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The review summarizes advances in the chemistry of organo rare-earth complexes containing bulky
guanidinate and amidopyridinate ligands. The methods of synthesis, structures, reactivities and catalytic
activities of various types of alkyl and hydrido complexes and their precursors are considered.
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. Introduction

Alkyl and hydrido rare-earth complexes posses a unique set of
roperties and fairly rich chemistry, which make them intrigu-
ng objects for investigation of structural, reactivity and catalytic
atterns. Large ionic radii of rare-earth elements [1], Lewis acid-

ty and the presence of unoccupied 5d and 6s orbitals provide
marked tendency of rare-earth compounds to complexation

∗ Tel.: +7 831 4633532; fax: +7 831 4621497.
E-mail address: trif@iomc.ras.ru.

010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2010.01.008
resulting in high coordination numbers [2]. Combination in one
molecule of Lewis acidity and of high reactivity of M–H and M–C
bonds which undergo facile multiple carbon–carbon bond inser-
tions [3] sets up a basis for high potential of rare-earth alkyl and
hydrido complexes in various catalytic reactions, especially those
involving unsaturated substrates. High catalytic activity in reac-
tions of hydrogenation [3b,4], polymerization [5], hydrosilylation

[6], hydroboration [7], hydroamination [8], hydrophosphination
[9] of alkenes demonstrated by metallocene-type rare-earth alkyl
and hydrido complexes maintain permanent interest to these
compounds. Another important feature relevant to catalytic appli-
cations is gradual variation of the ionic radius within the rare-earth

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:trif@iomc.ras.ru
dx.doi.org/10.1016/j.ccr.2010.01.008
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etals series in the range from 0.89 Å (Sc3+) to 1.17 Å (La3+) [1b]
hen the redox and chemical properties remain substantially sim-

lar. This affords an unique opportunity for tuning the reactivity
f metal complex by designing the metal coordination sphere and
electing the central atom with appropriate radius according to
pecific requirements of the catalyzed reaction.

Electropositivity of rare-earth metals [10] and predominantly
onic character of the metal–ligand interactions in their organic
erivatives have favored employment of ligands forming stable
nions such as cyclopentadienyl and led to extensive growth of
andwich and half-sandwich classes of compounds during the past
hree decades [2,11]. In recent years the trend has been toward the
evelopment of new supporting ligand environments which would
llow to overcome the limitations inherent to the cyclopentadienyl
ystem and to extend the means for design of metal coordination
phere [12,15]. The aims of development of new ligand systems are
o increase stability of rare-earth complexes under the condition of

aintenance of high reactivity, to increase the complex tolerance to
unctional groups of substrates (or monomers), to extend the scope
f the design and control of the geometry of the metal coordination
phere and to control the selectivity of catalytic reactions. The sta-
ility and reactivity of rare-earth organometallic compounds are
nown to be largely determined by the degree of saturation of the
oordination sphere of metal atom that is why the ancillary ligand
rameworks destined for synthesis of thermally stable and isolable
pecies should meet a series of requirements. The ancillary ligand
hould be completely inert, non-labile and bulky enough to pro-
ide steric saturation of the metal atom coordination sphere and
herefore the kinetic stability of the metal complex. Considerably
onic nature of rare-earth metal–carbon bond, ability to aggregation
esults in low energy pathways for ligand exchange that facilitates
igand redistribution and may preclude stabilization of a defined
igand sphere. In order to prevent this process multidentate ligands
ontaining donor sites that do not tend to form bridging bonds are
referable, but at the same time one should bear in mind that a fine
alance is necessary since excessive steric bulk and ligand denticity
an dampen reactivity. Another challenge—synthesis of kinetically
table complexes containing central atoms with low coordination
umbers can be overcome if the ancillary ligand provides solubil-

ty in non-polar non-coordinating solvents what allows to avoid the
resence of coordinated Lewis bases such as THF in the molecule of
omplex. This can lead to enhanced catalytic activity of complexes
s a result of exclusion of the competition between the Lewis base
nd the substrate for a site in the metal coordination sphere. More-
ver, investigation of the influence of coordination environment
f the rare-earth metal atom on the reactivities of M–C and M–H
onds is of considerable fundamental concern.

In this review the recent developments in the synthesis, struc-
ure determination, reactivity and catalytic activity of alkyl and
ydrido rare-earth complexes supported by guanidinate and ami-
opyridinate ligands will be covered. The synthetic methods which
llow introduction of guanidinate and amidopyridinate ligands into
are-earth complexes will be also considered.

. Complexes containing guanidinate ligands

Tetrasubstituted guanidinate ligands of general formula
RNC(NR′

2)NR′′]− are built around a central sp2-hybridized car-
on atom to which an imine (RN) and two amine groups (NR′

2
nd deprotonated NR′′) are bonded. The nitrogen lone pairs are

nvolved in intramolecular �-bonding thus resulting in negative
harge delocalization in NCN-fragment. Tetrasubstituted guanidi-
ate ligands belong to bidentate monoanionic ligands and can be
onsidered as isoelectronic alternatives to cyclopentadienyl anions.
ue to the fact that both steric bulk and electronic properties of
Scheme 1. Possible coordination modes of momoanionic guanidinate ligands.

guanuidinate ligand can be easily modified through variations of
the organic substituents on the nitrogen atoms this system presents
high potential interest as a supporting ligand framework which
allows control over the metal atom coordination sphere and metal
mediated chemical processes. Another important features of guani-
dinate ligands [RNC(NR′

2)NR′′]− which provide their attractiveness
for coordination chemistry are flexibility and variety of coordina-
tion modes (Scheme 1) whose combination with a range of donor
properties result in compatibility with a wide number of metal ions
across the periodic table [13].

Neutral, mono- and dianionic guanidinate ligands were suc-
cessfully employed in coordination chemistry of transition and
non-transition metals [13,14] but in rare-earth metal chemistry
they appeared very recently [13c,d,15]. Application of closely
related amidinate ligands [RC(NR)2]− which were introduced in
organometallic chemistry of rare-earth metals in pioneering works
of Edelmann et al. [16] and Teuben and co-workers [17] gave a
strong impact to the development of this area and allowed syn-
thesis and characterization of new series of highly reactive species.
Mono-, bis(alkyl), cationic alkyl and hydrido rare earth complexes
supported by amidinate ligands were described and some of them
demonstrated high catalytic potential in reactions of transfor-
mation of unsaturated substrates (olefin polymerization [17f,g],
isoprene polymerization [18], acetylene dimerization [17c], olefin
hydroboration [19], and hydrosilylation [20]). The interaction of
the lone pair of the R2N-group with the conjugated NCN ligand
moiety augments guanidinates �-donor ability and makes them
stronger donors than amidinates [11]. This also increases guanid-
inates compatibility with electron deficient metal ions and allows
to decrease electron deficiency of the metal center and probably to
modify catalytic activity.

One of substantial advantages of guanidinate ligands is the ease
with which the representatives of this family bearing various sub-
stituents can be synthesized by a number of routes from readily
available starting materials [21]. A convenient method of synthesis
of alkaline metal guanidinates is the reaction of appropriate amides
with carbodiimides [22].

There are three synthetic routes which allow to introduce the
monoanionic guanidinate fragment into rare-earth metal complex.
The first method is metathesis reaction of anhydrous rare-earth
metal halides with lithium or sodium guanidinates and the second
one is insertion of carbodiimides into the Ln–N bond of appropriate
amides. The only example of the synthesis of guanidinate complex
via the alkane elimination under the treatment of tris(alkyl) yttrium
derivative with guanidine was recently published by Hessen and
co-workers [20].

2.1. Synthesis of rare earth guanidinate halo complexes by salt
metathesis reaction from halide precursors
2.1.1. Mono(guanidinate) rare-earth complexes
The guanidinate chloro derivatives are the most widely used

precursors for synthesis of rare earth alkyl complexes supported
by guanidinate ligands. To date complexes belonging to both
mono(guanininate) dichloro and bis(guanidinate) chloro types
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molecules were removed from the coordination sphere of ytter-
Scheme 2.

f compounds are known. Noteworthy the first examples of
tructurally characterized rare-earth mono(guanininate) dichloro
omplexes were reported very recently. Mono(guanidinate)
ichloro yttrium complex [(Me3Si)2NC(Ni-Pr)2]YCl2(THF)2 (1) was
ynthesized by reaction of YCl3 and lithium N,N′-diisopropyl-N′′-
is(trimethylsilyl)guanidinate Li[(Me3Si)2NC(Ni-Pr)2] in 1:1 molar
atio in THF at 20 ◦C (Scheme 2) [23].

