolymerization
(alternating and poly(ethylene-alt-norbornene)
block-copolymers)

homo- and alternating copolymerization of
cyclohexene oxide with CO,

polymerization of isoprene (3,4-enriched)
styrene—isoprene copolymerization
ethylene—dicyclopentadiene copolymerization
ethylene, dicyclopentadiene, and styrene

204, 206,
210—222

terpolymerization
52 formation of mono(cations) 206
ethylene—norbornene copolymerization
53 synthesis of hydride compounds 204, 216, 217
formation of mono(cations)
syndiospecific polymerization of styrene
ethylene—norbornene copolymerization
54 intramolecular C—H bond activation 204, 216—218,
223-226

formation of mono(cations)
syndiospecific polymerization of styrene
ethylene—norbornene copolymerization
55 insertion of CO, 180
formation of a cyclopentadienyl—allyl ligand
by multiple metalation
56 [CH,SiMes] exchange reactions 227
donor exchange
formation of mono(cations)
insertion of CO,
insertion of Me;SiNCO
insertion of iPrN=C=NiPr
polymerization of ethylene

57 [CH,SiMes] exchange reactions 221

45 formation of mono(cations) 228
polymerization of isoprene (3,4-selective)

58 no further application 229

59 formation of mono(cations) 190
polymerization of isoprene (3,4-enriched)

60 formation of mono(cation) 230
polymerization of ethylene

61 no further application 231

62 hydroamination 232

63 no further application 176

64 no further application 176

65 ROP of e-caprolactone 233, 234
formation of monocations

[CH,SiMes] exchange reactions

plexes by salt-metathesis reactions is often hampered by ate
complex formation with concomitant alkali metal salt
incorporation.?®22 Alkane elimination was found to be a
facile synthesis route to complexes of the type (Cp®)Ln(CH,-
SiMes),(donor),. Reaction of Ln(CH,SiMes)s(thf), (Jur) with
the respective substituted cyclopentadiene H(Cp®) (Scheme
30) gave access to a large variety of mono(cyclopentadi-
enyl)—bis(alkyl) complexes (Chart 10 and Table 4). Metal-
locene formation,?* even in the presence of excess H(Cp®),
was not observed when silyl-substituted cyclopentadienes
were employed.”™* The use of silyl-free cyclopentadienes
H(CsMes) and H(CsMe,4H) often results in mixtures of mono-
and bis(cyclopentadienyl) complexes.?*
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Mono(cyclopentadienyl) complexes 51 and 53 can undergo
hydrogenolysis of both alkyl ligands, affording isolable
hydrido clusters.?*+210212219 The in situ generation of cationic
mono(cyclopentadienyl) rare-earth metal complexes by alkyl
abstraction using borate reagents [Ph;C][B(C¢Fs)4] and
[PhNMe,H][B(CgFs)4], respectively, results in highly active
polymerization catalysts (Table 4). Scandium bis(alkyl)
complex 51s. shows excellent activity for the syndiospecific
styrene homopolymerization (activity, 1.36 x 10* (kg PS)/
(mol Sc h); M/M, = 1.37), and complexes 51, 53, and 54
proved suitable for the co- and terpolymerization of a series
of monomers,204206.210-225

8.2.3. Constraint Geometry Complexes

Incorporation of the cyclopentadienyl ancillary ligand into
a chelate array of (pendant) donor functionalities gives access
to prominent Cp derivatives. Since the original introduction
by the Bercaw group, the linked amido—cyclopentadienyl
(Cp) ligand has advanced to be one of the most versatile
ligands for group 4 metal polymerization catalysts.?*> Cata-
lysts based on this type of ligand provide a constrained ligand
environment but are anticipated to be more active toward
sterically demanding monomers than metallocenes. Amine—
cyclopentadiene proligands react with Ln(CH,SiMe;);(thf),
(Junp) according to an alkane-elimination reaction in a similar
manner as shown in Scheme 30. Because of the dianionic
nature of the resulting ligand, only one [CH,SiMe;] ligand
is retained in the resulting compounds, which allows for
further derivatization (Chart 11).

In the presence of Ph;SiH or H,, complexes 66—73 form
dimeric hydrido complexes,!”%!77-20423¢ showing high poten-
tial in the catalytic hydrosilylation of olefins.??6237238 Cata-
lytic activities and stereoselectivities are hereby influenced
by the length of the linker between the cyclopentadienyl and
the amido-functionality and the substituents at the amido-
nitrogen.”*” Remarkable catalytic activity was observed for
complexes 68<°° Upon activation with equimolar amounts
of [Ph;C][B(CgFs)4], such compounds polymerized ethylene
and isoprene, regiospecifically yielding 3,4-polyisoprene with
isotactic-rich stereo microstructures and relatively narrow
molecular weight distribution (M,/M, = 1.8).?*2> Complex
67y was found to initiate the polymerization of the polar
monomers fert-butyl acrylate and acrylonitrile, however,
yielding atactic polymeric products (see Table 5).2%

8.2.4. Complexes with Neutral Nitrogen- and
Oxygen-Based Ligands

While early work in organorare-earth metal chemistry was
dominated by complexes supported by cyclopentadienyl-type
ligands of varying substitution and modification, the limita-
tions inherent to these ligand sets triggered the development
of alternative ancillary ligands. Particularly in the past 15
years, advanced ligand design gave access to a wide variety
of rare-earth metal complexes supported by noncyclopenta-
dienyl ligand environments. Because of the Lewis acidic
nature of the rare-earth metal ions, ligands based on the hard
donor elements oxygen and nitrogen are most commonly
used, while some notable exceptions have been reported. To
avoid ligand redistribution, multidentate ligands are generally
favored. Since rare-earth metal cations are invariable in the
+3 oxidation state (except Eu(Il), Sm(II), Yb(II), and
Ce(IV)), neutral, monoanionic, or dianionic ligand sets are
the most desirable.
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Chart 11. Constrained Geometry Complexes Derived from Ln(CH,SiMe;);(thf), (Jeme)

Zimmermann and Anwander

.r';Si '.L (lhf )n '-"Si\ (Ln thf
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R = CgH,Mes-2,4,6; Ln =Y, Lu;n =1 Lo=Y.xb L
R =CgHsMe;26,Ln=Lu;n=1
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— Si\ Ln

R=Ph; Y (n=12), Yb (n=0), Lu (n = 0) (X-ray); (x = 2)
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/
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Table 5. Further Applications of Complexes with Functionalized
CpR Ligands

compound
66

ref

176, 177, 237,
239—-244

further application

synthesis of hydride compounds
[CH,SiMes] exchange reactions
dimerization of terminal alkynes
cross-coupling of terminal alkynes
with isocyanides
catalytic addition of amine N—H,
alkyne C—H, and phosphine
P—H bonds to carbodiimines
hydrosilylation of olefins
synthesis of hydride compounds
[CH,SiMes] exchange reactions
donor-exchange reactions
hydrosilylation of olefins
polymerization of rBu-acrylate
polymerization of acrylonitrile
dimerization of terminal alkynes
catalytic addition of amine N—H,
alkyne C—H, and phosphine
P—H bonds to carbodiimines
cross-coupling of terminal alkynes
with isocyanides
synthesis of hydride compounds
hydrosilylation of olefins
polymerization of ethylene
isospecific 3,4-polymerization of
isoprene
synthesis of hydride compounds
synthesis of hydride compounds
[CH,SiMes] exchange reactions
hydrosilylation of olefins
synthesis of hydride compounds
hydrosilylation of olefins
synthesis of hydride compounds
synthesis of hydride compounds
polymerization of methyl
methacrylate (low activity)

67 176, 177, 204,
237, 239, 241,

243-246

68 215, 222, 226

69 247

237, 238, 248

71 236, 237

72
73

176
249

Neutral macrocyclic and tripodal ancillary ligands contain-
ing oxygen, nitrogen, or sulfur donors were found suitable
to stabilize tris(alkyl) rare-earth metal complexes (Chart 12).
Moreover, such facially coordinating ancillary ligands allow

for the formation of stable monocationic and in some cases
even dicationic rare-earth metal alkyl species.

Complexes 74—84 were prepared by the reaction of
tris(alkyl) precursors Ln(CH,SiMe3);(thf), (Ju) with equimo-
lar amounts of the respective neutral donor ligand (Chart 12
and Table 6).

In situ formation of mono- and dicationic rare-earth metal
alkyl species by treatment with [Ph;C][B(C¢Fs)4], [PhNMe,H]-
[B(CeFs)4], or B(CgFs)s, respectively, was reported for
compounds 74—80, 82, and 83.!8%1937195250-256 The borate/
borane activated complexes (except 74—76, and 81) polym-
erized ethylene with moderate to high activities. Activated
complex 78 stabilized by 1,4,7-trithiacyclononane further
initiated the polymerization of 1-hexene and styrene with
very high activities but yielded atactic polymers with poor
control of the molecular weights.?>

Bis(cations) formed by 83s. and 2 equiv of [Ph;C]-
[B(CgFs)4] are highly active in the polymerization of 1-hex-
ene, producing highly isotactic poly(1-hexene) (2030 kg/(mol
h); mmmm = 90%) (see Table 6).25

8.2.5. Complexes with Monoanionic Nitrogen-, Oxygen-,
and Phosphorus-Based Ligands

A large number of monoanionic ancillary ligand sets has
been developed, well suitable to stabilize alkyl complexes
of the rare-earth metals. The monoanionic ancillary ligand
allows for organometallic rare-earth metal complexes with
two hydrocarbyl or hydride ligands that can be converted
into the corresponding cationic monoalkyl/monohydride
species by activation with borate/borane reagents like
[Ph3C][B(CgFs)4], [PANMe,H][B(CgFs)s], or B(CeFs)s. The
resulting cationic species have demonstrated encouraging
catalytic activities for a range of polymerization reactions
including olefins, conjugated dienes, and polar monomers.
Homoleptic Ln(CH,SiMes);(thf), (Ju) are the most widely
used alkyl precursors for the synthesis of rare-earth metal
bis(alkyl) complexes supported by such monoanionic ancil-


http://pubs.acs.org/action/showImage?doi=10.1021/cr1001194&iName=master.img-067.jpg&w=427&h=263

Ln Complexes Containing Ln—C o-Bonds

Chemical Reviews, 2010, Vol. 110, No. 10 6221

Chart 12. Ln(CH,SiMe;);(thf), Derivatives Containing Neutral [0O0O], [0O0O0O0], [0O00O0OO], [NN], [NNN], [SSS], and

[ONO] Ligands

CHSIMes e SihuG
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Ln = Sc (X-ray), Y (X-ray)

77
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”C HoSiMes Me3SiH,C

81 82 Lu (X-ray)
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Luy
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Ln = Sc (X-ray), ¥ (X-ray)

Table 6. Further Applications of Complexes Containing Neutral
N- and O-Based Ligands

compound further application ref
74 formation of mono- and dications  193—195
75 formation of monocations 193
76 formation of monocations 193

77 formation of mono- and dications 250, 251, 255, 257
polymerization of ethylene

78 formation of mono- and dications 252, 255
polymerization of ethylene
polymerization of 1-hexene
polymerization of styrene

79 formation of monocations 251, 255
polymerization of ethylene

80 formation of monocations 253, 258
polymerization of ethylene
hydroamination/cyclization of

aminoalkenes

81 formation of monocations 259

82 formation of monocations 250, 251, 255
polymerization of ethylene

83 formation of mono- and dications 182, 254, 256

polymerization of o-alkenes
(1-hexene, 1-heptene, 1-octene)
84 [CH,SiMe;] exchange reactions 260
insertion of carbodiimines

lary ligands. Routinely, alkane-elimination reaction of equimo-
lar equimolar amounts of the respective proligand and

Ln(CH,SiMej);(thf), gave access to a large variety of
complexes [L]Ln(CH,SiMe;),(thf), (Charts 13—16).

One of the first monoanionic nitrogen-donor ancillaries
applied in this alkane elimination reaction is the benzamidi-
nato ligand. The Hessen group reported benzamidinato—bis-
(alkyl) complexes 89 and 90 as well as the formation of
cationic species upon activation with [PhNMe,H][B-
(CFs),].'36:261:262 In situ prepared cations effectively catalyzed
the polymerization of ethylene, yielding polyethylene with
a narrow polydispersity (89y/[PhNMe,H][B(C¢F5)4]/TiBAO:
3 x 10°kg/(mol bar h); M, /M, = 2.0).26!

Remarkably, the benzamidinato ligand proved suitable to
form bis(alkyl) complexes of the entire rare-earth metal
cation size range. One-pot reaction of LaBrs(thf),,
NdCl;(thf)s, or GACls(thf); with 3 equiv of LiCH,SiMe; and
1 equiv of the amidine yielded the respective complexes 89, ,,
89n4, and 89g4—the first neosilyl complexes of the early
lanthanide metals.'®

Active ethylene polymerization catalysts were further
obtained from complexes 97,203 98,20426> 1052 106,'%
107,77 109,28 115,%%° and 129%7° when activated with borate
reagents. Whereas cationic species derived from 92 and
[Ph;C][B(C¢Fs)4] showed no activity in the polymerization
of isoprene, addition of AlEt; as a third component resulted
in versatile activity depending on the molar ratio of [Al]/
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Chart 13. Ln(CH,SiMej;);(thf), Derivatives Containing

Zimmermann and Anwander
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97

[Ln], however, producing polyisoprene with low stereoregu-
larity.?”! High cis-1,4-polyisoprene (cis-1,4: 99%; M /M, =
1.05—1.13) could be obtained from catalyst mixtures 124/
[PhNMe,H][B(CsFs)4] and 124/[Ph;C][B(CsFs)4], rare ex-
amples of high catalytic activity in the absence of an
organoaluminum cocatalyst.?”> Further, 86,77 95,27+ 126 (3,4-
enriched),?” 131 (trans-1,4-enriched),”’® and 1327 (trans-
1,4-enriched) polymerize isoprene when activated by borate

cocatalysts.

Neutral complexes 93,2"1*"7 114,282 117,20 118,27
121,20 and 127%%! are active catalysts for the ring-opening
polymerization (ROP) of lactide, whereas 99,25?100,7%3 119,28
and 120?%* polymerize e-caprolactone. For further applications
of complexes [L][Ln];—(CH,SiMe;),(thf),, see Table 7.

8.2.6. Complexes with Dianionic Nitrogen- and
Oxygen-Based Ligands

Reaction of Ln(CH,SiMes);(thf), (Jur) with multidentate
proligands containing two acidic functionalities yielded a
series of very stable mono(alkyl) rare-earth metal complexes
(Charts 17—19). The dianionic ligand set allows for the
preparation of complexes related to bis(cyclopentadienyl)
(= metallocene) derivatives. The catalytic application of
complexes supported by dianionic ancillary ligands therefore
depends on the initiating property of the remaining alkyl actor
ligand. Compound 142, bearing a tridentate diamide—pyridine
ancillary ligand initiated the polymerization of the polar
monomer methyl methacrylate (MMA). The resulting PMMA
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Chart 14. Ln(CH,SiMe;);(thf), Derivatives Containing Monoanionic [NNN]™ and [NNNN]~ Ligands; Complexes 102 Featuring
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showed a narrow molecular weight distribution (M,/M, =
1.28) but low control of the tacticity.**® Further, complexes
133 and 137 proved to be efficient initiators for the
polymerization of MMA.*" The chiral binaphthylamido alkyl
complex 139 and aminotroponiminato complex 145 per-

formed as catalysts for the asymmetric intramolecular
hydroamination/cyclization of terminal aminoolefins.'%%-3%8

Polylactides are among the most promising biodegradable
and biocompatible synthetic macromolecules. Such polymers
are most conveniently accessible by ring-opening polymer-
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Chart 15. Ln(CH,SiMe;);(thf), Derivatives Containing Monoanionic [OO]~, [ONN]~, [ONNN]~, [ONOO], and [NOOOOO]~
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ization of lactide. Mono(alkyl) complexes 138, 140, 153, and
157—159 initiate the polymerization of rac-lactide under mild
conditions.?’7278:281.309310 Compounds 153 and 157—159
displayed living polymerization and produced polymers with
very high stereoselectivity affording heterotactic polylactide
from racemic lactide mixtures.?’®3%%31% Complexes 161 and
162 bearing thioether-functionalized bis(phenolato) ligands
proved to be efficient catalysts for the hydrosilylation of
olefins.’!!*12  For further applications of complexes
[L]Ln(CH,SiMes)(thf),, see Table 8.

9. [Dimethyl(phenyl)silyllmethyl Complexes

9.1. Synthesis, Structure, and Properties of
Ln(CH,SiMe,Ph)(thf),

Triggered by the thermal instability of lanthanide alkyls
Ln(CH,SiMes)s(thf), (Jie), more bulky [CH,SiMe,Ph] groups
have been introduced to prepare homoleptic alkyls

Ln(CH,SiMe,Ph);(thf), (Lu¢). The scandium and yttrium
derivatives were first reported in 2002 by Piers et al. as easily
accessible by a salt-metathesis reaction of LnCl(thf), and
LiCH,SiMe,Ph (Scheme 31).30%322

The [CH,SiMe,Ph] ligands impart higher stability of com-
plexes L reflected in high isolable yields and significantly
reduced thermal degradation. However, decomposition giving
an unidentified, insoluble brown precipitate accompanied by
the loss of Me;SiPh occurred after 24 h at 65 °C in toluene-ds.
The lower solubility of compounds Ln(CH,SiMe,Ph);(thf),
(Linp) compared to Ln(CH,SiMe;)s(thf), (Jue) facilitates crystal-
lization and purification of these alkyl derivatives.

In the solid state, Sc(CH,SiMe,Ph);(thf), (Ls.—u¢) features
a trigonal-bipyramidal coordination geometry upon the
scandium metal center.?*> The two thf molecules are axially
coordinated, whereas the alkyl groups are arranged in a
pinwheel array (Figure 26). The trigonal bipyramid is nearly
regular, and the Sc—C bond lengths are essentially identical.
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Chart 16. Ln(CH,SiMes);(thf), Derivatives Containing Monoanionic [PNP]~, [NPN]™, and [NP]™ Ligands
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According to NMR spectroscopic studies, the solid-state
structure is also retained in solution. Very recently, the
respective thulium and lutetium compounds have been
synthesized following the procedure depicted in Scheme
31.182256 Because of the unexpected low stability, compounds
Ltm—wus and L ,—qr were not isolated but used in situ at —80
°C in an alkane-elimination reaction. Attempts to synthesize
complexes L with the larger rare-earth metals have not been
reported so far.