The X-ray crystallographic study revealed that complex 1 is a
onomeric salt-free compound. The coordination sphere of the

ttrium atom consists of two nitrogen atoms from the bidentate
uanidinate ligand, two chlorine atoms and two oxygen atoms
rom the two THF molecules. This results in a formal coordination
umber of six with the coordination geometry of the yttrium atom
hich can be described as a distorted octahedron.

Surprisingly the analogous synthetic pathway and workup pro-
edure in the case of related dicyclohexyl substituted guanidinate
igand resulted in the formation of monoguanidinate dichloro
ttrium derivative which was isolated as a dimeric heterobimetallic
te-complex [{(Me3Si)2NC(NCy)2}Y{(�-Cl)2Li(THF)2}(�-Cl)]2 (2)
Scheme 3) in 95% yield [24].

Compound 2 turned out a dimeric ate-complex containing a
imetallic tetranuclear core [Li(�-Cl)2Y(�-Cl)]2 in which all six
hlorine atoms are �2-bridging. Two of chlorine atoms form bridges
etween two yttrium atoms while four others connect yttrium and

ithium atoms.
Monoguanidinate lanthanide complexes of metallocene type

Cp2Ln(�-�1:�2-N C(NMe2)2)]2 (Ln = Gd (3), Er (4)) were obtained
y the salt metathesis reactions of Cp2LnCl with N1,N1,N2,N2-
etrasubstituted lithium guanidinate LiN C(NMe2)2 (Scheme 4)
25]. As provided by the X-ray single crystal diffraction study 3 is

salt-free compound which adopts a dimeric structure with an
nusual �-bridging coordination of the guanidinate ligands bond-

ng two metal centers. Both gadolinium atoms are coordinated by
wo �5-Cp ligands, one chelating guanidinate ligand and one nitro-
en atom of the second guanidinate fragment. In complex 3 just
ne of two NMe2-fragmetns is involved into coordination to metal
tom as a terminal group, while the second one remains non coor-
inated. The N atom which does not bear organic radicals acts as

�-bridging ligand bonding two metal centers. Unlike complexes
and 2 coordination of the guanidinate ligand in 3 is asymmet-

ic. The double character of the bond between the central carbon
tom and the bridging nitrogen atom [26] and the analysis of the

Scheme 3
Scheme 4.

Gd–N and C–N bond distances within NCN fragments indicate the
negative charge localization on the imino nitrogen atom.

The synthesis of the mono(guanidinate) iodo Yb(II) deriva-
tives bearing the guanidinate ligands with different steric
bulk [{(Me3Si)2NC(NCy)2}YbI(THF)2]2 (5) [27] (Scheme 5) and
[{Cy2NC(2,6-iPr2C6H3)2}YbI(THF)]2 (6) [28] (Scheme 6) were pub-
lished recently.

Complexes 5 and 6 were synthesized by the salt metathe-
sis reactions of YbI2(THF)n with equimolar amounts of
Na[(Me3Si)2NC(NCy)2] or K[Cy2NC(2,6-iPr2C6H3)2] respectively
in THF at ambient temperature. Complex 5 was isolated after
recrystallization from hexane in 66% yield. It is worthy to note that
in the reactions of K[Cy2NC(2,6-iPr2C6H3)2] containing bulkier
guanidinate ligand with LnI2(THF)n (Ln = Eu, Sm, Yb) despite
of the reactions stoichiometry the homoleptic bis(guanidinate)
derivatives [Cy2NC(2,6-iPr2C6H3)2]2Ln (Ln = Yb (7), Sm (8), Eu (9))
were the major products due to redistribution reactions advancing.
However, small amounts (6%) of heteroleptic 6 were isolated from
both 1:1 and 2:1 reactions. When complex 6 is kept in THF solution
at room temperature over several hours it is redistributed to give
7 and YbI2(THF)2. The authors [28] suppose that the samarium
and europium analogues can not be isolated due to their higher
instability resulted from the more facile redistribution linked to
the larger ionic radii of Sm and Eu (values for 7-coordinate Ln:
Sm2+ 1.22 Å, Eu2+ 1.20 Å, Yb2+ 1.08 Å) [1b].

Both complexes 5 and 6 were found to be dimeric in crystalline
state, their NMR spectra are consistent with proposed structures.
Each of the ytterbium atoms is coordinated by one guanidinate lig-
and and two �-bridging iodine atoms. Increase of steric demand of
guanidinate ligand does not prevent dimer formation but allows to
diminish the number of THF molecules coordinated to ytterbium
atom (two THF molecules for complex 5 and one for 6) and to reach
lower extent of coordination saturation of the central atom.

When complex 6 in solid state was subjected to reduced pres-
sure at 25 ◦C and subsequently recrystallized from toluene the THF
bium. That results in the change in the coordination mode of the
guanidinate ligand involving �6-coordination of arene to the ytter-
bium atom. This rearrangement can be reversed by dissolving 10
in THF.

.
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.1.2. Bis(guanidinate) rare-earth complexes
Rare-earth bis(guanidinate) chloro complexes are more numer-

us and are better investigated compared to mono(guanidinate)
pecies. It was found that the reactions of anhydrous LnCl3
ith two equivalents of alkaline metal guanidinates can

fford different types of bis(guanidinate) chloro complexes
nd namely: neutral monomeric [R2NC(NR′

2)2]LnCl(L), ionic
onomeric [R2NC(NR′

2)2]Ln(�-Cl)2Li(L)n and neutral dimeric
′
[R2NC(NR 2)2]LnCl}2. The analysis of the data published on

his subject clearly shows that a whole number of factors
guanidinate ligand steric demand, rare-earth metal ion size,
eaction solvent, workup method, nature of alkaline metal
ation in starting guanidinate) is crucial for this reaction and

Scheme
6.

determines the composition and structure of the complex
formed.

Thus Richeson and co-workers have found that the reaction
of YCl3 with Li[(Me3Si)2NC(Ni-Pr)2] (1:2 molar ratio) in ether
resulted in the isolation of the neutral solvent- and salt-free din-
uclear guanidinate complex {[(Me3Si)2NC(Ni-Pr)2]Y(�-Cl)2}2 (11)
which was isolated after recrystallization from hexane in 73% yield.
The same reaction carried out in THF afforded the ate-complex

[(Me3Si)2NC(Ni-Pr)2]Y(�-Cl)2Li(THF)2 (12) (Scheme 7) [29].

The structures of complexes 11 [29] and 12 [30] were con-
firmed by X-ray diffraction studies. The observed nonequivalence
of the two iPr groups in the 1H NMR spectrum for complex 11 was
explained by retention of the dinuclear structure in solution.

7.
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The synthesis and structures of dimeric bis(guanidinate) chloro
omplexes {[(Me3Si)2NC(Ni-Pr)2]Ln(�-Cl)2}2 (Ln = Nd (13), Sm
14)) were described in articles [31,30] respectively. The samar-
um complex 14 was synthesized by reacting SmCl3 with two
quivalents of Li[(Me3Si)2NC(Ni-Pr)2] in THF at 40 ◦C. Subsequent
ecrystallization of the reaction product from hexane allowed iso-
ation of yellow crystals of 14 in 82% yield (Scheme 8).

The synthetic approach to the neodymium containing ana-
ogue 13 was less straightforward. Complex 13 [31] was obtained
s a result of prolonged refluxing of a toluene solution of
(Me3Si)2NC(Ni-Pr)2]Nd(�-Cl)2Li(THF)2 (15) [31] which lead to
emove the coordinated LiCl. It was also reported that prolong
eating of complex 12 in hexane (60 ◦C) resulted in elimination
f LiCl(THF)n and formation of dimeric 11 (Scheme 9) [30].
X-ray crystal structure investigations revealed that dimeric
omplexes 11 [29], 13 [31], 14 [30] have similar structures and con-
ist of two edge-shared distorted octahedral moieties. Each of the
etal atoms is coordinated by two �-bridging chloride ligands and

wo chelating guanidinate ligands. The Ln–Cl bonds in the planar

Scheme 1
.

four-membered Ln2Cl2 fragments have similar lengths. Coordi-
nation of each guanidinate ligand to the metal center is slightly
asymmetric: one Ln–N bond is somewhat longer than the second
one. The orientation of the N(SiMe3)2 groups relative to the NCNLn
plane is approximately perpendicular thus obviously reflecting
steric repulsion between the iPr- and trimethylsilyl groups.