LiCH,SiMe,Ph is commercially not available and has to
be synthesized from Me,PhSiCH,Cl and lithium powder.
This and the low volatility of the Me;SiPh side-product of
alkane-elimination reactions (bp. 170 °C vs 27 °C for SiMey)
are obvious drawbacks of the presented lanthanide alkyls.?*?

9.2. Ln(CH,SiMe,Ph);(thf), as Synthesis
Precursors

Like their less-bulky analogues, complexes Ln-
(CH,SiMe,Ph);(thf), (L) have been used as starting materi-
als for alkane-elimination reactions. The number of reported
applications, however, is so far limited to monoanionic
multidentate N,O-donor and neutral multidentate N-donor
ligands (Chart 20).

A series of salicylaldiminato complexes 164—169 has been
investigated with respect to the ancillary ligand impact on
the (thermal) stability of complexes [L],L.n(CH,SiMe,Ph)-
(thf), (Ln = Sc, Y) (164—167) and [L]Y(CH,SiMe,Ph),(thf),
(x =1, 2) (168).30%393:322 The stability of bis[L] complexes
164—167 increases with increasing steric bulk on the
aldimine functionality. Insufficient steric shielding and
elevated temperatures lead to rapid decomposition via ligand
metalation and/or 1,3-migration of the entire [CH,SiMe,Ph]
group to the aldimine carbon.

A series of monoanionic, tripodal ancillary ligands featur-
ing various neutral O-, N-, and S- donors has been
synthesized by the group of Bercaw.?® The reaction of in
situ generated Ln(CH,SiMe,Ph);(thf), (Ly) (Ln = Sc, Y)
with the respective ligand precursors cleanly produced
compounds 171—174. Cationization of compounds 171—174
with [PhNMe,H][B(C¢Fs),] and/or MAO generated mono(alkyl)
species displaying low activity in the polymerization of
ethylene.

With the objective to obtain a catalytically active cationic
lanthanide alkyl species, in situ prepared Ln(CH,SiMe,Ph);-
(thf), (Ln = Tm, Lu) was treated with the Cj-chiral
tris(oxazolinyl)ethane to form donor-free 175.132 The reaction
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Table 7. Further Applications of Complexes Containing

Monoanionic N-, O-, and P-Based Ligands

compound further application ref
85 no further application 285
86 formation of monocations 273
polymerization of isoprene
87 alternating copolymerization of 279, 286
cyclohexene oxide and CO,
88 formation of monocations 271
polymerization of isoprene
89 formation of monocations 186, 261, 287, 288
polymerization of ethylene
intramolecular hydroamination/
cyclization
hydrosilylation of alkenes
92 formation of monocations 262
polymerization of ethylene
91 hydrosilylation of alkenes 288
92 formation of monocations 271
polymerization of isoprene
93 formation of monocations 271, 277
ROP of D,L-lactide
94 no further application 277
95 insertion of carbodiimines 274
formation of monocations
polymerization of isoprene
96 insertion of carbodiimines 274
97 formation of monocations 263, 289
formation of hydride compounds
polymerization of ethylene
98 formation of monocations 264, 265
polymerization of ethylene
99 ROP of e-caprolactone 282
100 ROP of e-caprolactone 283
101 no further application 262
102 formation of hydride compounds 290—292
103 [CH,SiMe;] exchange reactions 293, 294
104 formation of hydride compounds 295
105 formation of monocations 187, 188, 266, 287, 296
polymerization of ethylene
cis-selective linear alkyne dimerization
intramolecular hydroamination/
cyclization
thermal stability investigations
106 formation of monocations 187, 188
polymerization of ethylene
thermal stability investigations
107 formation of monocations 267, 287
polymerization of ethylene
108 no further application 253
109 formation of monocations 268, 297
intramolecular C—H bond activation
ethylene insertion
polymerization of ethylene
Z-selective head-to-head alkyne
dimerization
110 formation of monocations 298
111 formation of mono- and dications 299
hydrosilylation of olefins
112 no further application 253
113 formation of monocations 300
insertion of CO
114 ROP of rac-lactide 278, 279, 286
[CH,SiMe;] exchange reactions
alternating copolymerization of
cyclohexene oxide and CO,
115 formation of monocations 269
polymerization of ethylene
116 no further application 301
117 ROP polymerization of L-lactide 280
118 [CH,SiMe;] exchange reactions 279
ROP of rac-lactide
119 hydride compounds 284, 302, 303
ROP of e-caprolactone
120 ROP of e-caprolactone 284, 302
121 ROP polymerization of L-lactide 280
122 no further application 280
123 no further application 280
124 formation of monocations 272
polymerization of isoprene and
butadiene
copolymerization of isoprene and
butadiene
125 [CH,SiMe;] exchange reactions 304
126 formation of monocations 275
polymerization of isoprene (3,4)
127 polymerization of D,L-lactide 281
[CH,SiMe;] exchange reactions
128 no further application 270
129 formation of monocations 270
polymerization of ethylene
130 insertion of carbodiimines 305
131 formation of monocations 276
polymerization of butadiene
(trans-1,4)
132 formation of monocations 276

polymerization of butadiene
(trans-1,4)

Zimmermann and Anwander

of 175 with either 1 or 2 equiv of [Ph;C][B(CsFs),], however,
failed to produce an active catalyst for the polymerization
of 1-hexene, 1-heptene, or 1-octene (see Table 9).

10. Bis(trimethylsilyl)methyl Complexes

The introduction of the [CH(SiMes),] ligand to group 3
metal chemistry by Barker and Lappert in 1974 marked the
beginning of a new era of organolanthanide chemistry.”> With
Y[CH(SiMe;),]s, the first neutral homoleptic solvent-free
lanthanide alkyl species had been isolated and the synthesis
protocol could successfully be extended to the whole series
of rare-earth metals. Further, steric shielding and the stabiliz-
ing effect of the trimethylsilyl methyl goups contributed
significantly to the development of low-valent organolan-
thanide chemistry.

10.1. Synthesis, Structure, and Properties of
Ln(I)[CH(SiMe;),]x(solv), and
{M(solv),H{Ln(I)[CH(SiMes),]s}

Because of their high reactivity and their potential as one-
electron reducing agents, complexes of the divalent ytterbium
and samarium are valuable compounds not only in organic
syntheses but also as polymerization catalysts. As shown by
Lappert and co-workers, bis(trimethylsilyl)methyl ligands
provide enough steric bulk to stabilize bis(alkyl) complexes
of divalent ytterbium.** Several synthesis approaches have
been developed to produce neutral homoleptic complexes
Yb[CH(SiMe;),],(solv), (Myy,) and ionic Yb[CH(SiMes),]3-
M(solv), (Nyp) (Schemes 32 and 33). Ybl, and
Yb(OAr Bu’Me)z(Etzo)z (A BuMe — CgH,-4-Me-2,6-1Bu) proved
to be convenient synthesis precursors for Yb[CH-
(SiMe3)2]2(Et,0), (Myp-g,0) Via salt-metathesis reaction with
the respective sodium or potassium alkyls (Scheme 32, I and
ID). (The mixed ytterbium(II) mono(alkyl)—mono(aryloxide)
Yb[CH(SiMe;),J(OAr®B“Me)(thf); (176) was obtained when
Yb(OAr®“Me),(thf); was treated with 1 equiv of KCH-
(SiMe3), in thf.)*?*325 The bis(alkyl) products are stabilized
by two molecules of weakly bound Et,O donors. The reaction
of (CsMes),Yb(Et,;O) with 2 equiv of LiCH(SiMe;), in
diethyl ether afforded a red oil, which upon dissolving in
toluene and an excess of tmeda yielded the tmeda adduct
Yb[CH(SiMej3),]»(tmeda) (Myp—imeda) (Scheme 32, TIT).3%

So far, the organometallic chemistry of low-valent lan-
thanides carrying the [CH(SiMe;),] ligand has been limited
to the smallest ytterbium(II) metal center. Apparently, the
ligand does not provide enough steric and electronic protec-
tion to satisfy the larger metal centers Eu(Il) and Sm(II).

The neutral solvates have been characterized by means of
H, BC, ®Si{H}, and "'Yb{H} NMR spectroscopy, but final
structural proof is frustrated by the unavailability of suitable
single crystals. The lanthanide cation’s desire for higher
coordination numbers is impressively reflected by the reac-
tions depicted in Scheme 33. The formation of ate complexes
with lithium, sodium, and potassium cations has been
reported irrespective of the stoichiometry applied. High yields
and the formation of crystalline material substantiate higher
stability of such ionic compounds Yb[CH(SiMes),];M(solv),
(Ny,) M = Li, Na, K) compared to their neutral ana-
logues.’?

The solid-state structure of the potassium salt { Yb[CH-
(SiMes), 15K}, revealed double chains of { Yb[CH(SiMes),];}
anions linked by potassium cations along one axis (Figure
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Chart 17. Ln(CH,SiMe;);(thf), Derivatives Containing Dianionic [NN]?>~, [NC]*", [NCN]*", and [NNNNJ*~ Ligands
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27).3 Each potassium has four additional close contacts to
methyl carbon atoms.

Stabilization by metal—methyl interactions is also promi-
nent in the solid-state structure of Yb[CH(SiMej3),]sLi(thf),
(Figure 28).%2° The solvent-separated ion pair consists of a
{Li(thf);} cationic unit and a { Yb[CH(SiMes),]3} anion. A
trigonal-pyramidal environment about the ytterbium atom is
accomplished, and each of the [CH(SiMe3),] groups shows
one additional close Yb methyl contact (Figure 28). Other
than the lithium and potassium containing ate complexes,
the sodium compound was reported to be stable at —30 °C
but slowly decomposed at ambient temperature.

The coordinating Et,0O molecules in neutral Yb[CH-
(SiMes),|2(Et,O), (Myp-g,0) can easily be displaced by a
chelating 1,2-bis(dimethylphosphino)ethane (dmpe), to yield
the respective Yb[CH(SiMes)s]o(dmpe) (Myb—ampe)->>> The
observed reactivity is in good agreement with loosely bound
diethyl ether donors. Exchange of one alkyl ligand in an
alkane elimination reaction was found when reacting
Yb[CH(SiMe;),]»(Et,0), with N,N-bis(trimethylsilyl)-1,4-
phenylenediamine (Scheme 34).3% In the presence of 2 equiv
of BurCN, in situ prepared Yb[CH(SiMes),]>(Et,0), can be
converted into Yb(II) 1-azaallyl complexes (178), whereas
the respective reaction with 4 equiv of PhCN yielded Yb(II)
B-diketiminates (179) (Scheme 35).32+327:328

10.2. Synthesis, Structure, and Properties of
Ln(ll[CH(SiMe3).]; and
Ln(ll[CH(SiMes)(SiMe,OMe)];

Cation size limitations have not been observed for the
homoleptic bis(trimethylsilyl)methyl complexes of the
trivalent rare-earth metals. Already the first publication
on Ln[CH(SiMe;),]; (O) described the synthesis of Sc[CH-
(SiMes),]5(thf), as the respective compound of the smallest
rare-earth metal.”? Salt metathesis reaction of LnCl; and the
organolithium compound LiCH(SiMes); in a mixture of thf
and Et,O further yielded the yttrium analogue as a thf solvate
(Scheme 36, 1).7* Solvent-free Y[CH(SiMes),]; could be
obtained from a toluene/diethylether mixture, which is,
remarkably, the first successful synthesis of a neutral
homoleptic solvent-free lanthanide alkyl compound (Scheme
36, 1).7> As ate complex formation under these reaction
conditions is favored with increasing size of the metal
cation, salt metathesis of Ln(OAr™®"); and LiCH(SiMes),
became the predominant synthesis route (Scheme 36, IIT).”>
Insolubility of the byproduct Li(OAr®Y) in hydrocarbon
solvents allows for easy separation and additionally shifts
the equilibrium to the product side. Applying this procedure,
complexes Ln[CH(SiMe;),]; have been synthesized for Ln
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Chart 18. Ln(CH,SiMe;);(thf), Derivatives Containing Dianionic [NNN]>*~ and [NNNNJ]*~ Ligands
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covering the whole cation size range of the rare-earth
metals.

The solid-state structures of Ln[CH(SiMes),]; (Ln =
Y, La,”® Ce,** and Sm’) have been determined and
revealed isomorphous structures with a pyramidal geometry
about the metal center (Figure 29). The deviation from the
anticipated planarity might be rationalized by steric reasons.
By adopting a pyramidal structure, repulsion between the
ligands is minimized and the ligand—metal attractions are
maximized. Indeed, each metal center achieves coordination
saturation by forming three additional close Ln—CHj; con-
tacts. On the basis of DFT calculations of La[CH(SiMe3),]s,
the most likely explanation for the observed short contacts
are agostic (Si—Cpg)*++Ln rather than (C,—H)++-Ln inter-
actions, 333334

Because of dynamic exchange processes, the different
methyl groups cannot be distinguished by solution NMR

spectroscopy even at low temperature. The '*C CPMAS
NMR spectrum of La[CH(SiMe;),]5, however, showed two
peaks for the interacting and noninteracting trimethylsilyl
groups.*> Compounds Ln[CH(SiMes),]; are soluble in
hydrocarbon, aromatic, and ethereal solvents, but thermal
instability has been reported. Accordingly, the thermal
stability decreases with increasing size of the rare-earth metal
center, and decomposition leads to formation of CH,(SiMes),
and insoluble material, which has not been further character-
ized.

The methoxy analogues Ln(III)[CH(SiMe;)(SiMe,OMe)];
(P) were synthesized from anhydrous LnCl; (Ln =Y, Ce)
and Li[CH(SiMe;)(SiMe,OMe)] (Scheme 37).%° Interest-
ingly, no LiCl containing products were obtained from this
reaction, which is attributed to the intramolecular interaction
of the OMe group with the rare-earth metal center.

The solid-state structures of the yttrium and cerium
compounds are isostructural (Figure 30).%° The rare-earth
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Chart 19. Ln(CH,SiMe;);(thf), Derivatives Containing Dianionic [ONNOJ*~, [ONOOJ?, [NOONOOJ*~, [ONP]*", [0SO]*", and

[OSSO)*" Ligands
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metal center is surrounded by the three chelating alkyl ligands
adopting distorted trigonal-prismatic geometry. Solution
NMR spectroscopic experiments revealed an equilibrium of
two different isomers with cis- and trans-OMe groups.

As mentioned earlier, the usability of LICH(SiMej3), as
starting material for the synthesis of neutral Ln[CH-
(SiMejs),]5 is limited. Particularly in the presence of polar
donor solvents, ate complexes are the most favored
reaction products. Such ionic compounds have been
obtained throughout the entire rare-earth metal series
(Scheme 38, 1).%**337 The molecular structure of {La[CH-
(SiMes;),]3(1-Cl) }{Li(pmdeta)} shows a monomer where
the La and the Li atoms are linked via a single, almost
linear chloride bridge.** The chloride anion resides in the
vacant coordination site of La[CH(SiMe;),]; without sig-
nificantly distorting the La[CH(SiMe;),]; skeleton.

Alkali metal halide containing {Ln[CH(SiMes),]s(u-
X)HK(ELO)} (X = (I, Br) can further be synthesized by
direct adduct formation of KX and Ln[CH(SiMe3),]; (Scheme
38, II and III).>*® The coordinating ether can readily be
removed by heating the solid compound under reduced
pressure. With toluene, the solvent-free compound {Lu[CH-
(SiMes)2]3(u-C1) }{K} formed a solvent adduct with two
toluene molecules coordinated in an 1® mode to the potas-
sium cations.

The reaction of Ln[CH(SiMe;),]; with 1 equiv of LiMe
in the presence of pmdeta yielded monomeric {Ln[CH-
(SiMe3),]5(u-Me) }H{Li(pmdeta) } (181 mgera)->* Characteriza-
tion of the samarium complex by X-ray diffraction showed
a structure isomorphous to u-chloro compound {La[CH-
(SiMes),]3(u-Cl) }{Li(pmdeta)} with an almost linear but
asymmetric Sm—CH;—Li bridge (Figure 31).
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Table 8. Further Applications of Complexes Containing
Dianionic N- and O-Based Ligands

compound further application ref
133 polymerization of methyl 307
methacrylate
134 no further application 313
135 no further application 313
136 no further application 306
137 polymerization of methyl 307
methacrylate
138 ROP of rac-lactide 277
139 enantioselective hydroamination/ 109
cyclization of terminal amino
olefins (max. 83% ee at 25 °C)
140 ROP of rac-lactide 281
141 no further application 314
142 polymerization of methyl 306
methacrylate
143 no further application 306
144 polymerization of butadiene 315
(cocatalyst methylalumoxane
(MAO))
145 enantioselective hydroamination/ 308
cyclization of terminal amino
olefins (max. 44% ee at 100 °C)
146 no further application 267
147 no further application 296
148 no further application 316
149 no further application 316
150 no further application 316
151 no further application 301
152 polymerization of isoprene 271
153 ROP of rac-lactide
O, activation 278, 317
hydrolysis
154 no further application 318
155 no further application 319
156 no further application 301, 320
157 ROP of rac-lactide 278
158 ROP of rac-lactide 309, 310, 321
159 ROP of rac-lactide 278
160 ROP of L-lactide 280
161 formation of hydride compounds 312
hydrosilylation
162 formation of hydride compounds 311, 312
donor-exchange reactions
[CH,SiMes]-exchange reactions
hydrosilylation
163 formation of hydride compounds 312

Scheme 31. Synthesis of Ln(CH,SiMe,Ph);(thf), (Le)

toluene
) . -78—0°C
LnCls(thfl, + 3 LiCH,SiMe,Ph

sLol Ln(CHQSiMGZPh>3(thf)2
-3Li
- thf Ln=Y, Sc, (Tm, Lu in situ)

10.3. Ln(ll)[CH(SiMes),]; as Synthesis
Precursors

Homoleptic rare-earth metal alkyls Ln[CH(SiMe;),]; (O)
are valuable precursors allowing for protonolysis reactions
with a variety of protic substrates under mild conditions.
Their “alkyl-only” nature prevents salt coordination as well
as the coordination of donor solvents. [CH(SiMe;),]-
exchange reactions are usually kinetically controlled and very
sensitive to the reactivity and steric bulk of the reactants.
Thus, alkane-elimination reactions are basically limited to
the respective early and middle lanthanide tris(alkyls).

Aiming at the synthesis of a mono(cyclopentadienyl)
bis(alkyl) complex, (CsMes)H has been reacted with Ln[CH-
(SiMes)]; (Lm = La, Ce) to give mixtures of
(CsMes),Ln[CH(SiMes),] (182), (CsMes)Ln[CH(SiMes),],

Zimmermann and Anwander

Figure 26. Molecular structure of Sc(CH,SiMe,Ph);(thf),
(Lsc—mf), adapted from ref 302.