Heterobimetallic bis(guanidinate) chloro lanthanide complexes
[(Me3Si)2NC(Ni-Pr)2]Ln(�-Cl)2Li(THF)2 (Ln = Nd (15) [31], Gd (16)
[30], Yb (17) [32], Lu (18) [33]) containing di(isopropyl) sub-
stituted guanidinate ligands were also prepared by the salt
metathesis reactions of LnCl3 with two equivalents of lithium N,N′-
diisopropyl-N′′-bis(trimethylsilyl)guanidinate in THF. Extraction of
the reaction crude product with toluene (16, 18) or ether (15, 17)
and subsequent recrystallization from hexane (16, 18) or ether

(15, 17) allowed isolation of these complexes in 76–83% yields
(Scheme 10).

For the bulkier guanidinate ligand bearing cyclohexyl
substituents on the nitrogen atoms of the NCN fragment
[(Me3Si)2NC(NCy)2]− no dimeric bis(guanidinate) chloro deriva-

0.
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ives were described. The reactions of LnCl3 (Ln = Y, Sm, Yb, Lu)
ith a two-fold molar excess Li[(Me3Si)2NC(NCy)2] in THF or ether

fforded heterobimetallic complexes [(Me3Si)2NC(NCy)2]Ln(�-
l)2Li(L)2 (Ln = Y (19) [34], Sm (20) [35], Yb (21) [35], Lu (22) [34],
= THF, Et2O) (Scheme 10).

Though LaCl3 clearly reacts with sodium or lithium N,N′-
icyclohexyl-N′′-bis(trimethylsilyl)guanidinate under similar con-
itions no THF-soluble lanthanum complexes could be isolated
32]. Treatment of complex 16 with DME or 20 and 21 with
MEDA resulted in the substitution of coordinated donor ligands
nd formation of corresponding adducts [(Me3Si)2NC(NCy)2]Y(�-
l)2Li(DME) (23) [34] and [(Me3Si)2NC(NCy)2]Ln(�-Cl)2Li(TMEDA)
Ln = Sm (24), Yb (25)) [35].

Ate-complexes containing di(isopropyl) substituted guanidi-
ate ligands 12, 17, 18 and their cyclohexyl containing analogues 22
nd 23 were characterized by X-ray crystallography which revealed
hat these compounds have similar structures. The coordination
nvironment of the lanthanide atom in these compounds is defined
y four nitrogen atoms of the bidentate guanidinate ligands, and
wo chlorine ligands which form �2-bridges to the lithium atom.
he lithium atom is also bonded to two oxygen atoms of two THF
r one DME molecules.

Application of the sodium derivative of bulky guanidi-
ate Na[(Me3Si)2NC(NCy)2] in the reactions with anhydrous
nCl3 in 2:1 molar ratio allowed synthesis of monomeric
nd salt-free bis(guanidinate) chloro lanthanide complexes
(Me3Si)2NC(NCy)2]LnCl(THF) (Ln = Y (23), Nd (24), Sm (25), Lu
26)) [34] (Scheme 11).

The solid state structure of complex 23 was proved by X-
ay crystallography, which revealed that the complex adopts
onomeric structure with the formal coordination number of 6

f the metal atom.
Tris(guanidinate) lanthanide complexes [R2NC(NR′)2]3Ln

′ ′
R = iPr, R = Cy, Ln = Yb (27), Nd (28); R = iPr, R = iPr, Ln = Nd (29);
= 0.5 (CH2)5, R′ = iPr, Ln = Nd (30) [36]. R = Ph, R′ = Cy, Ln = Nd (31),
m (32), Yb (33) [37]. R = iPr, R′ = iPr, Ln = Tb (34) [38]. R = Me3Si,
′ = iPr, Ln = Nd (35); R = Me3Si, R′ = Cy, Ln = Lu (36) [39]) were also
ynthesized by employing salt metathesis reactions.

Scheme 1
1.

2.2. Formation of guanidinate fragment by means of
carbodiimide insertion into Ln–N bonds

An introduction of a guanidinate fragment into rare earth
complex may be also achieved by insertion of disubstituted car-
bodiimide into Ln–N bonds.

Arnold and co-workers have shown that the reac-
tion of La[N(SiMe3)2]3 with 1 equivalent of CyN C NCy
in refluxing toluene yields a mixture of mono-
La[(Me3Si)2NC(NCy)2][N(SiMe3)2]2 (37) and bis(guanidinate)
amido La[(Me3Si)2NC(NCy)2]2[N(SiMe3)2] (38) complexes. The
mono(guanidinate) complex 37 predominates (60%) and can be
separated from 38 (15%) by crystallization [40]. Metallocene-type
amido complexes Cp2LnNiPr2(THF) undergo mono-insertion under
treatment with N,N′-diisopropylcarbodiimide which affords cor-
responding mono(guanidinate) derivatives Cp2Ln[iPr2NC(NiPr)2]
(Ln = Y (39) [41], Yb (40), Dy (41), Gd (42) [42]).

The related phenothiazine (Ptz) complexes Cp2Ln(Ptz)(THF)
react with N,N′-diisopropylcarbodiimide in the similar fash-
ion resulting in formation of bis(cyclopentadienyl) guanidinates
Cp2Ln[PtzC(NiPr)2] (Ln = Y (43), Dy (44), Er (45), Yb (46)) [43]
(Scheme 12).

Insertion of two equivalents of N,N′-diisopropylcarbodiimide
into covalent Yb-N bonds of dinuclear Yb(III) complex contain-
ing �-bridging doubly deprotonated 2,6-diaminopyridine ligand
[Cp2Yb(THF)]2[�-�1:�2-(NH)2(C5H3N-2,6)] allows formation of
new linked bis(guanidinate) ligand system (Scheme 13) [44]. When
a THF solution of 47 was kept during two weeks at room tem-
perature disproportionation of the bis(guanidinate) system occurs:
symmetrization of the coordination mode within one of the guani-
dinate [Cp2Yb(NC(NiPr)2)] moieties and migration of the second
Cp2Yb group towards the amidopyridinate fragment resulted in
the formation of complex 48 containing unusual dianionic pyridine

substituted guainidinate ligand. The second guanidine fragment in
48 remains neutral.

However, heating of 48 at 70 ◦C allows deprotonation of this
neutral guanidine functional group by Cp2Yb fragment which
results in CpH elimination and formation of tetranuclear com-

2.
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lex 49 with trianionic linked bis(guanidinate) ligands. Reaction
f [Cp2Yb(THF)]2[�-�1:�2-(NH)2(C5H3N-2,6)] with CyN C NCy
ccurs in the similar way [45].

The dinuclear ytterbium complex [Cp2Yb(THF)]2[�-�1:�2-
NH)2(C5H3N-2,3)] containing 2,3-diamido substituted pyridyl
igand reacts with 2 equivalents of CyN C NCy giving the addi-
ion/isomerization product 50 (Scheme 14) [45].

The dinuclear derivatives in which two ytterbium atoms are

inked by 1,3- or 1,4-diaminobenzene ligands under treatment with
wo moles of CyN C NCy undergo double insertions which afford
ianionic bis(guanidinate) ligands (Scheme 15) [45].

In the case of the derivatives of primary amines
Cp2LnNHR]2 (R = tBu, Ph; Ln = Y, Dy, Er, Yb) insertion of

Scheme 1
4.

N,N-diisopropylcarbodiimide afforded guanidinate complexes
Cp2Ln[(iPrNH)C(NR)(NiPr)] (R = tBu, Ln = Y (53), Dy (54), Er (55), Yb
(56); R = Ph, Ln = Yb (54)) with unsymmetrical coordination of the
guanidinate ligand (Scheme 16) [41].

Insertions of carbodimides RN C NR (R = iPr, Cy) into
Ln–N bonds of functionalized amido complexes of ytterbium
[Cp2YbNHR]2 (R = 8-quinolyl, 2-pyridyl, 2-aminophenyl, 3-amino-
2-pyridyl) were described in article (Scheme 17, a) [46]. Reactions

of 8-quinolyl derivative with 2 equivalents of carbodimides
RN C NR (r = iPr, Cy) afford the products of insertion into the
N–H bond of the Yb-bonded amido group 57 and 58. Treatment of
2-pyridyl compound with RN C NR yielded dinuclear species 59
and 60 in which two ytterbium centers are bridged by dianionic

5.
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2LnCH(SiMe3)2 (Ln = Y, R = iPr, (68) [29]; Ln = Sm, R = Cy, (69)
Scheme 16.

uanidinate ligand resulted from carbodiimide insertion into
etal-coordinated N–H bond (Scheme 17, b). One of the ytterbium

toms is coordinated to NCN fragment of guanidinate moiety
hile the second one to that of amidopyridinate moiety. Reactions

f the 2-aminophenyl complex with RN C NR depending on
he stoichiometry can occur with formation of single and double
nsertion products (Scheme 17, c). Investigation of multiple N–H

ond activation of both metal-bound neutral NH2 and anionic
itrogen-containing fragments allowed the authors to propose a
echanistic insight for the metal-mediated mono- and diguani-

ation of primary amines and elucidate factors that affect the

Scheme 1
Reviews 254 (2010) 1327–1347

chemo- and regioselectivities of the addition and protonation
steps.

Carbodiimides insertions into N–H bonds of lantanocene deriva-
tives containing the o-aminothiophenolate ligand were reported in
articles [47,48].

Reaction of tris(amide) lanthanide complexes [Li(THF)4]
[Ln(NPh2)4] (Ln = Nd, Sm, Yb) with a three-fold molar excess of
CyN C NCy allowed synthesis of tris(guanidinate) derivatives
[Ph2NC(NCy)2]3Ln (Ln = Nd (65), Sm (66), Yb (67)) in 65–78% yield
[37].

2.3. Mono(alkyl) bis(guanidinate) rare-earth complexes

To date both neutral and ate-hydrocarbyl bis(guanidinate)
rare-earth species have been described. Synthesis of neu-
tral bis(guanidinate) alkyl derivatives [(Me3Si)2NC(NR)2]
[35]; Ln = Yb, R = Cy, (70) [35]) was published by Richeson and
co-workers. Alkyl species 68–70 were obtained in high yields
(73–87%) by reacting dimeric {[(Me3Si)2NC(NiPr)2]2Y(�-Cl)}2
or monomeric [(Me3Si)2NC(NCy)2]2Ln(�-Cl)Li(L)n (Ln = Sm, Yb,

7.
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= Et2O, n = 2, L = TMEDA, n = 1) bis(guanidinate) chloro com-
lexes with one or two equivalents of LiCH(SiMe3)2 respectively
Scheme 18). Unfortunately stabilities of complexes 68–70 were
ot described.

The 1H and 13C spectra of complex 68 display a single set of res-
nances corresponding to guanidinate ligands and are consistent
ith a non-rigid monomeric structure and high rate of fluxionality.
omplexes 68 and 69 as provided by the X-ray diffraction analy-
is are monomeric, salt and Lewis base free with the coordination
pheres of metal centers composed of the four nitrogen atoms of
wo guanidinate anions and the one carbon of alkyl group. Both
omplexes have approximately C2 symmetric molecular geometry
n which the pseudo-2-fold axis lies along the Ln–C(alkyl) bond.
he metal atoms in complexes 68 and 69 adopt the low formal
oordination number 5. The geometry distortion of alkyl group
as described for 68 and was attributed to an agostic interaction
etween the metal center and �-SiC and �-CH � bonds. No such an
nteraction was observed for 69.

The attempts of synthesis of bis(guanidinate) lanthanide
omplexes containing less bulky alkyl CH2SiMe3 group were

Scheme 1
8.

described in papers [33,34,49,50] (Scheme 19). The alkylation
of bis(guanidinate) chloro yttrium complex [(Me3Si)2NC(NCy)2]2
Y(�-Cl)Li(THF)2 with one equivalent of LiCH2SiMe3 in hexane at
0 ◦C afforded the alkyl derivative [(Me3Si)2NC(NCy)2]2YCH2SiMe3
(71) which was isolated as a microcrystalline solid in 64% yield
[50]. Formation of 71 was also observed in the NMR tube reaction
of [(Me3Si)2NC(NCy)2]2YCl(THF) with LiCH2SiMe3 (toluene, 0 ◦C),
however the reaction carried out on a preparative scale (hexane,
0 ◦C) yielded an inseparable mixture of 71 and compounds which
were supposed to be thermal decomposition products [33]. The
lutetium analogue [(Me3Si)2NC(NCy)2]2LuCH2SiMe3 (72) was iso-
lated from the reaction of [(Me3Si)2NC(NCy)2]2Lu(�-Cl)Li(THF)2
with LiCH2SiMe3 under the similar conditions in 90% yield and was
characterized by 1H, 13C NMR and IR spectroscopy [50]. In an inert
atmosphere complexes 71 and 72 can be stored in the crystalline
state at −20 ◦C without decomposition, while in C6D6 solution at

20 ◦C they completely decompose in three days.

Alkyl lutetium complex [(Me3Si)2NC(NiPr)2]2LuCH2SiMe3
(73) containing isopropyl substituted guanidinate ligands was
obtained by alkylation of [(Me3Si)2NC(NiPr)2]2Lu(�-Cl)Li(THF)2

9.
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ith LiCH2SiMe3 in toluene at 0 ◦C and isolated in 71% yield [33].
ormation of analogous complexes of the larger lanthanide metals
(Me3Si)2NC(NiPr)2]2LnCH2SiMe3 (Ln = Y (74), Nd (75), Sm (76), Gd
77), Yb (78)) was suggested in article [49]. These complexes were
repared by reactions of dimeric {[(Me3Si)2NC(NiPr)2]2Ln(�-Cl)}2
Ln = Nd, Sm) or monomeric [(Me3Si)2NC(NCy)2]2Ln(�-Cl)Li(THF)2
Ln = Y, Gd, Yb) chloro complexes with two or one equivalents of
iCH2SiMe3 respectively and were used “in situ” for preparation of
elated hydrido species.

Tert-butyl complexes of lanthanides still remain a rather
are class of compounds [51] due to their instability and pro-

ounced tendency to decomposition via �-hydride mechanism.
uanidinate ligands turned out a suitable coordination envi-

onment which allows synthesis and isolation of monomeric
alt and Lewis base free tert-butyl yttrium species. Alkylation

Scheme 2
0.

of bis(guanidinate) chloro complexes {[(Me3Si)2NC(NiPr)2]2Y(�-
Cl)}2 and [(Me3Si)2NC(NCy)2]2YCl(THF) with tBuLi in 1:2 (in diethyl
ether) or 1:1 molar ratio (in hexane) resulted in the formation of
tert-butyl derivatives [(Me3Si)2NC(NR)2]2YCMe3 (R = iPr (79) [29]
Cy (80) [34]) which were isolated in 70 and 52% yields respectively
(Scheme 20). Complex 80 proved to be rather robust: no decompo-
sition was observed during three days in C6D6 solution at ambient
temperature.

Complexes 79 and 80 appear to be sterically rigid at room tem-
perature as indicated in their 1H and 13C NMR spectra. For complex
79 the tBu methyl groups give rise to a singlet at 1.36 ppm, and

a signal at 39.9 ppm in the 13C NMR spectra coupled to yttrium
(1JY–C = 46 Hz) was assigned to the tertiary carbon of the tert-butyl
fragment. Surprisingly in complex 80 the methyl protons appear
as a singlet at 1.48 ppm and the corresponding carbon atoms cause

1.
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he appearance of two 13C NMR signals. The tertiary carbon atom
onded to the yttrium atom gives rise to a doublet at 37.5 ppm

1JY–C = 56 Hz). The single crystal X-ray diffraction analysis of 79
evealed different coordination modes for guanidinate ligands: in
ne of the guanidinate anions the negative charge is delocalized
ithin the NCN fragment, while the second one can be consid-

red rather as imino amido –N–C(NR2) = NR′ ligand. For complex
0 agostic interactions between the yttrium atom and the the tert-
utyl group in the solid state as well as in solution have been
ubstantiated.