(183), and Ln[CH(SiMe3)]; (0).>*° The mixture of products
was found to be the result of a competitive introduction of
cyclopentadienyl ligands rather than a disproportionation of
(CsMes)Ln[CH(SiMe;),],. Reaction of (CsMes)H with the
sterically more congested Y[CH(SiMes),]; revealed a high
kinetic barrier for the introduction of a cyclopentadienyl
ligand and did not give the desired product. Compounds
(CpR),Ln[CH(SiMe;),] have been successfully applied as
catalysts for the hydroamination/cyclization and hydrophos-
phination/cyclization of a variety of substrates.>***? The used
sandwich complexes were, however, exclusively synthesized
following a salt-metathesis approach.

Remarkably, homoleptic alkyls Ln[CH(SiMe;),]; of the
late lanthanide metals ytterbium and lutetium reacted with
(CsMeyH)Me,Si(rBulNH) to form constrained geometry com-
plexes 184 (Chart 21).3* Heating, however, is necessary to
activate the tetramethylcyclopentadiene C—H group for
alkane elimination. Complexes 184 are active catalysts for
aminoalkene hydroamination/cyclization and hydrophosphina-
tion/cyclization 3342344345 The attempted synthesis of a
mono(alkyl) compound using a linked alkoxide—cyclopentadi-
enyl ligand and in situ prepared Y(OAr®")[CH(SiMes),],
only yielded the “alkyl-free” ate complex {#°:n'-CsHy[CH,-
CO(3,5-C¢H3(CF5),),] }, YLi(thf), (185).34

Schaverien et al. first reported the applicability of Ln[CH-
(SiMes),]; for the synthesis of noncyclopentadienyl com-
plexes. The reaction of octaethylporphyrin (OEPH,) and
Ln[CH(SiMe;),]; (Ln = Y, Lu) afforded purple, hexane-
soluble [OEP]Ln[CH(SiMes),] (186) in good yields (Chart
22).329

Mild protonolysis reactions of La[CH(SiMes),]5 and chiral,
chelating binaphthols and biphenols resulted in the smooth
formation of mono(alkyl) binaphtholate lanthanum complex
187 and mono(alkyl) biphenolate lanthanum complexes 188
and 189, respectively (Chart 22).3*73%% Whereas biphenolate
189 revealed a dimeric structure in the absence of donor
solvents, the sterically quite undemanding ancillary ligand
allows for coordination of up to three donor molecules in
the presence of thf (188). Compounds 187—189 show good
catalytic activity for the hydroamination/cyclization of ami-
noalkenes, but the practical use for asymmetric hydroami-
nation is limited by the low enantiomeric excesses in the
produced heterocycles. In contrast, the C, symmetric bis-
(oxazolinato)lanthanide complex [(45)-rfBuBox]Lu[CH-
(SiMe;s),] (190), synthesized via alkane elimination from
Lu[CH(SiMe;),]s, displays an efficient enantioselective non-
metallocene hydroamination catalyst.**
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Chart 20. Ln(CH,SiMe,Ph);(thf), Derivatives Containing Neutral N-Donor- a
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nd Monoanionic N,O-Ancillary Ligands

thf

r

SR G

CstlMEZPh

(thf),

IJ
CH;SlMeZPh
.— N/

CHZS|Me2Ph

Ar=CgHs: Sc(n=1),Y(n=2)
Ar=CgH3-2-iPr, Sc, Y, (n=1)
Ar = CgHy-2,8-Pr; Sc, Y (X-ray) (n=0)
r=CgHz-2.4,6-Me; Ln=Sc (n=0), Y (X-ray) (n=1)

164, 165, 166, 167

Ar = CgH3-2,6-Pr, (n=1,2)
X-ray)

168

PhMezslec CH SiMeFh

Ar = CeHg-2 6-1Pr
(Xeray)
169

tBu
(o] ;
—N
\
Ar/a

Ar = CgH3-2 6-iPr
(X-ray)

170

R = OCHg; Sc(X-ray), ¥ (X-ray)

R = NEt;; Y (X-ray)
R = SCMe;; Sc
R = pyridine; Sc

171,172, 173,174

“CH,SiMe;Ph
CH,SiMe,Ph

PhMe,SiH,C

Ln = Tm (X-ray), Lu (X-ray)
175

Table 9. Further Applications of Complexes Derived from
Ln(CH,SiMe,Ph);(thf); (L)

compound further application ref
164—167 formation of hydride compounds 302, 303, 322, 323
investigations on the thermal
decomposition
hydroamination of aminoalkynes
and alkenes
168 no further application 302
169 no further application 302
170 no further application 302
171-174 formation of monocations 269
polymerization of ethylene
175 no further application 182, 256

Scheme 32. Synthesis of Yb[CH(SiMej3),]x(solv), (Myp)

Et;0
Iu Ybly + 2 NaCH(SiMes)s “‘22‘“‘ Yb[CH(SiMe3);]2(EL,0),
Et;0
Il Yb(OArBUMe),(Et,0), + 2 KCH(SiMes), M"

Yb[CH(SiMe3):]2(Et,0)2
+
Yb[CH(SiMe3).](OArBUMe)Et,0),)

toluene, tmeda
-T0-25°C. 4 h

| (CsMesYb(ERO) + 2LiCH(SMeg), =7 =
2 Li(CaMes

Yb[CH(SiMeg),lo(tmeda)

Contrary to the formation of Yb(II) 1-azaallyl and
p-diketiminates when reacting divalent Yb[CH(SiMe;),]»-
(Et,0), with nitriles NCPh and NC7Bu, respectively,**° only
1:2 (191) and 1:1 (192) adducts of the nitrile to the rare-
earth metal center have been observed starting from trivalent
Ln[CH(SiMes),]5 (Scheme 39).33° Even when heated in
toluene, no nitrile insertion into the Ln—C bond was
evidenced, presumably due to effective steric shielding and
the resulting high kinetic barrier for the insertion reaction.
Acid—base reaction of Ln[CH(SiMe;),]; (Ln = La, Y) with

Scheme 33. Synthesis of Ionic Compounds
Yb[CH(SiMej3),1sM(solv). (Nyp)

hexane
| Ybly + 3 NaCH(SiMes)s %.. Yb[CH(SiMes)s)sNa
- a

benzene

Il Ybl, + 3KCH(SiMes), — 29

{Yb[CH(SiMe3);]3K}y

Et;0, thf

liil Ybl, + LiCH(SiMes), + 2 KCH(SiMes), M_.

Yb[CH(SiMe; ) LaLi(thf)s]

perfluorobiphenols quantitatively produced compounds 194
(Scheme 39) capable of forming stable ion pairs with
metallocene dimethyl complexes. Such ion pairs provided
extremely active ethylene polymerization catalysts.*** Com-
plete ligand exchange was further observed for the reaction
of bis(trimethylsilyl)phosphane and Y[CH(SiMes),]s, yielding
dimeric {Y[P(SiMes),]3}> (195) and CH,(SiMes), (Scheme
39).351

Marks et al. found that homoleptic Ln[CH(SiMe;),];
catalyzes the phosphinoalkyne cyclization with turnover

Figure 27. Solid-state structure of { Yb[CH(SiMes),];K},, adapted
from ref 326.
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Figure 28. Solid-state structure of the { Yb[CH(SiMe;),];} anion
in Yb[CH(SiMejs),]5Li(thf),, adapted from ref 326.

Scheme 34. Reaction of Yb[CH(SiMej3),],(Et,0), with

C¢H4(NH(SiMe3)),-1,4
Y \

Me;Si SiMe;

2 Yb[CH(SiMe3)s]»(Et,0), +

Et;0 | - 2 CHy(SiMej),

{Yb[CH(SiMe3)zl(Eto0)}2{CeHa[N(SiMes3)]o-1,4}

1ZL

Scheme 35. Reaction of Yb[CH(SiMe;),],(Et,0), with ButCN
and PhCN

Yb[CH(SiMea)z]z(Etzo)z
2 Burc/ \PhCN
tBu
». W
MeSi \’ SiMe; Mes s~ \‘S|Mea
Yb.
IME3Si"‘"HC k. 5 N _~SiMe; Me:‘Sl\ SIMEg.
By /l\/l\
(X-ray)
178 179

Scheme 36. Synthesis of Ln(IIT)[CH(SiMej3),]s(solv), (O)
hi/EGD, 0 °C

| LnCl; + 3 LiCH(SiMey), Ln[CH(SiMe3)]3(thf)

Ln=Sc Y

toluene/E,0, 0°C
—_—

Il YCly + 3LICH(SiMes), Y[CH(SiMes),)s

pentana/hexane

Il Ln(OArBuR); + 3 LICH(SiMes), Ln[CH(SiMe3),]5

R=H,M_e Ln=YLaCeiPr,NdiSmErL&

frequencies comparable to the most active lanthanidocene
catalysts. In an initiating step, complete Ln—[CH(SiMe;),]
protonolysis is observed according to '"H NMR spectroscopic
investigations.*3

Zimmermann and Anwander

/

Figure 29. Solid-state structure of Ln[CH(SiMes),]5 (O), adapted
from refs 75 and 330.

Scheme 37. Synthesis of Ln(III)[CH(SiMe;)(SiMe,OMe)]; (P)
Et,0, -30 °C
-3Licl

LnCly + 3 LI[CH(SiMe3)(SiMe,OMe)]

Ln[CH(SiMe3)(SiMe,OMe)]
I;n =Y, Ce

The treatment of lanthanum tris(alkyl) La[CH(SiMes)];
with 2 equiv of the secondary phosphine HP(NMe,CH,-2-
Ce¢H4)[CH(SiMe;),] revealed the product of a cyclometalation
reaction (196) with the intramolecular elimination of
CH,(SiMe;), from transiently formed {[CH(SiMe;),](CcHy-
2-CH,;NMe,)P},La[CH(SiMe3),] (Scheme 39).3%3

U \‘/Sis \)
./’ \
Figure 30. Solid-state structure of Ce[CH(SiMe3)(SiMe,OMe)]3
(Oce), adapted from ref 330.

Scheme 38. Synthesis of Ate Complexes
{Ln[CH(SiMe3),]3(u-X) {M(solv),} (180) and
{Ln[CH(SiMe3),]3(1-Me) {M(solv).} (181)

Et,Olthiipmdeta ]
| LnCl + 3 LICH(SiMes); {Ln[CH(SiMe3),]s(+-Cl}
-2 Licl {Li(solv).}
Ln=Y¥, Yb, Er, Sm, La
solv = Ety0, thf, pmdeta
. Et0, it
Il Ln[CH(SiMe3)2]ls + KCI ———  {Ln[CH(SiMes)s]s(u-Cl}
{K(E0)}
Et,0, it )
Il Lu[CH(SiMes);]ls + KBr ————  {LU[CH{SiMes)s]s(u-Br}
{K(ELO)}
IV LuCly  + 3 KCH(SiMe3); t—hf_ {Lu[CH(SiMeg)z]a(u-Cl}
&0 {K(thf)}
) ) Et,O/pmdeta, rt
Y Ln[CH{SiMe3)z]s + LiMe {Ln[CH(SiMe3)2]s(u-Me))
{Li(pmdeta)}
Ln=Sm.La
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Figure 31. Solid-state structure of {Sm[CH(SiMe;),];(u-Me)}-
{Li(pmdeta)} (181sm—pmdcta). adapted from ref 339.

Chart 21. Sandwich (182), Half-Sandwich (183), and
Constrained Geometry Complexes (184) Derived from
Ln[CH(SiMe3),]; (O)

= A

( Ln}—CH(SiMes), /\L_\i
\ﬁ (MesSi),HC CH(SiMes)s|

Ln=La, Ce

Ln=La, Ce
182 183

N CH(SiMe3),

11. Tris(trimethylsilyl)methyl Complexes

11.1. Synthesis, Structure, and Properties of
Ln(I)[C(SiMes)s], and Ln(Il)[C(SiMe;),(SiMe,R)],

Extending the series of trimethylsilyl-substituted methyl
ligands to the highest possible substitution at the methyl
carbon atom leads to extremely bulky [C(SiMe;);] ligands.”
Because of their high steric demand, such ligands are well
suited to stabilize lanthanide metal centers in the divalent
oxidation state. While ate complex formation was indicative
of insufficient steric protection for the divalent ytterbium
complexes carrying [CH(SiMe;),] ligands, such salt forma-
tion is effectively suppressed in Eaborn complexes Ln-
(AD[C(SiMe3)3]> (Q).

However, the first attempts to synthesize a homoleptic
ytterbium alkyl complex applying the reaction conditions that
yield Yb[CH(SiMe3),]2(Et;0), (Myy-g,0) Were not success-
ful. Reaction of Ybl, with 2 equiv of KC(SiMe;); in Et,O
rather gave orange—red crystals of the dimeric ether cleavage
product {Yb[C(SiMe;);](u-OEt)(Et,0)}, (197) than the puta-
tive Yb[C(SiMe3)s]» (Scheme 40).3243%

Further attempts to synthesize Yb[C(SiMes);], were un-
dertaken in the absence of ethereal solvents. A suspension
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of Ybl, in benzene reacted with a solution of KC(SiMes)s
to yield the homoleptic, solvent-free ytterbium alkyl complex
Yb[C(SlMe;);]z (QYb) (Scheme 41, I).74

The respective europium(I)** and samarium(II)*>® com-
plexes were synthesized the same way, with yields decreasing
with increasing size of the metal cation (Yb > Eu > Sm).
The crystal structures of all three compounds have been
determined and revealed solvent-free monomers (Figures 32
and 33).

The most interesting feature of the solid-state structures
is the bent C—Ln—C angles (137°, Yb; 136°, Eu; 143°, Sm).
Similar bending is also observed for the respective bis(cy-
clopentadienyls) Ln(CsMes),.%¢3% There have been inten-
sive discussions about whether the bending is caused by
electronic factors*®**®! or by ligand interactions.’®? As the
latter would be significantly reduced by lengthening of the
metal—carbon bond, the similarity of the observed angles
in the ytterbium and europium compounds suggests that the
factor determining the C—Ln—C angles is electronic rather
than steric. A contribution of the metal d-orbitals has been
discussed.®*

The mean metal—carbon distances in complexes Ln[C-
(SiMe;);]» (Q) are long compared to those observed in other
“two-coordinate” divalent species,**>** reducing the interac-
tions between the SiMe; groups. The ytterbium compound
shows two short Yb—methyl secondary interactions in the
solid state, which contribute to a stabilization of the molecule
(Figure 33).”* Three similar interactions were observed for
the larger europium metal center (Figure 32).%* Attempts to
distinguish the methyl groups by low-temperature NMR
spectroscopy were not successful. All protons appeared to
be equivalent even at —95 °C.

In order to provide further stabilization of complexes
Ln[C(SiMes)s]» (Q), a series of ligand modifications has been
carried out and the ligand contribution on the complex
stability and reactivity has been studied.*** Reaction of YblI,
with the modified potassium salts KC(SiMe;),(SiMe,R) (R
= CH=CH, and CH,CH,OEt) in benzene afforded
Yb[C(SiMes),(SiMe;R) ], (R) in good yields (Scheme 41, 1I).
A methoxy derivative of ytterbium was obtained by heating
{ YB[C(SiMe3)»(SiMe,OMe)|1(Et,0),}, (Scheme 41, 1V)
under reduced pressure. More intuitive seems the synthesis
of the samarium analogue starting from Sml,(thf), and the
potassium salt KC(SiMe3),(SiMe,OMe) (Scheme 41, III).3%
Sm[C(SiMe3)(SiMe,OMe)]x(thf) (ROMeg, _¢) could be ob-
tained in high yield as green—black single crystals grown
from cyclohexane (Figure 34). The five-coordinate samarium
metal center is surrounded by the two chelating alkyl ligands
and one thf molecule. Additional coordination of the OMe
groups results in the formation of two four-membered chelate
rings.

Because of the higher coordination numbers of the divalent
metal center, the tendency to ether cleavage as found for
Yb[C(SiMe3)s]» (Qyp) (Scheme 40) could be reduced dra-
matically. The additional interaction with the chelating
ligand, even the weak vinyl—Yb interaction (for R =
CH=CH),), inhibits the coordination of Et,O and consecutive
ether cleavage reactions.

Sml, is a commonly used reagent in organic syntheses.
Presumably, organosamarium intermediates play a key role
in the Sml, mediated addition of alkylhalogenides to ketones
(samarium Barbier reaction (SBR)). The reactivity of
Sm[C(SiMe3)(SiMe,OMe)]o(thf) (ROMeg, ) toward ben-
zophenone has therefore been investigated but revealed the
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Chart 22. Porphyrinato, Binaphtholato, Biphenolato, And Bis(Oxazolinato) Complexes Derived from Ln[CH(SiMe;),]; (O)

Ln=Y, Lu (X-ray)
186
SiPhs R1 tBu Me tBu o 5
O‘ CH(SMes); ‘ FH(SMea), ‘ CH(SiMes); m
s R2 (5 Me O.., N\ 2 %
~lia fla L 1
o R2 (o}t = Me 0 By | tBu
I O‘ OEt, O (thf)x O (MesSi;HC  CH(SiMes)s
SiPhs R Bu Me Bu (Keray)
_l2
187 R = tBu, RZ = H, x = 0-3 (X-ray) (X-ray) 190
R'=R?=Me, x=3 189
188
Scheme 39. Derivatization of Ln[CH(SiMe;),]; (O)
Y[CH(SiMes);]3(NCtBu);
(X-ray)
191
Ce[CH(SiMe3)z}3(NCPh) % e i {Y[P(S;r::a)zla}z
(X-ray) NCPh HP(SiMe3);
192
Ln[CH(SiMe3)z]s
“y wzcm-caﬂmcmsmam
Ln= La Y Ln= La
F F
F F F F
O ‘ Meas.‘
Ln}-—o0 F |[HO F LW
F F F F MeSi_ @ thf _
O ‘ cHy g p—CH(SiMes)4
F F F F MezN
F 4 F
(X-ray)
194 196

Scheme 40. Synthesis of {Yb[C(SiMe;);](#-OEt)(Et,0)},
197)

Et,0, _
TThC=CH, {Yb[C(SiMe3)3)(-OEt)(Et0)}n
+(Me;Si)sCH

“2KI

2Ybly; + 2 KC(SiMes)s

formation of a ketyl—radical anion complex Sm[C(SiMej3),-
(SiMe,OMe)]»(OCPh,) (198) rather than a Grignard-like
addition product.’%

A series of Grignard reagent analogues with the general
formula {Yb[C(SiMe3)>(SiMesR)II(EtO)s}s (199g,0) has
been reported. The reaction of Yb[C(SiMes);], with io-
domethane led to the cleavage of one Yb—C bond and
formation of {Yb[C(SiMes);]I(Et;0),}, (Scheme 42, 1).7*

The multiplicity of products/byproducts arising from this
reaction, especially the formation of side-product HC-
(SiMes)s, suggests a radical reaction pathway (not shown in
Scheme 42). The same compound was isolated from the

Scheme 41. Synthesis of Ln(IT)[C(SiMe;);], (Q) and
Ln(IT)[C(SiMe;),(SiMe;R)], (R)

benzene,
I Lnlz+  2KC(SiMes)s —“'ﬁ- Ln[C(SiMe3)sl»
Ln=Yb, Eu, Sm
benzene,
Il Ybly + 2 KC(SiMes)y(SiMesR) ”'242:‘ Yb[C(SiMes)(SiMe;R)L|
R = CH=CH,
CH,CH;0EL
thf, rt, 3d
Il Smiy(thfly + 2 KC(SiMes)z(SiMe,OMe) — - —=

Sm[C(SiMes),(SiMe,OMe)],(thf)

|V (roicisiMes)ssiMe,OMeNIELO)), 2SO Tor,

Ybiy

Yb[C(SiMea)o(SiMe,OMe)],
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Figure 32. Solid-state structure of Eu[C(SiMes)s], (Qgu), adapted
from ref 354.