The guanidinate supported phenyl yttrium complex [(Me3Si)2
C(NCy)2]2YPh(THF) (81) was synthesized by treatment of

(Me3Si)2NC(NCy)2]2YCl(THF) with equimolar amount of PhLi in
HF and was isolated in 61% yield [34].

Alkyl bis(guanidinate) ate-complexes [(Me3Si)2NC(NR)2]2Ln(�-
e)2Li(TMEDA) (R = iPr, Ln = Y (82) [29], Nd (83) [52,32] Yb (84)

32]; R = Cy, Ln = Y (85) [34]) containing cyclohexyl and isopropyl
ubstituted guanidinate ligands can be easily obtained by the reac-
ions of appropriate bis(guanidinate) chloro derivatives with MeLi
n hexane in the presence of TMEDA (Scheme 21). Complexes 82–85

ere isolated in 61–79% yields. This class of compounds is of special
nterest due to combination of several advantages: easy availability,
ather high thermal stability and high reactivity.

Definitive formulations of the structural features of com-
lexes 82–84 were provided by single-crystal X-ray studies which
evealed that they are monomeric heterobimetallic compounds
ith two �-bridging methyl ligands bonding lanthanide and

ithium atoms. The methyl ligands appear in the 1H NMR spec-
ra of diamagnetic yttrium derivatives (82, ı = −0.65 ppm; 85,
= −0.51 ppm) as broad singlets and give rise to broad resonances
ith no resolvable yttrium coupling in the 13C NMR spectra (82,
= 11.8 ppm; 85, ı = 11.6 ppm).

Unusual bimetallic alkyl ate-complex {(Me3Si)2NC(NCy)2}
Y(�-CH2SiMe3)2Li (86) was unexpectedly obtained in the reac-
ion of {(Me3Si)2NC(NCy)2}YCl2(Et2O) with two molar equivalents

◦
f LiCH2SiMe3 (hexane, 0 C) instead of expected neutral dialkyl
erivative (34% yield) (Scheme 22) [24].

As it was demonstrated by the X-ray diffraction study compound
6 is a monomeric ate-complex, where the yttrium atom is coordi-
ated by two nitrogen atoms of two bidentate guanidinate ligands

Scheme 2
2.

and two carbon atoms of alkyl groups bridging the yttrium and
lithium atoms. The most interesting feature of this compound is
an extremely low formal coordination number of the lithium atom
which is coordinated just by two methylene carbon atoms. Obvi-
ously coordination sphere of the lithium atom is saturated due to
agostic interaction with two methyl groups of the trimethylsilyl
substituents.

2.4. Bis(alkyl) mono(guanidinate) rare-earth complexes

Bis(alkyl) rare-earth complexes have recently attracted signif-
icant attention as potential precursors to cationic mono(alkyl)
species [53] that were found to be efficient catalysts of homo-
and copolymerization of olefins [54]. The first example of
bis(alkyl) rare-earth complex supported by guanidinate lig-
and {(Me3Si)2NC(NCy)2}Y(CH2SiMe3)2(THF)2 (87) was published
in 2006 [24]. Treatment of complex [{(Me3Si)2NC(NCy)2}Y{(�-
Cl)2Li(THF)2}(�-Cl)]2 with four molar equivalents of LiCH2SiMe3
in hexane at 0 ◦C yielded the monomeric salt-free dialkyl complex
87 in 96% yield (Scheme 23).

In an inert atmosphere, 87 can be stored in crystalline state at
0 ◦C without decomposition while in the C6D6 solution at 20 ◦C it
slowly decomposes with elimination of Me4Si.

The analogue containing isopropyl substituted guanidinate lig-
and {(Me3Si)2NC(Ni-Pr)2}Y(CH2SiMe3)2(THF)2 (88) was obtained
by using the same synthetic approach (84% yield) (Scheme 24).

Complex 88 is rather stable. In an inert atmosphere, at −18 ◦C
it can be kept without decomposition during three months. Com-
plete decomposition of 88 in solution (C6D6 solution, 20 ◦C) took
∼20 days [23]. Complexes 87 and 88 are monomeric, the coordi-
nation spheres of the yttrium atoms consist of two nitrogen atoms
of the bidentate guanidinate ligand, two carbon atoms of the alkyl
groups and two oxygen atoms of two THF molecules resulting in
the formal coordination number of 6. The coordination geometries
of the yttrium atoms can be described as distorted octahedrons

with two carbon and two nitrogen atoms in equatorial positions
and two oxygen atoms in apical positions. The attempts to generate
cationic alkyl species by reacting 87 and 88 with (C6H5)3B, (C6F5)3B
or [NHMe2Ph][B(C6F5)4] (THF or toluene, −78 ◦C, 1:1 molar ratio)
afforded intractable mixtures of products. Complex 86 activated

3.
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y equimolar amount of (C6H5)3B or (C6F5)3B in toluene sluggishly
ligomerizes ethylene (20 ◦C, 0.5 bar), while the systems 88-Ph3B,
8-Ph3B-MAO in toluene do not catalyze ethylene polymerization.

Application of more sterically demanding guanidinate lig-
nd (Me2N)C[N(2,6-iPr2C6H3)]2

− allows to decrease the number
f THF molecules coordinated to the yttrium atom and to
btain coordinatively more unsaturated species {(Me2N)C[N(2,6-

Pr2C6H3)]2}Y(CH2SiMe3)2(THF) (89) [20]. Complex 89 was
btained by alkane elimination reaction under the treatment
f Y(CH2SiMe3)3(THF)2 with equimolar amount of guanidine
2,6-iPr2C6H3)NH-C(Me2N) = N(2,6-iPr2C6H3) in toluene at room
emperature (85% yield) (Scheme 25).

It is noteworthy that the resonance corresponding to the car-
on atom of the methylene group attached to yttrium YCH2 in
he 13C NMR of 89 (ı = 37.6 ppm, dt, JCH = 98.5 Hz, JYC = 38.9 Hz) is
pfield-shifted relative to the equivalent signal in the related amid-

nate complex {PhC[N(2,6-iPr2C6H3)]2}Y(CH2SiMe3)2(THF) (90)
ı = 39.5 ppm, dt, JCH = 100.1 Hz, JYC = 40.3 Hz) [17f] reflecting higher
lectron donating ability of guanidinate ligand. Less electron defi-
iency of the yttrium center in 89 can be also suggested from the
ata of the X-ray study which reveal considerable interaction of the

one pair of Me2N with the conjugated NCN moiety. Unlike in com-
lexes 87 and 88 in 89 the three C–N distances in the CN3 moiety
re very similar and the value of the dihedral angle formed by the
lanes CNC and NCN is only 27.3(4)◦.
Synthesis and characterization of the first bis(tert-butyl)
are-earth complex {(Me3Si)2NC(Ni-Pr)2}Y(tBu)2(THF) (91) was
eported in publication [23]. Complex 91 was obtained by the
alt metathesis reaction of {(Me3Si)2NC(Ni-Pr)2}YCl2(THF)2 with
two-fold molar excess of tBuLi in hexane at 0 ◦C. Complex 91

Scheme 2
5.

decomposes completely in one day in C6D6 at ambient temper-
ature. The reaction of {(Me3Si)2NC(Ni-Pr)2}YCl2(THF)2 with two
equivalents of Ph2CHK in THF did not afford isolable alkyl yttrium
complexes [23].

The monoguanidinate alkyl ate-complexes still remain
very rare. Tetramethyl derivative {(Me3Si)2NC(NCy)2}Y[(�-
Me)2Li(TMEDA)]2 (92) was prepared by the reaction of dimeric
complex [{(Me3Si)2NC(NCy)2}Y{(�-Cl)2Li(THF)2}(�-Cl)]2 with
eight equivalents of MeLi in the presence of excess of TMEDA in
toluene at 20 ◦C and was isolated in 44% yield (Scheme 26) [24].

The structure of complex 92 was proved by X-ray single crystal
analysis. Complex 92 is a monomeric trinuclear species in which the
yttrium atom is coordinated by two nitrogen atoms of the chelating
guanidinate ligand, as well as by four methyl ligands which bridge
yttrium and two lithium atoms. Complex 92 is inactive in ethylene
and styrene polymerizations at ambient temperature.

2.5. Hydrido rare-earth complexes supported by guanidinate
ligands

Organolanthanide sandwich and half-sandwich type hydrido
complexes possess very rich and unique chemistry [11,55] which
have attracted a great deal of attention since the discovery of the
first hydride in early 1980s [56]. Extensive research of catalytic
activity and stoichiometric reactions of hydrido complexes have

played an important role in the development of organolanthanide
chemistry. However, despite the high potential of rare-earth
hydrido derivatives their analogues in coordination environment
alternative to the cyclopentadienyl one are still poorly investigated
[15,57] and synthesis of new types of hydrido species remains

6.
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2.6. Borohydride rare-earth complexes supported by guanidinate
ligands

Rare-earth borohydride complexes are of great interest because
of their structural diversity and high catalytic activity [55]. The
Sch

challenge. Most of the rare earth hydrides known to date are
imeric [2,11,55], synthesis of the only structurally characterized
omomeric hydride [1,3,4-tBu3C5H2]2CeH containing the bulky

yclopentadienyl ligands was reported as late as in 2005 [58].
Sandwich and half-sandwich rare-earth hydrido complexes are

ost often synthesized by the �-bond metathesis reaction of parent
lkyls under treatment with dihydrogen [4b,56,59] or phenylsilane
60]. The same approaches were employed for synthesis of non-
yclopentadienyl hydrido species.

The family of Lewis base free hydrido complexes of rare earth
etals supported by isopropyl and cyclohexyl substituted guani-

inate ligands [Ln{(Me3Si)2NC(NR)2}2(�-H)]2 (R = iPr, Ln = Y (93)
49], Nd (94) [49], Sm (95) [49], Gd (96) [49], Yb (97) [49],
u (98) [33]; R = Cy, Ln = Y (99) [50], Lu (100) [50]) is the most
ystematically investigated among post-metallocene derivatives.
omplexes 93–100 were synthesized by the reactions of alkyl
pecies {(Me3Si)2NC(NR)2}2LnCH2SiMe3 with PhSiH3 in 1:1 molar
atio in hexane at ambient temperature (Scheme 27) and were
solated in high yields.

The single crystal X-ray of complexes 93–100 and solution NMR
tudies of the yttrium derivatives 93 and 99 revealed that these
omplexes are dimeric in both solid state and [D6]-benzene solu-
ion. Employment of the guanidinate ligands containing bulkier
yclohexyl groups at nitrogen atoms did not allow synthesis of
onomeric species however in the case of yttrium complexes 93

nd 99 in contrast resulted in the shortening of the M-M dis-
ance (93 – 3.682(5) Å [49]; 99 – 3.6522(5) Å [50]). The hydrido
omplexes 93–100 have dimeric structures with similar coordina-
ion environment of the metal atom. Nevertheless in this series of
imeric hydrides depending on the metal atom size the reciprocal
rientation of the Ln[(Me3Si)2NC(NR)2]2 fragments in dimer can
e different and they can adopt eclipsed (Nd, Sm, Gd) or staggered
Y, Yb, Lu) conformation. The value of the dihedral angles between
wo planes defined by the central carbon atoms of the guanidinate
igand and metal atom C–Ln–C were used for quantitaive estima-
ion of mutual disposition of these moieties. For yttrium, ytterbium
nd lutetium, which have smaller ion sizes, these planes are nearly
rthogonal (point group C2), while in the complexes of larger lan-
hanides, these planes are nearly coplanar and the dimers are close
o adopt eclipsed conformation (point group D2h).

In the series of hydrides supported by isopropyl-substituted
uanidinate ligands 93–97 the all four guanidinate ligands are
ymmetrically coordinated to the metal atoms while the bonding
arameters of the lutetium derivative 98 demonstrate non-
quivalence of the Lu[(Me3Si)2NC(NiPr)2]2 moieties [33]. Such a
tructural particularity was explained by a greater steric encum-

rance of the metal coordination sphere in the lutetium compound,
esulting from the smaller ion sizes of Lu. Despite of the fact that
teric bulk of substituents by nitrogen atoms (iPr or Cy) of the
CN fragments does not influence the reciprocal disposition of the
n{(Me3Si)2NC(NR)2}2 fragments of the dimeric core it effects dra-
7.

matically the coordination fashion of guanidinate ligands to the
metal atoms and results in lengthening of the Ln–N bonds. Unlike
complexes 93–97 the difference of the Ln–N bond distances in 99
and 100 and the bonding situation within the NCN fragments of the
guanidinate ligands show evidence of a localized �-system and are
consistent with a resonance structure depicted in Fig. 1.

Scrambling of the hydrido complexes 99 and 100 in C6D6
resulted in an equilibrium mixture containing the heterobimetal-
lic species [{(Me3Si)2NC(NCy)2}2Y(�-H)2Lu{(Me3Si)2NC(NCy)2}2]
indicating the dissociation of dimers and the presence of
monomeric species in solution.

The attempts of generation and isolation of monomeric hydrido
species were described in publication [50]. The treatment of com-
plex 93 with [D8]-THF in deuterobenzene and registration of
its 1H NMR spectrum in [D8]-THF gave evidence of the forma-
tion of monomeric THF-adduct [Y{(Me3Si)2NC(Ni-Pr)2}2(H)(THF)n]
containing terminal hydrido ligand. All the efforts to isolate the
THF-adduct failed because of its low stability in solution. The treat-
ment of 93 with a twenty-fold molar excess of PMe3 did not result
in coordination of a Lewis base to the metal atom [49]. Complex 93
turned out to be rather inert vs addition to multiple carbon–carbon
bonds of substituted olefins, it does not react with styrene, stilbene,
tolane and bis(trimethylsilyl)acetylene ([D6]-benzene, 20 ◦C, 96 h).
Obviously the bis(guanidinate) ligand system creates steric satu-
ration of the coordination sphere of the metal atom providing its
kinetic stability but also dampening reactivity [48].

The attempt of the synthesis of dihydride species coordi-
nated by diisopropylguanidinate ligands using the reaction of
complex [(Me3Si)2NC(Ni-Pr)2]Y(CH2SiMe3)2(THF)2 (88) with two
molar equivalents of PhSiH3 or with H2 (1 bar) in hexane was
described in article [23]. The reactions afford crystalline precipi-
tate insoluble in common organic solvents which was supposed to
be a polyhidrido cluster [{(Me3Si)2NC(Ni-Pr)2}YH2]n.
Fig. 1. Coordination mode of guanidinate ligands to Lu atom in complex 98.
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orohydride groups can serve as bridging and terminal ligands hav-
ng different dentation. Depending on the ionic radius of the central
tom and its coordination environment, borohydride groups can
erve as bidentate [61], tridentate [61a, 62] or tetradentate [61b,
1c] ligands. A high level of interest in rare earth borohydride
omplexes was stimulated by their high catalytic activity in
olymerization of lactones [63], methylmetcrylate [64] and iso-
rene [65]. Borohydride complexes of d-transition metals, with
he exception of those of group IV, are generally unstable and
eadily decompose into the corresponding hydrides with elimi-
ation of diborane [66]. In contras, f-elements borohydrides can
e easily isolated [55]. Metallocene-type borohydride complexes
re generally synthesized by the reactions of the correspond-
ng chloride derivatives with NaBH4 or LiBH4 in THF or diethyl
ther [55]. A convenient procedure for the synthesis of both
is(borohydride) and monoborohydride complexes is based on the
eactions of lanthanide tris(borohydrides) Ln(BH4)3(THF)n (n = 2,3)
67] with alkali metal salts LM (M = Li, Na or K) of the corre-
ponding ligand [63b,17a,68]. The yttrium bis(amidinate) complex
PhC(NSiMe3)2]2YBH4(THF) [17a] and lanthanide derivatives con-
aining polydentate diphenoxide O,O,N,N-ligands [63b,64] until
ecently were the rare examples of cyclopentadienyl-free lan-
hanide borohydride complexes.