Figure 33. Solid-state structure of Yb[C(SiMe;);]> (Qys), adapted
from ref 355.
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Figure 34. Solid-state structure of Sm[C(SiMe3),(SiMe,OMe)],-
(thf) (ROMeg, ), adapted from ref 365.
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Scheme 42. Synthesis of {Yb[C(SiMe;),(SiMe;R)]I(Et,0),},
(199&1,0)

| 2 Yb[C(SiMe3)z]> + 2 Mel

—
Et;O, it

3 {Yh[C(EiM I(Et;O
Trccae (YPIC(SMesSIERON,

Et:0, it -
. {Yb[C(SiMe3)3]I(Et,0)}2

Il 2 vbic(SiMes)s], + ICH,CHL
Et:0, rt,
i1 2¥b + 21C(SiMey)(SiMe,R) —2180—— (vb[C(SiMe;),(SiMeR)]
I(Etz0)z}2
R = Me, HC=CH., OMe

ELO, Ip, 11,22 h

|12 Yb + IC(SiMey);(SiMe;Ph) + CIC(SiMes)z(SiMe,Ph) — =
=

(80%) (40%)
{Yb[C(SiMe3),(SiMe,Ph)]I{Et.0):}»

reaction between Yb[C(SiMes);], and an excess of ICH,CH,I
as well as the reaction with IC(SiMes); in Et,O, respectively
(Scheme 42, II and 1II).”* The use of alkyl iodides and Yb
powder further allowed for the synthesis of derivatives
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Figure 35. Solid-state structure of {Yb[C(SiMe;);]I(Et,O)},
(199™¢y},_k1,0), adapted from ref 74.

{Yb[C(SiMe3)2(SiMe,R)I(Et,0),}, (R = CH=CH,, OMe)
(Scheme 42, TIT).** { YB[C(SiMe3)(SiMe,Ph)[I(EL0), }, was
obtained from a mixture of the respective iodoalkyl and the
chloroalkyl (Scheme 42, IV).>** All “lanthanide Grignard”
reagents (199g,0) are stable in Et,O solutions and can be
stored as such for several weeks. The alkyl ytterbium iodides
decompose when heated under reduced pressure to give
Yb[C(SiMes),(SiMesR)], and YbI, (see Scheme 42, IV). In
nonpolar organic solvents, all Grignard-type ytterbium
complexes exist in a typical Schlenk equilibrium.

The solid-state structures of several alkyl iodides have been
determined, all substantiating dimeric structures (Figure
35).7+35% The molecules usually have a center of symmetry
due to an almost square-planar Yb,l, ring. Analogue
structures are adopted by a number of Grignard reagents.

Besides their occurrence in organic synthesis (in situ
formation), probably the most interesting application of
complexes Ln[C(SiMes)s], is their ability to polymerize
methylmethacrylate and acrylonitrile.>>>3%6:37 Of several
tested divalent ytterbium alkyl, amide, and alkynide com-
plexes, YDb[C(SiMe;);], produced poly(MMA) with the
highest isotacticity (97%) and excellent yield. The obtained
polymer showed high molecular weights (M, = 51 x 10*
g/mol) and very narrow molecular weight distributions (M,,/
M, = 1.1)3%

11.2. Synthesis, Structure, and Properties of
Related Ln(ll) Silylmethyl Complexes

In 1999, a closely related bidentate ligand [(Me;Si),CSiMe,-
CH,CH,SiMe,C(SiMes),] had been introduced to low-valent
lanthanide organometallic chemistry.’*® This ligand can be
regarded as two trimethylsilyl groups (“trisyl”) joined
together like Siamese twins and thus is referred to as a
“trisamyl” ligand. Treatment of YbI, with the potassium salt
of the trisamyl ligand gave the solvent-free chelate complex
Yb[(Me;Si),CSiMe,CH,CH,SiMe,C(SiMes),] (Sys) (Figure
36). Because of high disorder, detailed structural data could
not be obtained. The reaction of Sy, with Et,O was
investigated and found to be slower than the one with

Yb[C(SlMe3)3]2
Me;Si )3\ SiMe;
P
IMe;Sim~—7¢ c\“.---SiMa;,

SiMe;
v
Figure 36. Structure of Yb[(Me;Si),CSiMe,CH,CH,SiMe,C-
(SiMe3),] (Sys).

MEgSi
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Scheme 43. Synthesis of Yb(II), Tm(III), and Nd(IIT) Complexes with [L'] and [L?]

Mezsl“'-—--.___o__._.---"siMEZ
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SiMe O
OMe
Ln=Yb
2Kl %’Ie C\ ge
hf, Koll'] Lty Kl MesSic. W SiMe,
Nig iy, C‘.\"'
tht, KALZI/ Ln=Tm, Nd MesSi™ ch ‘--..siMea
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M82Si SiMEz
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Scheme 44. Synthesis of Lu(CH,SiMe;),(CHPh,)(thf), (201)
thi/pentane/Et,0

-2 Licl
- KCi

Lu(CH,SiMe3)o(CHPhy)(thf),

LuCls(thf)s + 2LiCH,SiMe; + KCHPh,

Very recently, the ytterbium(II) complexes of the dicar-
banionic sterically hindered, O-functionalized ligands [L']
and [L?] (see Scheme 43) have been reported.*® Ybl, and
either of the dipotassium agents K,[L'] and K,[L?] cleanly
formed the corresponding bisalkylytterbium(II) compounds
TYb and UYb~

Both compounds react instantaneously with Et,O as known
for Yb[C(SiMes)3], (Scheme 40) but can be isolated as thf
adducts. Upon standing at ambient temperature for several
days, Ty, partly forms a paramagnetic Yb(III) species, as
evidenced by NMR spectroscopic experiments.

In contrast to the ready isolation of ytterbium(I) com-
pounds, reactions between Lnl, (Ln = Tm, Nd) and K,[L?]
were accompanied by oxidation of the divalent metal center
to form Tm(III) and Nd(IIT) complexes 200 (Scheme 43).
The additional metal methoxy ligand coordinated to the metal
in complex 200 is most likely derived from Si—O cleavage
of a second dicarbanion ligand.?®

12. Mixed Alkyl Complex Lu(CH,SiMes)(CHPh,)(thf),

Because of its steric demand and the flexible bonding
modes, the [CHPh,] anion appeared to be a promising

Figure 37. Solid-state structure of Lu(CH,SiMe;),(CHPh,)(thf),
(201), adapted from ref 370.

candidate for the synthesis of stable lanthanide alkyl
complexes. The anticipated formation of homoleptic com-
plexes Ln(CHPh,);(solv),, however, was not observed.?”
Attempted synthesis by reaction of 2/3 equiv of KCHPh,
with Ybl,(thf),, LuCls, YbCls, and YCls, respectively, only
resulted in dark-colored oils. The heteroleptic lutetium alkyl
complex Lu(CH,SiMe;),(CHPh,)(thf), (201) could be ob-
tained according to the equation depicted in Scheme 4437

The mixed alkyl compound shows a solid-state structure
comparable to its homoleptic analogue Lu(CH,SiMe;);(thf),
(cf., Figure 21). The three alkyl ligands occupy the equatorial
positions of a distorted trigonal bipyramid (Figure 37).

Because of the steric requirement of the benzylhydryl
ligand, the lutetium methine carbon distance (Lu—Cl, 2.45
A) is considerably longer than the lutetium methylene carbon
distances in the same molecule (Lu—C14, 2.35 A; Lu—Cl18,
2.34 A).

The alkyl compound is extremely air- and water-sensitive
but is stable for some days if kept in evacuated sealed tubes.
So far, literature provides no further information on the
derivatization or reactivity of Lu(CH,SiMes),(CHPh,)(thf),.

13. Benzyl Complexes

13.1. Synthesis, Structure, and Properties of
Ln(lll)(CH,PhR)s(donor),

Because of the need for suitable homoleptic alkyl precur-
sors especially of the larger rare-earth metals, benzyl ligands
[CH,Ph] experienced a revival. The first reports on homo-
leptic tris(benzyl) complexes of neodymium?’!*’? and lan-
thanum?”* were published in the 1980s but were inconclusive
as to the existence of these species. Both compounds were
characterized as (thermally) labile and decomposition by an
a-elimination pathway, producing alkylidene products
[PhCH,Nd=CHPh] and carbine-like species [Nd=CPh], was
proposed for the neodymium compound, whereas the forma-
tion of [PhCH,La(H)OCH=CH,(thf),] was suggested in
the lanthanum case. Recently, the straightforward synthesis
of neutral, salt-free lanthanum tris(benzyl) complexes
La(CH,Ph);(thf); (Vi,—mp) and La(CH,CgHy-4-Me)s(thf)s
(VM _ar) was described by the group of Hessen (Scheme
45).374

Reaction of LaBr;(thf), with 3 equiv of potassium benzyls
KCH,C¢H4-4-R (R = H, Me) in thf afforded lanthanum
tris(benzyls) Vi,—unr and VMo, as orange—yellow crystals
(Scheme 45, I). Under the same reaction conditions,
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Scheme 45. Synthesis of Ln(CH,Ph);(thf); (Ve),
Ln(CH,CsHsMe-4)5(thf); (VM. ), and
Sc(CH,CsH3Me;-3,5)3(thf), (VMeMeg )

thf, 0 *C, 2h
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-3
Ln=Lla;R=H, Me
Ln=Nd;R=H

| LnBrs(thf), + 3 KCH,CgH4R-4

thf, 0 °C, 2h
——

1 |
YCl3(thf)ss + 3 KCH,Ph s

Y(CHzPh)(thf)s

thf, -50 °C

Il YCIi(thflas + 3KCH,Ph ~ —0min

e Y(CH,Ph)a(thf)s

thf, -50—+0 °C
IV LaBrs(thfls + 3KCH,CeHsR4 —21—= La(CH,CeHaR-4)s(thh)q
R=tBu
thf, rt
1. sonication
2. shaken for 15 min

vV |
ScCls(thf)s + 3 KCHzPh ~3KCl

Sc(CHPh)s(thf)s

thf, -10 °C, 2h
—_—

VI LuCls(thf)s + 3 KCHzPh T3KCI

Lu(CH,Ph)a(thf)s

thf, -196 "C—rt, 16h

VIl LuCl3  + 3 KCHzPh = Lu(CHzPh)s(thf)s
thifhexanes
VIl 8cCls(thf); + 3 KCHyCgHaMes-3,5 ?ack;h
Sc(CH,CgH 3Meg—3,5)=£ th: 2

NdBr;(thf); 5 or YCl;(thf); s and KCH,Ph formed the respec-
tive neodymium and yttrium compounds (Scheme 45, I and
I1).%73376 Single crystals of the yttrium tris(benzyl) were
obtained by performing the reaction at —50 °C (Scheme 45,
I1I).>”” Higher solubility of benzyl compounds in apolar
solvents was anticipated by the introduction of fert-butyl
substituents in the 4-position of a homoleptic lanthanum
benzyl complex (Scheme 45, IV).>”” Lately, the suitability
of the benzyl ligand to stabilize homoleptic complexes of
the smallest rare-earth metals scandium and lutetium has been
demonstrated. ScCl;(thf); and LuCl;(thf); react with 3 equiv
of the potassium benzyl at ambient temperature (Sc) or in a
cooled thf solution (Lu) to yield the respective homoleptic
rare-earth metal benzyl compounds Ln(CH,Ph);(thf); in good
yield (Scheme 45, V and VI).*”® Trituration of the scandium
and lutetium tris(benzyl) complexes in toluene results in
ready loss of one thf donor ligand, leading to pentacoordinate
complexes Ln(CH,Ph);(thf),. Aiming at the synthesis of
Ln—benzyls with increased solubility in hydrocarbon sol-
vents, ScCls(thf); was reacted with KCH,C¢HszMe,-3,5,
which allowed for the isolation of the tris(dimethylbenzyl)
compound Sc(CH,C¢HsMe,-3,5)5(thf), (Scheme 45, VIII).>”

Performing the salt-metathesis reaction between anhydrous
LuCl; and KCH,Ph at —196 °C followed by warming the
reaction mixture to ambient temperature proved to be an
alternative synthesis for neutral Lu(CH,Ph);(thf); (Scheme
45, VID.>”® On the contrary, anhydrous ScCl; and 3 equiv
of potassium benzyl yielded a two-dimensional coordination
polymer of the composition [Sc(CH,Ph)sKy(thf);],, in which
the scandium atom is surrounded by five benzyl groups in a
trigonal-bypyramidal fashion (Scheme 46).

The crystal structure of Ln(CH,Ph);(thf); has been deter-
mined for Sc,””® Y,3”7 Nd,’”> and La.’”* In the solid state,
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Scheme 46. Synthesis of [Sc(CH,Ph);K;(thf);],
thf, -196 °C—rt, 16h

ScC
cCly + 3 KCHyPh T

[Sc(CHPh)sKo(thf)s],

La(CH,Ph);(thf); and Nd(CH,Ph);(thf); revealed a fac-
octahedral coordination of the benzyl and thf ligands.
Interaction of the ipso-carbon atoms of each benzyl moiety
with the large rare-earth metal center results in an #?
coordination, thus providing additional steric stabilization
(Figure 38).37+375 The p-tolyl derivatives La(CH,CsH;Me-
4)5(thf);*™* and La(CH,CgHuBu-4);(thf);*”7 are essentially
isostructural with Vi ,—ur.

The solid-state structure of Sc(CH,Ph);(thf); revealed also
a distorted fac-octahedral coordination of the three benzyl
groups and three thf molecules (Figure 39).>”® In contrast to
the lanthanum tris(benzyl) complex, an %' coordination of
the benzyl groups is observed in Sc(CH,Ph);(thf);*’® and
Y(CH,Ph);(thf);,>”7 in agreement with the significantly
smaller ionic radius of scandium.

La(CH,Ph);(thf); and La(CH,C¢H4-4-Me)s(thf); are poorly
soluble in hydrocarbons but can be dissolved in thf. On the
NMR time scale, all benzyl methylene protons are equivalent,
suggesting an average Cs, symmetric solution structure.’’*
The tris(benzyl) complexes of the smaller rare-earth metals
Sc and Lu are reported to be soluble in hydrocarbons,
whereas ionic [Sc(CH,Ph)sK,(thf);], needs to be dissolved
in thf. '"H NMR spectra of the latter recorded in thf-dy show
only one singlet for the methylene protons in accordance
with a monomeric structure.’’®

13.2. Ln(CH,PhR);(donor), as Synthesis
Precursors

Mono(cationic) and di(cationic) lanthanum benzyl species
could be obtained when reacting V¢ and VM with
1 or 2 equiv of the Brgnsted acid [PhNMe,H][B(C¢Fs),]. To
facilitate crystallization of the ionic lanthanum compounds,
the corresponding tetraphenylborate salts were prepared using
[PhNMe,H][BPh,]. Remarkably, both mono(cation) V',
and di(cation) V>"Me ¢ could be crystallized and showed
two tilted 77° coordinated benzyl groups in the mono(cationic)

Figure 38. Solid-state structure of La(CH,Ph)s(thf); (Via—mp),
adapted from ref 374.
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Figure 39. Solid-state structure of Sc(CH,Ph)s(thf); (Vsc—we),
adapted from ref 378.

species V' ,—ms, Whereas the remaining benzyl ligand in the
di(cation) V*™Me, ¢ is essentially #* bonded (Chart 23).
In both molecules, the environments of the lanthanum metal
centers are saturated by thf molecules.

Reactions of the tris(benzyl) complex VMe . with
LiCH,CgH4-4-Me in thf led to the formation of the ionic
compound [La(CH,Ce¢Hy-4-Me),][Li(thf)s] (V7 L.). Crystal
structure determination again revealed a stabilizing 7>
coordination of all four benzyl ligands in the anionic unit.

Application of lanthanum benzyls Vi ,_gqr and VM ¢ as
alkyl precursors in a series of derivatization reactions
demonstrates the versatility and synthetic value of these
compounds (Chart 23).'8-374380 Acid—base reaction with the
amidine ArN=CR'NHAr (Ar = C¢H3-2,6-iPr; R' = Ph, tBu)
in thf generated the mono(amidinate)—bis(benzyl) complexes
[R'C(NAr),]La(CH,C¢H4-R),(thf), (202 and 203) and 1 equiv
of toluene or p-xylene, respectively.'®37* In complexes 202,
one benzyl ligand is coordinated in an 7> mode whereas the
second benzyl ligand is significantly tilted, suggesting an 7°-
like bonding. The more sterically hindered amidine with a
tert-butyl substituent in the backbone allows only for two
n? coordinated benzyl ligands in complex 203. By reaction
with [PhNMe,H][BPh,], compound 203 can be transferred
into the respective mono(cationic) species.