It was reported that the reactions of bis(guanidinate) chlo-
ide derivatives [{(Me3Si)2NC(Ni-Pr)2}2LnCl]2 (Ln = Nd, Sm)
ith NaBH4 are more complex than those of cyclopenta-
ienyl derivatives and they were found to be inefficient
s a synthetic pathway to bis(guanidinate) borohydrides.
hus in the reaction of [{(Me3Si)2NC(Ni-Pr)2}2SmCl]2 with
aBH4 (1:2 molar ratio) the redistribution of the ligands was
bserved, producing monoguanidinate bis(borohydride) deriva-
ive [(Me3Si)2NC(Ni-Pr)2]Sm(BH4)2(DME) (101) instead of the
xpected bis(guanidinate) borohydride complex regardless of the
olar ratio of starting reagents (Scheme 28) [30].
The reactions of Ln(BH ) (THF) (Ln = Nd, Sm, Yb) with a two-
4 3 2

old molar excess of the lithium guanidinate Li[(Me3Si)2NC(NR)2]
R = Cy, iPr) in toluene at 65 ◦C (Scheme 29) proved to be a good

ethod which allows synthesis of bis(guanidinate) borohydride
omplexes of the metals both from the beginning and the end the

Scheme 2
8.

rare earth series [(Me3Si)2NC(N-R)2]2Ln(�-BH4)2Li(THF)2 (R = Cy,
Ln = Nd (102) [69], Sm (103) [69], Yb (104) [69]; R = iPr, Ln = Nd (105)
[70], Sm (106) [70]) in reasonable yields (Scheme 29).

The X-ray crystal structure investigations have revealed that
compounds 102–106 are heterobimetallic complexes in which the
lanthanide and the lithium atoms are connected by two �-bridging
BH4-groups. In complexes 102–104 coordination modes of boro-
hydride groups are different: one group is tridentate with respect
to the lanthanide atom and bidentate with respect to the lithium,
while the second one is �-�2:�2-bridging in complexes 102 and
103, but �-�2:�1-bridging in complex 104 [69]. In complexes
containing isopropyl substituted guanidinate ligands 105 and 106
the both borohydride groups are �-�2:�2-coordinated to the lan-
thanide and lithium atoms [70].

Obviously, the direction of salt metathesis reaction is
sensitive to the nature of the alkaline metal in the starting
guanidinate. When sodium guanidinate Na[(Me3Si)2NC(NCy)2]
was used in the reaction with Gd(BH4)3(THF)2 in 2:1 molar
ratio (THF, 65 ◦C) monoguanidinate bis(borohydride) deriva-
tive [(Me3Si)2NC(NCy)2]Gd(BH4)2(DME) (107) was obtained
[71] regardless the reaction stoichiometry, while the analo-
gous reaction with Nd(BH4)3(THF)2 (THF, 20 ◦C) occurs with
guanidinate ligand fragmentation and resulted in the forma-
tion of mixed-ligand bis(guanidinate) formamidinate complex
[(Me3Si)2NC(NCy)2]2Nd[HC(NCy)2] (108) (Scheme 30) [39].

Synthesis of monoguanidinate bis(borohydride) complexes
[(Me3Si)2NC(NCy)2]Ln(BH4)2(THF)2 (Ln = Yb (109), Er (110)) by the
reaction of equimolar amounts of Ln(BH4)3(THF)3 and sodium
guanidinate Na[(Me3Si)2NC(NCy)2] was reported in publication
[72].

The treatment of the heterobimetallic complex of samarium 103
with an excess of DME affords the ionic complex [{(Me3Si)2NC(N-
iPr)2}2Sm(BH4)2]−[Li(DME)3]+ (111) (Scheme 31) [71].

Compound 111 contains the complex anion [{(Me3Si)2NC(N-
iPr) } Sm(BH ) ]− resulted from the coordination of two guani-
2 2 4 2
dinate and two terminal �3-borohydride groups to the trivalent
samarium cation.

The monoguanidinate bis(triethylborohydride) complex
[(Me3Si)2NC(Ni-Pr)2]Y[(�-H)(�-Et)2BEt]2(THF) (112) was pre-

9.
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Scheme 31.
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1:1) gives rise to the same product 113 (Scheme 34). The steric
bulk of Ap* seems to favor the formation of a one to one Ap to Ln
complex.

Reaction of anhydrous YCl3 with a two-fold molar excess of Ap′K
in THF at 50 ◦C afforded complex [Ap′

2YCl(THF)] (115) which was
Sch

ared by the reaction of complex [(Me3Si)2NC(Ni-Pr)2]YCl2(THF)2
ith two equivalents of Li[BHEt3] in toluene–THF mixture at 0 ◦C

Scheme 32) [23].
The X-ray diffraction study revealed that 112 is a monomeric

omplex. The yttrium atom in 112 is coordinated by chelating
uanidinate ligand, two triethylborohydride anions and one THF
olecule. Each of triethylborohydride groups in 112 is bound to

he yttrium atom by two �2-ethyl and one �2-hydrido ligands.

. Complexes containing amidopyridinate ligands

.1. Rare-earth amidopyridinate halo complexes

Amidopyridinate ligands having a common feature with guani-
inate framework and namely a chelating monoanionic planar
CN moiety were introduced into organolanthanide chemistry by
empe et al. and were successfully used as a suitable coordina-
ion environment for stabilization of lanthanide species [73]. A
teric demand of amidopyridinate ligands, especially in the plane
erpendicular to the pyridine moiety, turned out crucial for syn-
hesis of monomeric and salt-free lanthanide complexes [74]. The
reparation of sterically demanding aminopyridines (Scheme 33)
2.

as well as the synthesis, structure and dynamic behavior in solu-
tion of their lithium and potassium derivatives were described in
article [75].

Polymeric [Ap*K]n and [Ap′K]n undergo clean salt metathe-
sis reactions with NdCl3 in THF affording [Ap*NdCl(�-Cl)(THF)2]2
(113) and [Ap′

2NdCl(THF)] (114) respectively [76]. The reaction of
[Ap*K]n with NdCl3 regardless the molar ratio of reagents (2:1 or
Scheme 33.



1342 A.A. Trifonov / Coordination Chemistry Reviews 254 (2010) 1327–1347

Scheme 34.

i
(

l
w
a

s
c
b
h
s
t
y
t

to the aminopyridinate form is observed.
Scheme 35.

solated after recrystallization from THF–hexane mixtures in 87%
Scheme 34). No ate-complex formation was observed [77].

Monoamidopyridinate dichloro complexes of yttrium and
utetium [Ap*Ln(Cl)(THF)(�-Cl)2Li(THF)2] (Ln = Y (116), Lu (117)

ere synthesized by the reactions of equimolar amounts of LnCl3
nd Ap*Li(Et2O) in THF at 20 ◦C (Scheme 35) [78].

Complex 116 has been characterized by an X-ray diffruction
tudy, which revealed its monomeric structure. One of three
hloro ligands in 116 is terminal, while two others are �-
ridging between the yttrium and the lithium atoms. Dimeric
eteroleptic amido-iodo complexes of divalent ytterbium and

amarium [Ap*Ln(�-I)(THF)2]2 (Ln = Yb (118), Sm (119)) were syn-
hesized using the same synthetic approach [76] Reactions of
tterbium metal with Ap′H and (2,4,6-trimethylphenyl)-[6-(2,4,6,-
rimethylphenyl)pyridine-2-yl)amine (ApMeH) in the presence of

Scheme 3
Scheme 37.

metallic mercury at elevated temperatures allow synthesis of
homoleptic divalent [(Ap′)2Yb] (120) and trivalent [(ApMe)3Yb]
(121) ytterbium complexes [79].

3.2. Rare-earth alkyl complexes supported by amidopyridinate
ligands

The first reports on synthesis and characterization of alkyl
complexes supported by amidopyridinate ligands appeared
very recently. Alkylation of complex 115 with LiCH2SiMe3
was carried out in hexane at 20 ◦C and resulted in the
formation of the monomeric salt-free alkylyttrium derivative
[Ap′

2YCH2SiMe3(THF)] (122) (Scheme 36), which was isolated in
65% yield [77].