Mixtures La(CH,Ph)s(thf);/[PhNMe,H][B(C¢Fs)4] and 202/
[PhNMe,H][B(C¢Fs)4] in toluene show low activities in the
polymerization of ethylene and provide catalysts for the
intramolecular hydroamination/cyclization.’™* In the presence
of 1,4, 7-trimethyl-1,4,7-triazacyclononane, La(CH,Ph);(thf);
forms compound 204 with one #* bound [CH,Ph] ligand.
Reaction with a silylamino-substituted triazacyclononane led
to the clean formation of monomeric, donor-solvent-free
lanthanum dibenzyl complex 205.37

Scandium tris(dimethylbenzyl) Sc(CH,C¢H;Me,-3,5)s(thf),
was successfully used as a synthesis precursor for the
preparation of ferrocene diamide scandium complex 206.%”
Subsequent ligand-exchange reactions have been carried out,
and the performance of 206 as a catalyst for the ROP of
L-lactide has been investigated.

Zimmermann and Anwander

13.3. Synthesis, Structure, Properties, and
Derivatization of
Ln(Il)[CH(SiMe;)C¢H,-0-NMe,],(thf),

The research on benzyl complexes of the divalent lan-
thanide metals was greatly influenced by the chemistry of
heavy alkaline-earth metals.*®! Striking similarities between
the chemistries of Ca(IT) and Yb(II) have been evidenced in
solid-state structures and the chemical behavior 3343827384
Considering these parallels, Harder introduced donor-func-
tionalized benzyl ligands to the chemistry of divalent
lanthanide metals, which were previously successfully ap-
plied for alkaline-earth metals.’®! Benzyl ligands, which
kinetically and thermodynamically stabilize the large coor-
dination spheres of divalent lanthanide metals but still
provide enough nucleophilicity to initiate catalytic reactions,
have been applied, in particular the [2-NMe,-0-Me;Si-
benzyl] ligand.

Accordingly, complexes Ln(II)[CH(SiMe;)C¢H,-0-NMe; -
(thf), (W) could be obtained by salt-metathesis reaction
of the respective Lnl, and 2 equiv of K[CH(SiMe;)C¢H,-0-
NMe,] in thf at ambient temperature (Scheme 47).377-381

The solid-state structures of the Eu,*”” Sm,*®! and Yb*! benzyl
complexes have been determined and revealed diastereomers with
R and S configuration at the benzylic carbons (Figure 40). The
(2-Me,N-0-MesSi-benzyl) ligand coordinates to the lanthanide
metal center in a bidentate fashion. The coordination sphere might
be described as a distorted octahedron with the carbanions in trans
position and the four neutral coordinating groups in the equatorial
plane. The benzylic carbons show a hybridization between sp® and
sp*. Bu[CH(SiMe;)CsHy-0-NMe; |x(thf), and Sm[CH(SiMe3)CsH-
0-NMe,]x(thf), revealed isomorphous structures, which, in contrast
to the respective ytterbium structure, showed short contacts to the
aryl rings.

In solution, the complexes Ln(II)[CH(SiMe;)CsH,-0-
NMe,],(thf), exist as a pair of diastereomers interconverting
slowly. However, only one set of thf signals is observed,
indicating fast exchange of the thf ligands.

Yb(II)[CH(SiMe3)CgHy-0-NMe,],(thf), has been used as
a starting material for the formation of heteroleptic Yb(II)
complexes. Following the synthesis procedure, which had
previously been applied for calcium,*> the ytterbium diben-
zyl was reacted with 9-Me;Si-fluorene to yield compound
207 (Chart 24), which has been applied as a catalyst for the
polymerization of styrene.®! Heteroleptic complexes can
further be prepared by ligand exchange between two homo-
leptic compounds. The Schlenk-like equilibria present in such
solutions are controlled by steric as well as electronic effects.
When a reaction mixture of Yb[CH(SiMe;)CsHs-0-NMe;|,-
(thf), and Yb(nacnac), was heated at 50 °C, the heteroleptic
species 208 formed first but upon standing yielded the C—H
activation product 209 (Chart 24).38!

Homoleptic Yb(II)[CH(SiMe;)CsHy4-0-NMe,],(thf), and
Sm(ID[CH(SiMe;)C¢Hy-0-NMe,[o(thf), initiate the polym-
erization of styrene.*®' For the ytterbium derivative, poly-
styrene of high syndiotacticity could be obtained, whereas a
bimodal molecular weight distribution was found when the
samarium-based catalyst was used. Oxidation of the Sm(II)
metal center by styrene to a catalytically active Sm(III)
species has been proposed.
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Chart 23. Derivatives of La(CH,Ph);(thf); (Via_wm¢) and La(CH,CgHy-4-Me)s(thf)s (VMLa e

e

(8Ph,)©
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Scheme 47. Synthesis of Ln(II)[ CH(SiMe;)CsH;-0-
NMe;],(thf), (W)

thi, it
40 h

Lnl(thf) + 2 K[CH(SiMeg)CHq-0-NMeo] — -

LN[CH (SiM93>C6H4-O-NM92}2(thf>

{n=Euy Sm, Yb

13.4. Synthesis, Structure, and Properties of
Ln(lll)(CH2C5H4'O'NMez)3 and
Ln(lll)(CH2C5H4'O'SiMes)3

Donor-functionalized benzyl ligands [CH,C¢H4-0-NMe,]
have attracted attention very recently. The aminobenzyl
ligand was especially developed to provide stability and steric
shielding in complexes of the early transition metals. Because
of its “built-in” chelating amino group, it was found suitable
to stabilize homoleptic and heteroleptic titanium and chro-
mium complexes.*%6

With the synthesis of the homoleptic solvent-free scandium
compound Sc(CH,C¢Hy-0-NMe,); (Xs.), Manzer introduced
these bidentate benzyl ligands to group 3 chemistry.386-387
Straightforward synthesis starting from anhydrous ScCl; and
Li(CH,C¢Hy-0-NMe,) yielded the envisaged product as an
extremely air-sensitive, pale-yellow, crystalline solid (Scheme
48, I). Further purification, however, was described as
exceedingly difficult.

Almost 30 years later, Harder rediscovered the synthetic
potential of Ln(CH,C¢H,-0-NMe,); (X).3® Applying slightly
modified reaction conditions and using the potassium salt
K(CH,C¢Hy-0-NMe,) rather than the lithium analogue, he
succeeded in preparing the yttrium and lanthanum derivatives
Y (CH,C¢Hs-0-NMe,); and La(CH,CgH,-0-NMe,);, respec-
tively (Scheme 48, II). Recently, the synthesis protocol could
be extended to the entire lanthanide series, producing the
respective Nd, Sm, Ho, Dy, and Yb tris(aminobenzyl)
complexes (Scheme 48, II-1V).>”” Notably, in the case of
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Figure 40. Solid-state structure of Yb[CH(SiMe;)CsHy-0-NMe, |-
(thf)s (Wyp—ws), adapted from ref 381.

Chart 24. Complexes Derived from
Yb(D[CH(SiMe;)C¢Hy-0-NMe, ] (thf), (Wyp—inr)

iPr iPr

N thf

iPr W \\’ w4

N CH, —Yb

Yb CH3 N

iPr
Pr M
th N
Pr Pr
(X-ray)
209

samarium and holmium, anhydrous SmBr; and Hol; have
been used as lanthanide precursors (Scheme 48, IIT and IV).

Almost parallel to Harder’s work, a slightly modified
synthesis procedure for the homoleptic aminobenzyl com-
plexes Ln(CH,C¢Hs-0-NMe,); has been published by the
group of Hou.*® The Y, Sm, Gd, and Lu compounds were
hereby accessed by reacting suspensions of the respective
LnCl; in thf with solutions of Li(CH,CgHs-0-NMe,) in thf
at ambient temperature (Scheme 48, V). LnBr;(thf), has been
used under similar reaction conditions to access the deriva-
tives of the larger rare-earth metals lanthanum, praseody-
mium, and neodymium (Scheme 48, VI).

The solid-state structures of Ln(CH,CsH4-0-NMe»); (Ln
=Y, La, Nd, Sm, Dy, Ho, and Yb) have been investigated
and revealed isomorphous structures showing a paddle-wheel
geometry with prismatically coordinated metal centers
(Figure 41).37738 One of the benzyl ligands coordinates
“upside down” and thus breaks up the 3-fold symmetry. The
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Scheme 48. Synthesis of Ln(CH,C¢H -0-NMe,); (X)

thf, t, 16 h
| ScCly+ 3 Li(CH;CoHi-0-NMey) — == Sc(CH,CeHi-o-NMes)s
thf, <50 "C—rt
I LnCl + 3 K(CH,CeHy-0-NMe,) ——1 —= Ln(CH;CeHj-0-NMey)g
Ln=Y, La, Nd, Dy, Yb
thf, -50 "C—nt
111 SmBrs + 3 K(CHzCaHg-0-NMez) — ;*;Br SM(CH,CqHy-0-NMey)a]
thf, -50 °C—rt
IV Holy + 3 K(CH,CqgHy-0-NMe,) _1;‘ ——= Ho(CH;CgH-0-NMez)y
thf, rt, 30 min
V' LnCls + 3 Li(CH;CgHy-0-NMep) — 175" Ln(CH,CeHy-0-NMe;)3
Ln=Y,Sm, Gd, Lu
thf, rt, 30 min
VI LnBry(thf), + 3 K(CH,CeHq-0-NMeg)—- - =
Lﬂ(CHzcqu,-O-NMez)g
Ln=La, Pr N£

Ln—C and Ln—N bond lengths correlate with the ionic radii
of the Ln** cations. Remarkably, the La—C;,,, and La—C,,,
distances are shorter than expected, demonstrating a pro-
nounced multihapto bonding with increasing metal size. The
benzyl ligands show a hybridization of the CH, group
between sp? and sp®. The parameters associated with delo-
calization of the negative charge from the benzylic carbon
C, into the ring do not vary significantly along the rare-
earth metal series. However, comparison of these values for
La and Yb confirm a slight decrease in charge delocalization
with decreasing cation size.”’

Compounds Ln(CH,C¢Hy-0-NMe,); are soluble in aro-
matic solvents and thf. Sc(CH,CgH4-0-NMe,); reacts vio-
lently with chlorinated solvents.*’” Noteworthy is the thermal
stability of complexes X. Toluene solutions can be stored at
ambient temperature for several months with only negligible
decomposition of X. Even heated solutions show only minor
decomposition of X.377-388

Further, variation of the donor functionality at the benzyl
ligands ortho-position and the effect on complex stabilization
was investigated. An extended steric shielding of the rare-
earth metal’s coordination sphere and additional stabilization
by possible agostic Si—Me—Ln interactions was anticipated
by the 0-SiMe; substituents. The attempted preparation of a

Figure 41. Solid-state structure of La(CH,C¢Hy-0-NMe,); (XLa),
adapted from ref 388.
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Scheme 49. Synthesis of Ionic Complex
[La(CH,C¢Hy-0-SiMe;)4][Li(thf),] (Y1..)

thf
-50°C—-rt, 2h

-3KCl

LaCly + 3 K/Li(CHoCgHa-0-SiMe3)

La(CH,CyH,-0-SiMe),[Li(thf),]

neutral homoleptic lanthanum compound by reaction of
LaCl; with K(CH,C¢Hy-0-SiMes) in thf yielded the ionic
complex [La(CH,C¢Hy-0-SiMe;)4][Li(thf),] (Yr,) due to
lithium impurities in the starting material (Scheme 49).%8

The solid-state structure of [La(CH,CgHy-0-SiMes)4][Li-
(thf)4] shows a pseudo S;-symmetric [La(CH,CgHy-o-
SiMe;),] anion with a distorted tetrahedral geometry about
the lanthanum metal center (Figure 42). Two of the La—C

Figure 42. Solid-state structure of the [La(CH,Cg¢Hy-0-SiMes),]
anion in Yy ,, adapted from ref 388.
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bonds are distinctively shorter than the other two, substan-
tiating a tendency toward #* bonding.

13.5. Ln(CH,C¢H4-0-NMe,); as Synthesis
Precursors

Homoleptic donor-free tris(aminobenzyl) complexes W
were introduced as rare-earth metal alkyl precursors only
very recently. The majority of reports on the derivatization
of these rare-earth metal alkyls appeared in 2007—2008, but
a multitude of applications is anticipated in the near future.

Despite the steric and electronic saturation of the rare-
earth metal center by the aminobenzyl ligands, compounds
Ln(CH,C¢Hy-0-NMe,); (W) easily undergo acid—base reac-
tions with a variety of protic proligands. The yttrium
derivative has been shown to deprotonate fluorenes and
alkylamines and has been used as a precursor in the synthesis
of a constrained-geometry yttrium benzyl compound (210),
which could easily be converted into the respective hydride
species (Chart 25).%%8

A series of scandium mono(cyclopentadienyl) bis(ami-
nobenzyl) complexes was reported to be the outcome of
acid—base reactions between Sc(CH,CsHs-0-NMe,); and the
respective H(Cp®) (Chart 25, 211—213).>° In the presence
of 1 equiv of [PhNMCzH][B(C6F5)4] or [Ph;C][B(C6F5)4],
compounds 211—213 form mono(cationic) species, which
appeared to be active catalysts for the polymerization of
olefins (ethylene, 1-hexene, styrene, norbornene, dicyclo-
pentadiene). Further, copolymerization of 1-hexene/nor-
bornene and 1-hexene/dicyclopentadiene was achieved.
Remarkable catalytic activity in the polymerization of styrene
was found for mono(cations) in situ prepared from mono-
(phospholyl) scandium complex 214 and [Ph;C][B(CgFs),].*"!

Chart 25. Complexes Derived from Protonolysis Reaction Employing Ln(CH,C¢H4-0-NMe,); (W)

Q SiMea
NMB;

H,C.
; Me,N—=( S
/ MEzN

(X-ray)
211

MeN—= L -----
MEZN

Ln=Sc ¥, La
(X ray for all)

Ln= Y, La, Pr,Nd, Sm, Gd, Lu
(X-ray for all)
217
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Mono(pyrrolyl) bis(aminobenzyl) complexes of Sc, Y, and
La can be accessed by acid—base reactions of the homoleptic
rare-earth metal alkyls and the pyrrole derivative (Chart 25,
215 and 216).%> The coordination of the newly introduced
ancillary ligand is governed by the substituents at the
pyrrolyl. Scandium complex 216 is a rare example of a rare-
earth metal complex with an #'-bonded pyrrolyl ligand. The
respective mono(cations) are formed upon treatment of 215/
216 with [Ph;C][B(CgFs)4] and have been applied as catalysts
for the production of syndiotactic styrene. Benzamidinate
ligands have successfully been used to synthesize bis(alkyl)
complexes of the entire rare-earth metal series. Using
Y (CH,C¢Hy-0-NMe,); as alkyl precursor, yttrium complex
218 could be obtained.** Further cationization with
[Ph;C][B(CgFs)4] produced an active isoprene polymerization
catalyst. Constrained-geometry complexes 217 could be
accessed via the tris(aminobenzyl) precursors for the entire
size range of rare-earth metals.*® Compounds 217 serve as
catalysts for the catalytic addition of phosphine P—H bonds
to carbodiimides and have further been applied in the cross-
coupling of terminal alkynes with isocyanides.?*3-24*

14. Phenyl Complexes

14.1. Synthesis, Structure, and Properties of
Ln(l)(PhR)(solv),

Contrasting the predominant use of metathesis reactions for
the synthesis of organorare-earth metal complexes, redox
transmetalation/ligand-exchange reactions display a competitive
route particularly for the preparation of low-valent lanthanide
organometallics involving o-bonded ligands. Major contribu-
tions to the early developments were made by Deacon and co-
workers, introducing transmetalation reactions of organomer-
curials as a route to organolanthanides.***3%

Already 30 years ago, the redox transmetalation reaction
of elemental ytterbium and europium with the appropriate
diorganomercurial in a donor solvent, thf, at ambient
temperature were reported to yield perfluoroaryllanthanide(II)
compounds Ln(CgFs),(thf)ys (Z F5y,) (Scheme 50, 1).3%7%7
Although the reactivity of these compounds was studied in
depth, structural data were not available until very recently.
Ln(CgFs),(thf), are thermally unstable, predominantly de-
composing by fluoride abstraction within hours or days at
ambient temperature. Attempts to synthesize the respective
perfluorated Sm(II) diaryls yielded complex product mixtures
caused by thermal decomposition of initially formed
Sm(C6F5)2.395

The reaction of Hg(p-HC¢Fy), with ytterbium at ambient
temperature showed features similar to the reaction with
samarium, but cooling to 0 °C allowed for the isolation of
Yb(p-HCgFy),(thf)y (ZCys) (Scheme 50, 11).3>%%7 Satisfac-
tory analytical characterization was, however, hampered by
the low thermal stability of the compound.

Scheme 50. Synthesis of Ln(II)(PhR),(thf), (Zp)

thf, t—=0°C, 4 h
I Ln + Hg(CeFs)y ———"

Ln(CgFs)a(thf),
Ln=Eu(x=5), Yb(x=4)

thf,0°C, 3 h

Il Yb + Hg(p-HCgF4) -

Yb(p-HCgF 4)2(thf),

thffhexane
I yoPhiCers) —22C .

Ln(CeFshithf)s _+ YbPhy|
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Yr
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Figure 43. Solid-state structure of Yb(CgFs),(thf)y (Z 6 Ssyy—),
adapted from ref 401.

Scheme 51. Synthesis of Ln(I)(C¢H3Ph,-2,6),(thf), (Z'™P")
W10 | n(CeHsPhy-2,6)l(thf),

Ln=Eu, Yb

Ln + (CeHsPhy-2,6)l

Schlenk-like equilibrium

2 Ln(CgH3Phy-2,6)I(thf), === Ln(CgH3Ph,-2,6)s(thf), + Lnly(thf)

Reactions between rare-earth elements and HgPh, are
harder to induce than those of their fluorinated analogues
and usually require activation of the metal (Hg or CH,I,)*%3
and heating.*® The simplest ytterbium(II) diaryl YbPh, is
accessible by transmetalation of HgPh, and activated Yb
metal in thf, but it is noteworthy that a well-defined YbPh,
complex has not yet been isolated.>

Previously, the composition of the perfluoroaryl lanthanide-
(I) compounds Ln(CgFs),(thf)s had been proven by IR, UV/
vis, "'Yb NMR, and "°F NMR spectroscopy accompanied
by metal titration and acidolysis.*>3740! Single crystals of
Eu(CgFs),(thf)s (Z 5g,—r) have been grown from thf
solutions by addition of light petroleum at —20 °C. In the
solid state, the europium environment approximates a
pentagonal bipyramid with axial C¢Fs groups and five
coordinating thf molecules in the equatorial positions.*? The
C(ipso)—Eu—C(ipso) angle is near 180°, and competing o-F/
o-F and/or o-F/thf repulsions cause rotation of the CgFs
groups (angle between Cg ring planes = 65.7°).

The attempted crystallization of putative “YbPh(CgFs)” by
cooling a concentrated thf/hexanes solution to —20 °C
revealed the occurrence of a ligand-redistribution process
(Scheme 50, III), yielding crystalline Yb(CgFs)y(thf)y
(ZCF5yp—mp). 1 As predicted earlier, the six-coordinate yt-
terbium(Il) is surrounded by two trans-Cg¢Fs ligands with four
equatorial thf ligands completing an octahedral coordination
geometry (Figure 43). Contrary to the europium compound,
the two CgFs groups in Yb(CgFs),(thf), are coplanar.

In 2000, Heckmann and Niemeyer introduced the sterically
demanding m-terphenyl ligands (C¢H;Ph,-2,6) to low-valent
rare-earth metals. o-Bonded Ln(Il) aryls were prepared by
a direct synthesis route from organyl iodides and the
ytterbium or europium metal, respectively (Scheme 51).178403
Using '"'Yb as a probe, a Schlenk-like equilibrium between
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Yb(C6H3Ph2-2,6)I(thf)3, Yb(C6H3Ph2-2,6)2(thf)2’ and YbIz—
(thf), in thf solution has been detected (Scheme 51).
Depending on the nature of the lanthanide metal center, the
aryl substituent, and the solvent used, either the diaryl
compound or the mixed aryl/iodide species may be obtained
from solution. Thus, recrystallization of Ln(C¢H;Ph,-
2,6)I(thf); from aromatic solvents shifts the equilibrium
shown in Scheme 51 toward homoleptic Ln(CgHsPh,-
2,6),(thf),(Z**";). Further, using europium affords the
europium(Il) diaryl and Eul,(thf)s as the main products.

The molecular structures of Ln(CgH;Ph,-2,6),(thf),
(Z'*"y;) reveal monomeric units wherein two aryl ligands
and two thf molecules form a strongly distorted tetrahedral
environment of the lanthanide metal center (Figure 44).'78403
High steric crowding and a high ionic character of the
metal—carbon bonds were held responsible for the consider-
able displacement of the respective lanthanide atoms from
the aromatic planes. In addition, a favorable arrangement
allowing for secondary #'-7-arene interactions to one o'-
phenyl carbon atom of the terphenyl ligand is provided.

In 2004, Deacon and Forsyth published the synthesis of
cations with the lanthanide metal in the divalent oxidation
state and a residual Ln—C o bond. Redox transmetalation/
ligand-exchange reaction of ytterbium or europium metal,
HgPh(CgFs), and [NMe;H][BPhy] yielded the tetraphenylbo-
rate salts [Ln(CgFs)(thf)][BPhy] (ZFsy) in good yields
(Scheme 52, I).*** Presumably, these reactions proceed
by protonolysis of the more basic Ln—Ph site of interme-
diately formed LnPh(C¢Fs) by [NMe;H]|[BPhy]. The
[Yb(CeFs)(thf),]™ fragment is also found in [Yb(CgFs)-
(thf)s][Yb(CeFs).{ N(SiMes), },] (219), a mixed-valent species
fortuitously isolated in low yield from Yb, HgPh(CgFs), and
HN(SiMe;), mixtures in thf (Scheme 52, II).

The organolanthanide(Il) cations exhibit greater thermal
stability than their neutral diorganolanthanide(Il) counterparts
and appear to be stable for several weeks at ambient
temperature. Decomposition of solid [ Yb(C¢Fs)(thf)s][BPhy]
upon heating was observed only above 130 °C, with
evolution of thf. Heating a solution of the ionic ytterbium
species in thf at 60 °C for 24 h gave a semicrystalline white
solid, which was shown to be [ Yb(thf)s][BPhy],. Even though

Figure 44. Solid-state structure of Yb(CgH3Phy-2,6),(thf), (Z'p),
adapted from ref 178.
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Scheme 52. Synthesis of Cationic [Ln(II)(C¢Fs)(thf),][anion]
(Z+/C6F5thf and 219)

thY, 1, 6 h-3 d
T he - [Ln(CeFs)ithii]
-PhH [BPhy]

- NEty

I Ln + HgPh(CeFs) + [NMesH]{BPh,]

Ln=Eu{(x=86), Yb(x=5)

1.thf it 6h
2. tol/hexanes

~Hg
~PhH
[Yb(CeFs)(thf)s]
[Yb(CgF5)2{N(SiMe3)a}2

219

1l Yb + HgPh(CgFs5) + HN(SiMes),

the decomposition pathways are not entirely elucidated, the
thermal reactions of [Ln(C¢Fs)(thf),][anion] appear to be
substantially different to those of other Ln—C¢Fs species.

The solvated cations [Ln(CgFs)(thf),]" display lanthani-
de(Il) coordination geometries similar to the corresponding
neutral [Ln(CgFs),(thf),] derivatives but with significantly
shorter metal—carbon bonds (Figure 45). In accordance with
the larger ionic radius of Eu(IT) than Yb(II), [Eu(C4Fs)(thf)e] ™
is solvated by six thf molecules, resulting in a distorted
pentagonal-bipyramidal geometry upon the europium metal
center, whereas only five donor thf molecules provide an
octahedral arrangement at the smaller ytterbium metal
center.

14.2. Ln(ll)(PhR),(solv), as Synthesis Precursors

The high reactivity of the Ln—C bond in complexes
Ln(PhR),(thf), (Zy) has been used for the preparation of rare-
earth metal cyclopentadienyl, aryloxide, and organoamide
complexes through protonolysis reaction with the respective
proligands. Because of the thermal instability of
Ln(Ph®),(thf),, ligand exchange can best be realized by
reacting the in situ formed Ln—PhR® species immediately with
the protic substrate to avoid the problematic isolation of
Ln(Ph®),(thf),.**>3%" The choice of Hg(Ph®), employed in
such reactions is hereby subject to pK, considerations.
Substrates with high pK, values (e.g., HN(SiMes), =

Figure 45. Solid-state structure of the cationic fragment
[Yb(CeFs)(thf)s]* in  [Yb(CeFs)(thf)s][Yb(CsFs)2{N(SiMes), },]
(219), adapted from ref 404.
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Scheme 53. Cyclopentadienyl Complexes Derived from
Ln(Ph*), (Z)

I Ln(CgFs)a(thfles + 2 (CpF)H o R

Ln(CpR)a(thf), + 2 CgFsH

Ln = Yb; CpR = CgHy; x =2
Ln = Eu; CpR = CgHs; x = 0.5, 1
Ln=Eu; CpR = CgHy; x =1

thf

Il Ln + Hg(CgFs)z + 2 (CpRH ——

“Hg Ln(CpR), + 2 CgFsH

thfid
Il Yb+ Ha(CFs)z + 2 (CsHs)H ——pg = Yb(CsHs)z(dme) + 2 CeFsH

IV Yb(CeFs)althfls + 2 (CsHaPPhy)H e

Yb(CsH4PPhy)o(thf) + 2 CgFsH|

o]
V' Yb + Hg(CeFs)z + 2 (CsH{PPhoH ——p>

Yb(c5H.,PPh2)2(:hf} + 2 CgFsH|

VI Yb + HgPhz + 2 (CsMes)H Yb(CsMes)y(thf)z + 2 CgHg

~25.8)* require the use of HgPh, rather than Hg(C4Fs),
because the pK, of C¢Hg (~40) is considerably higher than
that of C¢FsH (~26).” In addition, HgPh, shows a weaker
oxidizing ability than Hg(Cg¢Fs),, an important criterion for
transmetalation—ligand-exchange reactions of rare-earth met-
als with accessible divalent and trivalent oxidation states.**
The in situ preparation of Ln(Ph®),(thf), followed by ligand
exchange further allowed for the synthesis of a few orga-
nosamarium(II) compounds, even though the respective
Sm(Ph®), cannot be isolated.*06:407

Initial studies addressed the reactivity of preformed
Ln(CgFs),(thf)ys toward cyclopentadienes, indene, and
diphenylphosphinocyclopentadiene.*®®4% Accordingly, solu-
tions of the perfluoroaryllanthanide(II) compounds in thf/
Et,0 reacted with the respective proligands (Cp®)H to form
complexes Ln(CpR),(thf), (Scheme 53, I and IV). Performing
the aforementioned ligand-exchange reactions with in situ
prepared Ln(CgFs),(thf),s yielded the desired cyclopentadi-
enyl complexes usually in higher yields (Scheme 53, II, III,
and V).1940849 Replacing thf as a solvent by pyridine in the
mixtures of Eu(Cg¢Fs),/Hg(CsFs), and CpH resulted in oxida-
tion of the europium metal to yield EuCps(pyr).*® In
accordance with the above mentioned pK, criterion, HgPh,
had to be used for the synthesis of Yb(CsMes),(thf), (Scheme
53, VI). The reaction of Yb(C¢Fs),(thf), with CsHsMe
intermediately formed the envisaged product, but attempts
to isolate the compound gave an explosive solid, presumably
due to contamination with a fluorocarbon—ytterbium impu-
rity 408

Yb(CsH,PPh,),(thf) was subjected to donor-exchange
reactions (thf — tmen) and was further used to prepare
ytterbium—transition metal heterobimetallic compounds
Yb(CsH4PPh,),(thf),Mo(CO)4, Yb(CsH4PPh,),(thf),Ni(CO),,
and Yb(CsH,PPh,),(thf),PtMe,.**

With the objective to obtain low-coordinate lanthanide(II)
complexes, the redox transmetalation/ligand-exchange pro-
cedure was further applied to phenols. Reacting preformed
Ln(CFs)(thf)ys (Z s,¢) as well as the in situ formed species
with bulky phenols HOAr® yielded complexes Ln(OAT®),-
(thf); (220—224) in good yields (Chart 26).*'!~#1* Complex
223, was formed in very low yield along with the major
product Sm(OAr®®);(thf) with samarium in the trivalent
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Chart 26. Aryloxide Complexes Derived from Ln(Ph®), (Z)
Ln(OArR),(thf)s

OArR;

R i . R i M tBu\<>/ ufl
Ln=Eu, Yb Ln = Eu, Yb (X-ray) Ln = Eu, Yb (X-ray)
220 221 222

tBu tBu Phjiiih

OMe
Ln = Sm (X-ray), Yb (X-ray) Ln = Yb (X-ray)
223 224

oxidation state (Chart 26).*'* The lower oxidizing ability of
HgPh, compared with Hg(C¢Fs), is demonstrated when using
HOC¢Me,-3,5-Ph,-2,6 as a protic substrate. Whereas the
mixture of Yb, Hg(C¢Fs),, and the phenol resulted in the
formation of the trivalent ytterbium complex, the use of
HgPh, produced complex 224 with ytterbium in the divalent
oxidation state (Chart 26).4"

Reaction of bis(pentafluorophenyl)lanthanides or the in situ
prepared complexes, respectively, with the heterocyclic amines
carbazole, 2-phenylindole, or 2,3,4,5-tetraphenylpyrrole in thf
gave access to homoleptic organoamidolanthanide(I) complexes
Ln(NR,),(thf), (Chart 27, 225—227).406407411416 Remarkably,
divalent Sm species 2265, and 2275, are formed even when
applying Hg(CgFs), in the transmetalation reaction. The use
of HgPh, was essential for the preparation of complexes
Ln[N(SiMe3)(C6H3iPr2-2,6)]2(thf)2 (228) and Ln[N(SiMe3)2]2-
(thf), (229) because of the relatively high pK, of the
respective silylamines.**>*'7 Moreover, the preparation of
triazenide complexes (231) from the lanthanide metal,
Hg(CgFs),, and a sterically crowded triazene*'® and the
formation of an aminopyridinato ytterbium(II) complex (230)

(prepared with HgPh,) have been reported.*!”

Pyrazolate complexes represent a special class of orga-
noamide complexes. Redox transmetalation of the lanthanide
metal with HgPh, followed by ligand exchange with pyrazole
gave the respective organoamide compounds with ytterbium
and europium in the divalent oxidation state (Chart 27,
232—233).4207422 The use of Hg(C4Fs),, however, exclusively
yielded trivalent pyrazolate complexes.

In reactions with transition metal complexes, triphenyltin
chloride, and mercuric chloride, bis(polyfluorophenyl)ytter-
bium compounds show reactivities comparable to those of
the corresponding Grignard and organolithium reagents.*?*
With aldehydes and ketones, the diorganoytterbium com-
pounds are predominantly carbanion transfer reagents and
can act as reducing reagents.*>* Further, the insertion of CO,
into the Ln—Ph® bond has been reported.*”® Ligand exchange
of Yb(C4Fs), (Z°'sy,) with phenylacetylene is a synthesis
route to bis(phenylethynyl)ytterbium(II) (see section 15.1).3%*
Further, YbPhy(thf), (Z™y,_ms) has been applied as a catalyst
for the polymerization of styrene but only showed very low
catalytic activity.*?
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Chart 27. Amide and Pyrazolate Complexes Derived from Ln(PhR)2 (Z)

e

/Q Me;Si \ /SIM33
(thf)s  MesSi
TLH \

S'Mes thf Ln)=——+thd
thf /N\
Ln=Sm, Yb (X-ray) Ln=5m, Yb
227 228 229
O \ @ )]\ =
“ g O
N: Yb [ L j
KD(N NN N=N
- /g)\
=B xz0gm) oz oy
230 231 232 233
14.3. Synthesis, Structure, and Properties of T (Do (g ompiexes
X 4
Ln(III)(Ph“)a(soIv)x and [L|(solv)x][Ln(III)(PhR)4] | e
The history of o-bonded organometallic complexes of the I LnCly + 4LiPh % LiLnPhy
rare-earth metals is strongly related to phenyl complexes. Ln=la.Pr
In 1968, Hart and Saran reported what appeared to be the
first purely o-bonded organorare-earth metal derivative by o thf, - 78°C ) =
treating anhydrous scandium chloride with phenyllithium as [ HEg - R -aLicl [L'(:hf}“][L"Ph 4l
shown in Scheme 54, 1% While YPh; (AAy) could be S i
prepared analogously, the larger rare-earth metals lanthanum
et 10h ) &
Scheme 54. Synthesis of Ln(III)(PhR)y(thf), (AA and AAqy) I”' Wi el — s B
HELD PhR = CeHa(OPr,-2 6]
| LnCl; + 3LPh —CHTBBh, aphy, . , o
“ALe Ln=Sc,Y and praseodymium yielded anionic lithium tetraphenyllan-
thanate LiLaPh, (ABy,) and lithium tetraphenylpraseodymiate
) S 3 i LiPrPh, (ABp,), respectively (Scheme 55, 1).% The neutral
Ethinhs & - SUPh 3ol ScFhalii: phenyl complexes were obtained as powdery solids consisting
of polymeric [LnPh;], (AA), which were characterized by
o IR spectroscopy, elemental analyses, Michler’s ketone test,
Il LnCl; + 3L(PhR) —O0°C25h _ | n(PhR)y(thf), and the reaction with HgCl,. Structural proof was provided
-3Licl . o
Ln=8c, Lu 30 years later, when ScCl;(thf); and 3 equiv of phenyllithium
Phﬂncsiﬁ':fm were reacted in thf/Et,O solution to afford mononuclear
PhR = CgH-p-Et ScPhj(thf), (AAs.—mr) as crystalline material (Scheme 54,
y w130 . I1).4%6 Salt metathesis of rare-earth metal(III) chlorides and
s e L e Ln_":ip: ):b aryllithium reagents in thf/Et,O further proved to be a viable

Ph® = CgHy(OPr)-2 6

V SmCly + 2Li(PhR) W. Ln(PhR)s
PHR = Cghy(OCsH1)-2.6]
thf, Lnl,(thf),
VI 2Ln + 3HgPh, 2CECSTL 5 inpnyinf),
Ln = Ho, Er, Tm, Yb
th, Lnl,(thi),
I Ln + BiPh; &;_“"“@"*- LnPhs(thf)
- Bi
Ln=§rYb

route to Ln(Ph®)s(thf), with differently substituted aryl
ligands. Recently, a series of neutral scandium and lutetium
tri(aryl) complexes with methyl and ethyl substituents in the
para position have been isolated following this approach
(Scheme 54, III).**” The outcome of the reaction between
LnCl; and Li[C¢H3(OiPr),-2,6] or Li[C¢H3(OC¢Hy),-2,6] is
determined by the amount of lithium reagent employed.*?
Neutral complexes of the type Ln[C¢H3(OiPr),-2,6]; and
Ln[C¢H3(OC¢Hj),-2,6]5 require a substoichiometric use of
the aryllithium reagent (1—2 equiv) (Scheme 54, IV and V),
whereas anionic complex LiSm[C¢H3(OiPr),-2,6], was ob-
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tained when 3—4 equiv of the lithium organyl were applied
(Scheme 55, III).

Redox transmetalation as an alternative synthesis approach
toward phenyl complexes of the trivalent rare-earth metals
was introduced by Bochkarev et al. in the mid-1990s.** In
the presence of catalytical amounts of rare-earth metal
halides, metallic lanthanides react with HgPh, or BiPh; to
form LnPh,(thf), (Ln = Eu, Yb) (see section 14.5) and
Ph;Ln(thf); (Ln = Ho, Er, Tm, Yb), respectively (Scheme
54, VI and VII).#»430

The synthesis of neutral triphenyl rare-earth metal com-
plexes is so far limited to the small- to middle-sized rare-
earth metals. As mentioned above, the formation of anionic
compounds LiLnPh®, (AB) is a commonly observed phe-
nomenon, particularly in the presence of a large rare-earth
metal center or an excess of the lithium organyl 68428
Remarkably, [Li(thf);][Lu(C¢H;Me,-2,6),], formed in the
reaction of anhydrous lutetium chloride and 2,6-dimeth-
ylphenyl lithium in thf, was the first X-ray structurally
authenticated example of a complex containing a lanth-
anide—carbon o-bond (Scheme 55, 1I).¢’

Polymeric compounds [LnPh;s], (AA) are insoluble in
benzene and Et,O but slightly soluble in tetrahydrofuran.
They are reported to be thermally robust (decomposition
above 140 °C in vacuo) and indefinitely stable at ambient
temperature.®*®® Solutions of ScPhs(thf), (AAg.—np) are,
however, thermally unstable and decompose under formation
of C¢Hg and a dark-brown precipitate.**! Crystalline material
can be stored at —35 °C for months without decomposition.
LnPh;(thf); of the larger metal centers erbium and thulium
are described as thermally stable compounds even at elevated
temperatures.*” The thf adducts are insoluble in hexane, are
poorly soluble in aromatic solvents, but can be dissolved in
thf.

Because of inefficient steric shielding of the rare-earth
metal center by the phenyl ligands, mononuclear complexes
LnPhj;(thf), coordinate stabilizing thf molecules. The number
of additional thf molecules increases with increasing size of
the rare-earth metal cation. The representative of the smallest
rare-earth metal ScPhs(thf), (AAg.—q) features a five-
coordinate metal center with the three [Ph] ligands occupying
the equatorial positions and the thf oxygen atoms occupying
the axial positions of a trigonal bipyramid (Figure 46).**! In
spite of the close contact of the ortho-H atoms, the phenyl
groups are only slightly twisted with respect to the ScC; plane
(0, 8, 18°). A sufficient explanation for this sterically
disfavored arrangement of the phenyl rings could not be
provided—some degree of anomeric hyperconjugation be-
tween the ortho-H atom at C2 and the phenyl ring (C13—CI18)
has been discussed, as well as the impact of the coordinated
thf on the unique coplanar arrangement of the phenyl rings.
X-ray structure analyses of ErPhs(thf);, TmPhs(thf);,** and
YbPh;(thf);*° revealed a distorted fac-octahedral coordina-
tion of the phenyl ligands and the three donor thf molecules
(Figure 47). The angles O—Ln—O (78°—81°) are consider-
ably smaller than angles C—Ln—C (99°—104°).

[(Dimethylamino)methyl]phenyl ligands [0-C¢H4CH,N-
Me,] were developed in parallel to the donor-substituted
benzyl ligands described in section 13.4.%%7 The first
[(dimethylamino)methyl]phenyl lanthanide complex was
reported in  1978.%7  Scandium compound  Sc(o-
CsH,CH,NMe,); (ACs.) was prepared from ScCl; and Li(o-
CsH,CH,NMe,) in refluxing thf and could be obtained as a
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Figure 46. Solid-state structure of ScPh;(thf), (AAg.—uy), adapted
from ref 431.

Figure 47. Solid-state structure of ErPh;(thf); (AAg,—we), adapted
from ref 429.

white, insoluble compound that decomposes violently in
dichloromethane and methanol.

In 1984, Wayda et al. extended this synthesis protocol to
the lanthanide metals lutetium, ytterbium, and erbium
(Scheme 56).42 Good isolable yields, purity, and easy
characterization by standard analytical and spectroscopic
techniques were reported. Crystal structure determination of
the respective Lu(o-C¢H4sCH,NMe,); finally proved the
proposed structure and composition of compounds AC
(Figure 48). Attempts to further extend the series to the early
and middle lanthanide metals were not successful. Reaction
of LnCl; (Ln = Pr, Nd, Sm, Tb) with the lithium salt Li(o-
C¢H4CH,NMes) only produced uncharacterizable mixtures
of products.**

Phenyl complexes Ln(o-C¢H4CH,NMe,); (AC) are ex-
tremely air- and moisture-sensitive and marginally soluble
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Scheme 56. Synthesis of Ln(o-C¢H;CH;NMe,); (AC)

JLnclz + 3 Li(o-CgHaCH NMe,) "BT-

Ln=Sc, Y, Er, Yb, Lu

in alkane solvents. They are, however, soluble in aromatic
and ethereal solvents. In the solid state, the three bidentate
phenyl ligands of Lu(o-C¢HsCH,NMe,); (ACL,) surround the
lutetium metal center in a pedal-wheel manner (Figure 48).43
Interestingly, the Lu—N distances fall into a two-short—one-
long pattern, the origin of which was discussed to be of steric
nature or due to packing effects.

Attempted hydrogenolysis of Lu(o-CcHsCH,NMe,); with
molecular hydrogen and reaction with simple olefins did not
reveal the envisaged products. With terminal alkynes, Lu(o-
Ce¢H4,CH,NMe,); formed the metalation product, however
(see section 15.2).43

14.4. Ln(ll)(PhR)s(solv), as Synthesis Precursors

Neutral tris(aryl) complexes Ln(Ph®);(thf), (AA) (Ln = Sc,
Lu) react with 1 and 2 equiv of weak Brgnsted acids such as
[NEt;H][BPh,] and [PhNMe,H][BPhy] via arene elimination to
form monocationic bis(aryl) complexes [Ln(Ph®)y(thf),]-
[BPhs] (AA"4o) (Scheme 57, I) and dicationic mono-
(aryl) complexes [Ln(Ph®)(thf)s][BPhy], (AA%* ) (Scheme 57,
II and II).**” While Lu(Ph®)s(thf), and 2 equiv of ammonium
salt [NEtH][BPhy] yielded the respective mono-
(aryl) dications, the same reactions carried out with the
analogous scandium compounds gave only mixtures of the
monocationic species and unreacted [NEt;H][BPh,]. The use
of the more acidic anilinium salt [PhNMe,H][BPh,], how-
ever, allowed for the isolation of scandium dications
[Sc(Ph®)(thf)s][BPhy],.

All mono- and dications are obtained as solvent (thf)-
separated ion pairs, which show poor solubility in hydro-
carbons and aromatic solvents. The monocationic species
[Ln(Ph®),(thf),][BPh;] (AA ") can be dissolved in tetrahy-
drofuran, but NMR spectra of the thf insoluble dications were
recorded in pyridine-ds.

The solid-state structure of ion pair [ScPhy(thf)s][BPhy]
(AATg._u) revealed a distorted octahedral coordination

Figure 48. Solid-state structure of Lu(o-C¢H,CH,NMe,); (ACL,),
adapted from ref 432.
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Scheme 57. Synthesis of Monocationic and Dicationic
Complexes [Ln(PhR®),(thf),][BPh,] (AA* ) and
[Ln(Ph®)(thf)s][BPh], (AA* 1)

thf, 0 °C,
Iu Ln(PhR)(thf), + [NEtsH][BPhy] % [Ln(PhR),(thf)s)[BPh,]
Ln=Sc, Li
- NEty P:ﬁ i éw‘:
Ph = CgHep-Me
Phit = CgHy-p-Et
thf, -78 C,
|l Lu(PhR)s(thf), + 2 [NEtzH][BPh,] 2’:;1“ [Lu(PRR)(thf)sIBPhyll
-2 NEty PR = CoHy
PR = CoHy-p-Me
PhP = CoHy-p-Et
thf, -78 °C,
| scPhRyaitnf), + 2 PANMe,H] ’sshn [Sc(PhR)(thf)s][BPhalo|
(BPhy] 2 s
S Ph? = CaHy-p-Me
P Colcp

geometry around the scandium metal center, with the phenyl
groups displaying a cis-arrangement (Figure 49). Interest-
ingly, the Sc—C(aryl) distances (2.259(2) and 2.298(2) A)
are slightly longer than in the neutral triphenyl complex
ScPhs(thf), (2.240(3), 2.245(4), and 2.266(4) A).*' An
increase of the coordination number from five to six upon
cationization and/or some Sc—C(aryl) bond shortening in the
ground state of the neutral triphenyl complex were discussed
to explain this counterintuitive finding.**” The Sc—O separa-
tions frans to the phenyl groups are significantly longer than
those in cis positions.

Replacing one phenyl group in [LnPhy(thf)4][BPhy] by thf
led to the of ion triple [LuPh(thf)s][BPhs]; (AA* L\,
showing a similar octahedral arrangement of the ligands in
the solid state (Figure 50).**” The remaining phenyl group
caps a slightly distorted octahedron. Because of the increased
positive charge in the dication, the Lu—C(aryl) distance of
2.303(7) A and the Lu—O distances are shorter than those
reported for other lutetium aryl complexes. As for the
monocationic scandium species, a significant trans influence
of the aryl ligand is observed.

The activation of pyridine by dicationic aryl complexes
was studied by NMR experiments. In contrast to the C—H
bond activation observed for related methyl dications,
evidence for a competition between C—H bond activation
and insertion of pyridine into the aryl—Ln bond was found.*?’

Figure 49. Solid-state structure of the cationic moiety of
[ScPhy(thf),][BPhy] (AA*s. ), adapted from ref 427.


http://pubs.acs.org/action/showImage?doi=10.1021/cr1001194&iName=master.img-131.jpg&w=219&h=92
http://pubs.acs.org/action/showImage?doi=10.1021/cr1001194&iName=master.img-132.jpg&w=162&h=161
http://pubs.acs.org/action/showImage?doi=10.1021/cr1001194&iName=master.img-133.jpg&w=220&h=145
http://pubs.acs.org/action/showImage?doi=10.1021/cr1001194&iName=master.img-134.jpg&w=178&h=188

6248 Chemical Reviews, 2010, Vol. 110, No. 10

Figure 50. Solid-state structure of the cationic moiety of
[LuPh(thf)s][BPhy], (AA*",_us), adapted from ref 427.

Chart 28. Complexes Derived from ScPhj(thf), (AAgc—me)

There are some reports of employing ScPh;(thf), (AAg.—wf)
as a rare-earth metal precursor in arene-elimination reactions
with protic proligands. Chart 28 shows the outcome of the
acid—base reaction between ScPh;(thf), and a pyridine-
functionalized diamine proligand (Chart 28, 234)°'° or a
functionalized triazacyclononane (Chart 28, 235), respec-
tively.?! In the presence of the scandium triphenyl com-
pound, a neutral borabenzene-base adduct CsHsB < PMe; was
converted into the formally monoanionic boratabenzene
ligand to form the piano stool-shaped complex 236 or the
respective bis(boratabenzene) scandium compound 237.4!

Homoleptic rare-earth metal phenyl complexes LnPhs(thf),
(Ln =Y, Nd, Sm), Ln[C¢H3(OiPr),-2,6]; (Ln = Sm, Yb),
and LiSm[C¢H3(OiPr,),-2,6]4 initiate the polymerization of
e-caprolactone.*?343* The latter two complexes have also been
tested as initiators for the polymerization of alkyl isocyanates
and methyl methacrylate but showed only low activity.*?

In the following sections, redox-transmetalation/ligand-
exchange reactions as depicted in Scheme 58 will be
discussed. The trivalent perfluorinated phenyl complexes

Zimmermann and Anwander

Scheme 58. General Redox-Transmetalation/Ligand
Exchange Reaction Yielding Trivalent Rare-Earth Metal
Derivatives

2Ln + 3Hg(CeFs)2 + 6 HL L‘:"e,

2 Ln(L)s{thf/dme)y
- g
-6 CgFsH

Chart 29. Cyclopentadienyl Complexes Synthesized by
Redox-Transmetalation/Ligand-Exchange Reactions

e e S <

&G 7 %%

Ln=Eu, Yb Ln = Ce, Nd, Sm, Gd, Dy,
Er, Tm, Yb, Lu
238 239 240

="

W

241

Ln(CgFs); (AASs) are thermally very unstable and have not
yet been isolated. Reaction mixtures that might generate such
species undergo rapid decomposition into LnF; and complex
organic products.’ Nevertheless, the synthetic value of in
situ prepared “Ln(CgFs);” has been the subject of detailed
investigations mainly carried out by Deacon et al. and will
therefore be presented here. For closer insight into mecha-
nistic proposals, the original publications might be con-
sulted."

The preparation of tris(Cp) complexes of the rare-earth
metals by reaction of europium or ytterbium, Hg(CgFs),, and
CpH was first accomplished when pyridine was used instead
of thf as solvent. While divalent products were isolated from
ethereal solvents, the analogous reaction in pyridine yielded
the trivalent pyridine solvates LnCps;(py) (Ln = Eu, Yb)
(Chart 29, 238).4° In a more general application, the
synthesis of LnCps(thf) for a series of lanthanide metals (Ln
= Ce, Nd, Sm, Gd, Dy, Er, Tm, Lu) has been reported using
thf as a solvent (Chart 29, 239).!° The utility of this synthesis
approach, however, seems to be limited to unsubstituted
cyclopentadienes. Reactions with CsHsMe or indene were
only successful when Sm was used as a metal center, but
compounds 240 and 241 were produced in low yield.**

Redox-transmetalation followed by ligand exchange with
2,6-diphenylphenol exclusively yields phenolate complexes
with trivalent rare-earth metals, even for the lanthanides with
accessible divalent oxidation states. Depending on the
workup and the crystallization procedures, homoleptic
tris(phenolate) complexes Ln(OCgH3Ph,-2,6)5(thf), with vary-
ing amounts of coordinating donor molecules have been
isolated (Chart 30, 242).419435436 The corresponding divalent
ytterbium phenolate Yb(OC¢H;3Ph,-2,6),(thf); could only be
obtained by reduction of the Yb(III) species with ytterbium
powder and mercury metal.*” Further substitution in the 3-
and 5-position of the phenolate ligand produced sterically
hindered complexes 243 with low metal coordination num-
bers.*'3 While the reaction of Yb, Hg(CgFs),, and HOCgH,iPr,-
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Chart 30. Aryloxide Complexes Synthesized by Redox-Transmetalation/Ligand-Exchange Reactions

JLn = La (X-ray), Nd (X-ray), Er, Yb (X-ray),

Ln = Nd (X-ray) (x=1)
Ln = La (X-ray), Nd (X-ray), Sm,
Yb (X-ray) (x = 2)

242

(0]
/uhf}, N e

DS R @m !

R
(0] (0]
3 /(thf),

Lu (x = 0} R =Me, Ln=Yb, (x = 1) (X-ray)
i R=tBu, Ln=Sc (X-ray), Yb (X-ray) (x = 1)
R=Ph,Ln=8m (x=2)
R =Ph, Ln = ¥b (X-ray) (dme coordinated) (x = 0)

243

OMe
R

Ph tBu tBu

2,6-OMe-4 gave a divalent aryloxide species (see section
14.2), the same reaction with samarium generated the
divalent species in very low yield with the major product
Sm[O(C¢H,Bu,-2,6-OMe-4)]5(thf) (244) in the Ln(III) oxi-
dation state.*!

Redox-transmetalation/ligand-exchange reactions have been
extensively explored for the preparation of rare-earth metal
pyrazolate complexes. Depending on the substitution pattern
of the pyrazolato ligand in the 3- and 5-positions (e.g., H, Me,
fBu, Ph) and the size of the rare-earth metal cation, polymeric
compounds (Nd, R = H),**® complexes with both u—n'-5!
bridging and #*-coordinated pyrazolato ligands (Nd, R =
Me),*8 or exclusively 7*-coordinated pyrazolato ligands have
been reported (Chart 31, 245—249).4~*2 When the synthesis
was carried out in dme or dme/OPPh;, the corresponding
donor adducts (248 and 249) were obtained.****3 It is
noteworthy that utilization of HgPh, instead of Hg(C¢Fs),
in the transmetalation reaction followed by protonolysis with
H(pz®) produced the respective divalent pyrazolate com-
pounds, in accordance with the lower oxidizing ability of
HgPh, (see section 14.1).

The attempted synthesis of ytterbium(II) complexes car-
rying the bidentate N,O-ligands [N(SiMe;)CgHy-2-OMe] and
[N(SiMe;)CgHy-2-OPh] from Yb and Hg(CgFs), in the
presence of the respective amines rather yielded the products
of an O—C(Ar) bond activation.*** The resulting trivalent
ytterbium metal center is stabilized by the respective N,O-
and [OR] ligands (Chart 31, 250 and 251).

Following the synthesis strategy illustrated in Scheme 58,
a series of rare-earth metal(IIl) formamidinates has been
prepared (Chart 31, 252 and 253).#544 Depending on the
steric bulk of the formamidinato ligand, varying coordination
numbers of the rare-earth metal center were observed. The
use of a sterically demanding ligand bearing isopropyl groups
in the 2- and 6- position of the aryl substituents induced the
activation of a C—F bond, yielding a terminal Ln—F
functionality (Chart 31, 252).** Tris(formamidinato)lantha-
num(IIl) complexes 253;, can be used as catalysts for the
Tishchenko reaction.*¥’

Targeting an arene-elimination reaction of Y (0-C¢H4CH,N-
Me,); with H(CsMes), the group of Teuben successfully
synthesized a mono(cyclopentadienyl)—bis(phenyl) yttrium
complex (254) (Chart 32) and investigated thermal decom-
position pathways of such compounds.340:#48

Besides the formation of cyclopentadienyl complexes,
compounds AC were found to be suitable precursors for the
synthesis of rare-earth metal complexes with multidentate

binaphtholato (255) and amino—amido (256) ligands.**~*!
Compounds 255 and 256 (Chart 32) have successfully been
applied as catalysts in the (asymmetric) intramolecular
hydroamination/cyclization of aminoalkenes, with the former
producing the highest enantiomeric excess so far. With the
intention to synthesize a heteroleptic mono(phosphor—ylide),
Y(0-C¢H4CH,NMe,); was reacted with Ph;P=CH-(o-
CH;0C¢Hy), but compound 257 was rather obtained as the
product of exhaustive protonolysis of the phosphoranylidene
ligand (Chart 32).432

14.5. Synthesis, Structure, and Properties of
Mixed-Valent Ph,Yb(Ill)(thf)(z-Ph);Yb(ll)(thf)s

As mentioned in section 14.1, reactions between rare-earth
metals and HgPh, are harder to induce than those with
Hg(CgFs),. Slow interaction was observed with amalgated
metal,®® and violent reaction was reported upon metal
activation with CH,I,.**° Naphthaleneytterbium Yb(C,Hg)-
(thf),*? can also be viewed as activated Yb metal, and the
reactivity of such toward HgPh, was investigated by Boch-
karev et al. Indeed, the reaction of diphenylmercury with
the naphthalene species in thf is completed within 2 h at
ambient temperature and yields mixed-valent Ph, Yb(III)(thf)(ze-
Ph); Yb(I)(thf); (ADyp—y¢) as the main product (Scheme 59,
).%* Recrystallization from thf/E,O mixtures gave red
crystals of ADyy,—gr. The mixed-valent complex could further
be obtained by the use of BiPh; as oxidizing reagent (Scheme
59, ). The reaction, however, gets considerably slowed
down and produces the ytterbium complex with lower yield.

Compound Ph,Yb(III)(thf)(z-Ph); Yb(II)(thf); has been
characterized by IR spectroscopy, elemental analysis, X-ray
crystallography, and the chemical reactivity toward various
substrates (H,O, HCI, Br,, Mel, CO,/H™). The oxidation state
of the two ytterbium metal centers was confirmed by
measuring the u.g value.

The solid-state structure of the mixed-valent complex
revealed a bimetallic structure with three bridging phenyl
groups (Figure 51). The ytterbium(IIT) metal center addition-
ally coordinates two terminal phenyl groups and one thf
molecule, while additional stabilization of the ytterbium(II)
metal center is achieved by coordination of three donor(thf)
molecules. The geometry about both ytterbium metal centers
can best be described as distorted octahedral.
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Chart 31. Pyrazolate and Amide Complexes Synthesized by Redox-Transmetalation/Ligand-Exchange Reactions

R

R=1Bu, Ln=Lla, Er
R =Ph, Ln=La, Nd (X-ray), Er (X-ray)
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R=Bu, Ln=La, Nd (X-ray), Er(x=1
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R=Me, RZ=R*=H, Ln =La (X-ray) (x =2), Er (x = 0);

R=Ph, RZ=R¥=H, Ln = La, Nd, Sm (X-ray), Er (x = 0);
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15. Alkynide Complexes

15.1. Synthesis, Structure, and Properties of
Ln(l)(C=CR), and H[Ln(ll)(C=CR);]

Even though the first examples of divalent lanthanide
alkynides were reported more than 30 years ago, the
chemistry of these o-bonded hydrocarbyls developed slug-
gishly. This can partly be assigned to the advanced syntheses,
the high reactivity of the divalent metal centers (“hot
oxidation state”), and the challenging characterization.

Until today, a large variety of synthesis procedures has
been developed, giving access to alkynide complexes of
Yb(II), Eu(I), and Sm(II) (AE) (Scheme 60). Major con-
tributions to the early developments were made by Deacon
and co-workers, introducing transmetalation reactions of
organomercurials as a route to organolanthanides.®*3%
Bis(phenylethynide) ytterbium and europium have been
prepared by such transmetalations and were isolated solvent-

free (Ln Yb) or as EU(CECPh)Q(thf)()zs (AEPhEu,thf)
(Scheme 60, I). Following the same protocol, the respective
Ln(C=CBu), (AE®") compounds were accessible, even
though bis(3,3-dimethylbut-1-ynide) mercury is less reactive
than bis(phenylethynide) mercury.*> Attempts to obtain the
divalent samarium compounds and tris(alkynide)lanthanides
by transmetalation failed.**

Bis(phenylethynide) ytterbium could further be prepared
by ligand exchange of Yb(C¢Fs), with phenylacetylene
(Scheme 60, II).>** Although reaction of Eu(CgFs), and
Ln(C=CrBu), with phenylacetylene was indicated by IR and
the hydrolysis behavior, no defined products could be isolated
from such mixtures.

A very early report describes the reaction of metallic
europium and ytterbium in liquid ammonia with propyne.
Complex Eu(C=CCH3), (AEM%;,) could be isolated from a
blue solution (Scheme 60, III), while in the ytterbium case,
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Chart 32. Complexes Obtained from Ln(o-C¢H,;CH,NMe,);
(AC) by Arene-Elimination Reactions

Scheme 59. Synthesis of Mixed-Valent
Ph, Yb(IID)(thf)(#-Ph); Yb(ID)(thf); (ADyp—ehr)

| 4 Yb(C1oHg)(thf)z + 5 HgPhy “‘f'5”;1";" 2 PhyYbi{thf)(u-Ph)s Ybithf).

-4 CygHg

thf, rt
-5Bi

—BCﬁHg

11 6 Yb(C1oHg)(thf), + 5 BiPhy

3 Ph,Yb(thf)(u-Ph); Yb(thf)

a mixture of the desired product Yb(C=CCHj), and Yb-
(NH,), was obtained.**®

In an effort to investigate the extent of low-valent
lanthanide chemistry, Evans et al. applied the metal vapor-
ization technique to examine zero-valent lanthanide metal
reactivity.*’ Co-condensation of ytterbium metal vapor with
1-hexyne at —196 °C generated a black matrix of which
several very similar products could be extracted with thf
(Scheme 60, IV). IR spectroscopy indicated the formation
of terminal hexynide ligands, and reactivity studies indicated
the presence of hexynide and hydride ligands. Isopiestic
molecular weight studies revealed the existence of highly
associated complexes. The oligomerization presumably oc-
curs via alkynide bridges as depicted in Figure 52a.
Analogous reactions with the larger metal centers europium
and samarium provided trivalent lanthanide species (vide
infra).

Salt metathesis of divalent lanthanide iodides and phe-
nylethynide sodium as applied by Bochkarev yielded the

Figure 51. Schematic drawing of Ph, Yb(III)(thf)(«-Ph); Yb(IT)(thf);
(ADyp,—y) as found in the solid-state structure.
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Scheme 60. Synthesis of Ln(II) Alkynides (AE and AF)

thf
rt, 4-150 h
- Hg

Ln + Hg(C=CR), Ln{C==CR)j(thf),

Ln=Yb (x = 0), Eu (x= 0.25)

R =Ph, iBu
I Yb(CFs)z + 2 HC=CPh —" .  yp(C=CPh)
. . -2 H(CeFs) g
NH5 (1), -78 °C
Il Eu + 2 HC==CCH; 200, EYC==CCHy),

=

-196 °C

IV Yb(vapor) + 2 HC==CC4Hs [HYb,(C==CCyHo)l,

thf
-2Na

v Lnl; + 2 Na(C==CPh) Ln(C==CPh) 5(thf),

Ln=Sm Yb;x=12
=L

solvated Ln(C=CPh),(thf), compounds (AE™;) (Ln = Yb,
Sm) (Scheme 60, V). This is the only report of a samarium
bis(alkynide) compound.*3

The alkynide complexes of the low-valent lanthanides are
indefinitely stable in inert atmosphere but extremely sensitive
to oxygen and moisture.*** Ln(C=CR), (AE) are insoluble
in nonpolar solvents but can be dissolved in thf. A trimeric-
tetrameric structure was found in boiling thf, indicative of
an associated solid-state structure.*> A polynuclear structure
is further confirmed by significantly low v(C=C) frequencies,
which can be assigned to bridging alkynide groups (Figure
52b). So far, all attempts to obtain structural information by
crystallography have been frustrated by the inability to grow
suitable crystals.

Alkynide ligands can be exchanged according to an
acid—base reaction. For example, the [C=C¢Bu] ligand in
Yb(C=CBu), (AE™®"y;) reacts with 2 equiv of the stronger
Brgnsted acid HC=CPh to give Yb(C=CPh), (AEMy,).*>
Considering the relatively high acidity of terminal alkynes,
ligand-exchange reactions are of minor synthetic value,
however.

Interesting reactivity was recently reported by Deacon and
co-workers when reacting sterically very demanding H-
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Figure 52. Proposed oligomeric structure of (a) [HYb,(C=CR);],
(AFyp) and (b) [Ln(C=CR),], (AE).
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Scheme 61. Reaction of Yb(C=CPh), (AE™y,) with
H(CsPhs)

m Ph

Ph

thf, 2 H(CsPhs)  Ph
e ————————

Yb(C=CPn), —— ==

Ph Ph
Ph Ph
Ph
259

(CsPhs) with a thf solution of Yb(C=CPh), (or in situ
generated Yb(C=CPh),) (Scheme 61).4%

The resulting mono(cyclopentadienyl) complex [Yb-
(C5Phs)(u-C=CPh)(thf)], (258) revealed a dimeric structure
with bridging [C=CPh] ligands. Slow addition of diglyme
to 258 yielded solvent-separated ion pair [Yb(u-C=
CPh)(dlglyme)(thf)z]z[CsPh5]'(thf)4 (259) The [C5Ph5] an-
ions are not bound to the metal but reside in the crystal
lattice. A similar structural motif was also observed in [Eu(u-
C=CPh)(diglyme);|,[P>C3tBus],* C¢Dg* (diglyme)o s (260).
Transmetalation/ligand-exchange reaction of Yb, Hg-
(C=CPh),, and 2,6-diphenylphenol yielded the respective
tri(phenolate) ytterbium(IIl) complex Yb(OC¢H;3Ph,-2,6);,
presumably involving the initial formation of the di-
(alkynide) Yb(II) compound followed by ligand exchange
and oxidation.*?

Alkynides Ln(C=CR), (AE) act as effective carbanion
sources in reactions with aldehydes and ketones and can
further act as reducing agents.**** Commonly generated
in situ, such compounds are valuable reagents in organic
synthesis. Most widely used are organosamariums for
carbon—carbon bond formations (samarium Barbier reaction,
samarium Grignard reaction), due to their advantage of rapid,
mild, and chemoselective reduction of organohalides.*6!463
Both inter- and intramolecular versions of these reactions
using primary and secondary alkyl halides are well established.

A speciality with so far no further synthetic value is the
formation of cuprate complexes of europium and ytterbium
(261) (Scheme 62).4%* Redox-transmetalation reaction of the
lanthanide metals with organocopper compound CuC=CPh
yielded the lanthanide cuprate complexes {[(C=CPh);Cu]-
[Eu(py)(thf)>]}> (261u-ns) and {[(C=CPh);Cu][Yb(thf),]}>
(261yp—np). The outcome of the reactions is essentially
dependent on the solvents used and the reaction conditions.
Whereas reactions performed in pyridine/thf mixtures readily
gave complexes 261, the reactions in thf needed the presence
of catalytic amounts of Ybl,(thf),. The solid-state structure
of cuprates 261 revealed two Eu(py)(thf), units and two
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Scheme 62. Synthesis of Eu and Yb Cuprate Complexes
(261)

thf/pyridine
6 Cu(C=CPh) + 2 Eu —Z2— ((PhC=C)sCullEu(py)(thf; 1}
-4Cu

thi/Ybly(th),
20°C

6 Cu(C==CPh) + 2Yb —~= 12— ([ PhC==C)sCullYb(thf)l}>

Yb(thf), units, respectively, that are bonded by two bridging
Cu(C=CPh); fragments.***

15.2. Synthesis, Structure, and Properties of
Ln(lll)(C=CR); and [cation][Ln(lll)(C=CR),]

Compared to their divalent analogues, trivalent homoleptic
alkynides have been even less studied. The number of reports
on compounds Ln(C=CR); (AG) is basically limited to the
description of synthesis approaches. Since transmetalation
reactions did not afford alkynides of the trivalent rare-earth
metals,”> amine elimination, alkane elimination, and salt
metathesis display potential synthesis procedures.

Synthesis according to the commonly used “silylamide
route” was performed for a wide size range of rare-earth
metal cations and gave compounds Ln(C=CPh); (AG™) in
high yields (Scheme 63, 1).%6°%% When investigating the
general reactivity of Ln—C o-bonds, the reactivity of ate
complexes [Li(thf),][Ln7Buy] (G) toward substrates contain-
ing acidic hydrogens was tested. Complete ligand exchange
was observed with terminal alkynes HC=CPh and HC=CrBu
yielding alkynide ate complexes LiLn(C=CR), (AH) (Scheme
63, H).167,168

Reactivity studies further revealed that treatment of Lu(o-
CeH,CH,NMe,); (AC) with HC=CrBu gave solvent-free
Lu(C=CrBu); (AG™") and N,N-dimethylbenzylamine
(Scheme 63, IV).*¥

Starting from ScCl; and lithium alkynide, a representative
of the smallest rare-earth metal scandium Sc(C=CPh);
(AG™s,) could be obtained (Scheme 63, V).®® Surprisingly,
solutions of Lnl; in thf react with Na(C=CPh) under
elimination of Nal to give the solvated lanthanide alkynides
Ln(C=CPh);(thf), (AG™y) (Scheme 63, III).*’ Even though
the donor solvent was present in all other reported synthesis
routes, only solvent-free products have been reported.

Scheme 63. Synthesis of Ln(III) Alkynides (AG and AH)

toluene/hexane
—

| Ln[N(SiMez);ls + 3 HC==CPh Ln(C==CPh)
- 3HN(SIMes), 3
Ln=Pr, Sm, Eu, Gd, Tb, Er, Yb
thf, rt
s — 1h-24h = s
Il [Li(thf),J[LntBus] + 4 HC==CR LILn{C==CR ),(thf
-4 CyHyo
Ln=Y, Lu, Er, Sm
R =1Bu, Ph
Il Lnly + 3Na(C==CPh) o Ln(C==CPh ) 5(thf),
=3 Nal
Ln = Pr, Nd, Dy, Ho, Er, Luj
x=12
. thf, rt, 24 h
IV Lu(0-CgHsCHoNMe,)s + 3HC=CfBu —m-m24h _
- 3 Me;NCH,CgHg
Lu(C==CtBu),
V  ScCly + 3Lic=cph) —=t20 . gyc=cCPH),
-3LiCl

VI Sm(vapor) + 2HC==CCHy —2C. [HSm(C=CC4Hg) 1 |
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Figure 53. Proposed structure of Er[C=CCgH3;(C=CPh),-3,5];
( AGdendE,—).
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Figure 54. Structure of {Na(thf);}{Sm[N(SiMes),];(C=CPh)}
(2625).

N(SiMEg)z

N(SiMes),

In contrast to the reactivity observed for ytterbium (section
15.1, Ln(Il) alkynides), co-condensation of samarium metal
with 1-hexyne at —196 °C produced an orange—black matrix
from which a trivalent alkynide hydride of the possible
composition [HSm(C=CC,Hy),], (HAH ) could be
extracted (Scheme 63, VI).*7 Like for the divalent ytterbium
compound, a highly associated solid-state structure is
anticipated (Figure 52a). Application of alkynide hydride
HAH®™g  in the catalytic hydrogenation of 3-hexyne
revealed formation of 3-hexene with low rates.

An exceptional organoerbium complex ligated by dendritic
acetylide ligands has been published by Bochkarev et al.
(Figure 53). Reacting Er[N(SiMes),]; with 3 equiv of dendron
H[C=CC¢H;3(C=CPh),-3,5] in toluene gave Er[C=CC¢H;-
(C=CPh),-3,5]; in good yield (AG*"dg,).468

The second-generation organoerbium dendrimer Er{C=
CCgH;3[C=C(C¢H3(C=CPh),-3,5)],-3,5}5 could be prepared
in a similar manner.**® Both erbium dendrimers are soluble
in thf, dme, and toluene but dissolve only poorly in hexane.
They decompose above 330 °C without melting. The
composition of the organoerbium compounds was determined
by IR spectroscopy, their magnetic moments, and hydrolysis.

Reacting the tris(amides) Ln[N(SiMes),]; of cerium, sa-
marium, and europium with phenylacetylene in the presence
of 1 equiv of NaN(SiMe;), produced ion pairs {Na(thf);}{Ln-
[N(SiMe3),];(C=CPh)} (262) (Ln = Ce, Sm, Eu).*®® The
solvated sodium ion binds side-on to the acetylide ligand of
the heteroleptic tris(amide)—mono(alkynide) complex (Figure
54). The cation interaction bends the Sm—C=C angle in
262, to a value of only 151.4°.

Heteroleptic bis(aryloxide)—mono(acetylide) complexes
were further reported by Deacon et al.*'* Because of the
extreme steric bulk provided by HOArB“OMe (AyBuOMe —
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Figure 55. Solid-state structure of Er(QOAr®“OMe),(C=CPh)(thf),
(2635, ), adapted from ref 414.

p——

CeH,tBu,-2,6-OMe-4), the transmetalation reaction of
Hg(C=CPh), with the smaller rare-earth elements Y, Er, and
Lu in the presence of the aryl alcohol cleanly produced
Ln(OAr®u-OMe) (C=CPh)(thf), (263,;) (Figure 55). Isolation
of these mixed-ligand complexes was attributed to steric
inhibition of the cleavage of the final Ln(C=CPh) group.
Under the same reaction conditions, Yb with Hg(C=CPh),
and HOAr®“OMe gave divalent Yb(OArB“OMe),(thf); (264),
which could be oxidized by additional Hg(C=CPh), to
complete the series by Yb(OArB“OMe),(C=CPh) (263y;,). The
observed reactivity is remarkable because the homoleptic
alkynides of the trivalent rare-earth metals were not acces-
sible by transmetalation reaction (vide supra).*>

16. Conclusions and Perspectives

Polymerization catalysis has crucially advanced research
in the field of rare-earth metal hydrocarbyl chemistry. In
particular, the quest for suitable catalyst precursors pushed
the development of new reaction protocols, accomplishing
the synthesis and isolation of truly homoleptic rare-earth
metal alkyl complexes. The hitherto only donor(solvent)- and
ate-free Ln(IIl) representatives Ln[CH(SiMe;),]; and [Ln-
(CHj3)3],, are accessible from tailor-made aryl(alk)oxide and
amide precursors, seemingly achieving their thermal stability
through kinetic constraints. Together with donor-stabilized
neosilyl and benzyl derivatives, mainly Ln(CH,SiMes);(thf),
and Ln(CH,Ph)s(thf),, as well as heterobimetallic Ln(MMey);
(M = Al, Ga)—so-called methyls in disguise or cryptom-
ethyls “LnMe;(MMes);”—such o-bonded alkyl complexes
emerged as versatile and powerful precursors for the
synthesis of molecularly well-defined precatalysts. The
traditional and still prevailing notion of the general low
stability of such compounds is clearly thwarted by the
thermal stability of homoleptic tetramethylaluminates
Ln(AlMe,), (x = 2, 3). Complexes Ln(AlMe,); of the
smaller-sized redox-stable Ln centers can even be sublimed
(<100 °C/1073 Torr), hence belonging to the most volatile
rare-earth metal compounds. This thermal stability is remi-
niscent of that of the homoleptic alkaline-earth metal tetraalky-
laluminate complexes Mg(AlMe,), and Ca(AlEt,),.*”° The
synergetic relationship between rare-earth metal centers and
group 13 metals not only provides deeper insight into
Ziegler—Natta-type catalysts but might be elaborated in
organorare-earth synthesis. Further expansion of the chem-
istry of Ln(MRy), and Ln(MRy); (M = Al, Ga) might provide
entry into unprecedented hydrocarbyl chemistry like the
synthesis of novel donor(solvent)-free derivatives Ln—CHj
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and Ln—CH,CHj;. Such complexes are potential candidates
for alkane (methane) activation and can assist in elucidating
and assessing fundamental organometallic reaction pathways
such as f-hydrogen elimination and associated secondary
(agostic) interactions. Methyl degradation to formerly elusive
Ln*"—CH,?~ (methylidene), Ln**—CH?~ (methine), and
Ln*"—C*" (carbide) species already has been demonstrated
to preferentially occur via organoaluminum-assisted proton
abstraction, being controllable in the presence of sterically
demanding ancillary ligands. More detailed investigations
into such long-time neglected degradation processes of
hydrocarbyl ligands will certainly enhance our knowledge
of rare-earth metal complexes containing Ln—C o-bonds,
thus markedly contributing to the progress of this exciting
area of organometallic chemistry.
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