Complex 122 was found to be rather thermally robust, neverthe-
less even at ambient temperature slow process of intramolecular
activation of sp3-hybridized C–H bond takes place leading to
the formation of “benzylic” complex Ap′(Ap′

-H)Y(THF) (123)
(Scheme 37). A linear decrease of ln(C/C0) with time was observed,
which is consistent with a rate law involving first-order depen-
dence on 122. The rate constant at 296 K was found to be
k = 0.0038 h−1 and a half-time of a reaction of about 181 h was
observed.

X-ray diffraction study of 123 revealed that unlike the parent
alkyl compound 122, one aminopyridinato ligand of complex 123
is tridentate due to metallation of the methyl group of one of the
Me2C6H3-fragment with formation of the new “benzylic” Y–C �-
bond.

In the tridentate Ap-H
′ ligand, formation of the Y–C bond dramat-

ically influences the bonding situation. The covalent bond between
yttrium and the amido nitrogen atom (2.432(8) Å) becomes longer
than the coordination bond between yttrium and the pyridine
nitrogen atom (2.338(7) Å) hence a switch from the amidopyridine
Bis(alkyl) rare earth species supported by amidopyridinate lig-
ands were synthesized by using alkane elimination reaction under
the treatment of complex Y(CH2SiMe3)3(THF)2 with aminopy-
ridines [80] or by salt metathesis reaction [78]. In publication

6.
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80] bis(alkyl) yttrium complexes LY(CH2SiMe3)2(THF) (124–126)
Scheme 38) were obtained and characterized by 1H and 13C NMR
echniques. The lutetium analogue Ap*Lu(CH2SiMe3)2(THF) (127)
as obtained following the same synthetic approach [78]. Alky-

ation of chloro complexes [Ap*Ln(Cl)(THF)(�-Cl)2Li(THF)2] (Ln = Y
116), Lu (117) with two equivalents of LiCH2SiMe3 (hexane, 0 ◦C)
llowed synthesis of bis(alkyl) derivatives Ap*Ln(CH2SiMe3)2(THF)
Ln = Lu (127), Y (128) (Scheme 39) [78].

X-ray crystal structure investigations revealed that 127 and 128
re isostructural monomeric complexes. The coordination sphere

f the metal atom consists of two nitrogen atoms of the biden-
ate amidopyridinate ligand, two carbon atoms of the alkyl groups
nd one oxygen atom of the THF molecule resulting in the formal
oordination number of five. Complex 127 despite of the low coor-
ination number of the central metal atom is surprisingly stable at

Scheme 4

Scheme 4
8.

room temperature in C6D6 solution: no decomposition evidences
have been observed in one month. The stability of complex 128 is
somewhat lower: under the similar conditions in one week ∼10%
of the compound was decomposed [78].

Complexes 124–126 were used as starting reagents for
preparation of cationic alkyl derivatives. The reactions of
124–126 with [PhNHMe2]+[B(C6H5)4]− in toluene–THF mixture
lead selectively and quantitatively to an elimination of one
of two alkyl groups and formation of cationic alkyl species
[LY(CH2SiMe3)(THF)3]+[B(C6H5)4]− (129–131) (Scheme 40) [80].

The single crystal X-ray structure determinations of complexes
129 and 131 revealed that both compounds are discrete ionic pairs.

It was reported that the reactions of Y(CH2SiMe3)3(THF)2 with
aminopyridines bearing an additional CMe2 group in the backbone
(N2HPh and N2HXyl) under the same conditions (n-hexane, 0 ◦C)
occur with intramolecular sp2 or sp3 C–H bond activation and result
in the formation of alkyl-aryl or alkyl-benzyl complexes 132 and
133 (Scheme 41) [81].

The coordination environment of the yttrium atom in

monomeric complex 133 is set up by two nitrogen atoms of the
chelating aminopyridinate ligand, one sp3 carbon atom from the
residual alkyl group, one further sp3 carbon atom from the “ben-
zylic” group and one oxygen atom from a THF molecule. Moreover,
a close contact between the yttrium and the ipso-carbon on the

0.

1.
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methacrylate [32].
Scheme 42.

benzylic” group is finally observed, which increases to six the
oordination number.

Thereby length of a linker between two functional groups of
midopyridinate ligands was demonstrated to play a crucial role in
tability of resulted bis(alkyl) yttrium species and their tendency
o undergo intramolecular C–H bond activations (compare ligand
2H [80], Scheme 38 and ligand N2HXyl [81], Scheme 41).

.3. Rare-earth hydrido complexes supported by amidopyridinate
igands

The attempt of synthesis of yttrium amidopyridinate hydrido
pecies by reacting alkyl complex [Ap′

2YCH2SiMe3(THF)] (122)
ith PhSiH3 (toluene, 20 ◦C) was described in [77]. This reaction

nstead of formation of expected hydrido complex afforded the
roduct of intramolecular C–H bond activation Ap′(Ap′

-H)Y(THF)
123) similar to that obtained in thermal decomposition of 122
Scheme 37). The mechanistic and kinetic studies showed that
he transient hydride, generated by the reaction of the alkyl with
hSiH3 undergo an intramolecular metallation reaction very fast at
oom temperature. Intramolecular sp3-hybridized C–H activation
f a hydride was found to be more than 500 times faster than that
f an alkyl.

The reactions of dialkyl complexes [Ap*Ln(CH2SiMe3)2(THF)]
Ln = Y, Lu) with both PhSiH3 (1:2 molar ratio, hexane, 0 ◦C) and H2
5 atm, 15 ◦C, 24 h) were found to result in the formation of a novel
amily of trinuclear alkyl-hydrido clusters [(Ap*Ln)3(�2-H)3(�3-
)2(CH2SiMe3)(THF)2] (Ln = Y (134), Lu (135)) supported by bulky
p* ligands (Scheme 42). The use of a 10-fold molar excess of PhSiH3
r increasing the reaction time with H2 do not allow to remove the
emaining alkyl group and to obtain polyhydrido clusters consisting
f Ap*LnH2 [78].

X-ray structural determination for the yttrium complex 134
evealed that it adopts a trinuclear structure, where three Ap*Y-
ragments are bound by three �2-H- and two �3-H-bridging
igands, while the alkyl group remains terminal.

Treatment of alkyl-aryl (132) or alkyl-benzyl (133) complexes
ith an equimolar amount of PhSiH3 (n-hexane, 0 ◦C) was demon-

trated to result in rapid and selective �-bond metathesis of the
esidual Y-CH2SiMe3 bonds to give the novel aryl-hydrido and
enzyl-hydrido complexes 136 and 137 (Scheme 43) [81]. The
–C(Aryl) and Y–C(Bn) bonds in 132 and 133 do not react with
hSiH3, even after 24 h at room temperature and in the presence of

two-fold excess of silane. The reactions of 132 and 133 with H2

ead to their decomposition with formation of a white-off material
hat does not contain any amidopyridinate ligand and is insoluble
n common organic solvents.
Scheme 43.

Complex 136 adopts a binuclear structure with two six-
coordinate yttrium atoms. The metal coordination sphere is
determined by the two nitrogen and one carbon atoms from the
tridentate amidopyridinate ligand, two bridging hydrido ligands
and one oxygen atom from a residual THF molecule. Unlike the
dimeric bis(guanidinate) yttrium hydrides the tetranuclear Y2H2-
core in 136 is not planar, the dihedral angle between Y(1)H(1)H(1A)
and Y(1A)H(1)H(1A) planes is 20.1◦.

4. Alkyl and hydrido rare-earth complexes supported by
guanidinate and amidopyridinate ligands in homogeneous
catalysis

Catalytic activity of alkyl and hydrido complexes coordinated by
guanidinate and amidopyridinate ligands is much less investigated
compared to that of related amidinate supported species. This field
still remains in its infancy and no systematic studies of catalytic
properties have been carried out yet. Nevertheless, the data which
were recently published demonstrate their high potential in diverse
branches of homogeneous catalysis.

Alkyl ate-complexes [(Me3Si)2NC(NR)2]2Ln(�-Me)2Li(TMEDA)
(R = iPr, Nd (83) [52,32] Yb (84) [32]) exhibit high activity for ring-
opening polymerization of �-caprolactone to give high molecular
weight polymers (Mn > 104). However, molecular mass distribu-
tions were found to be quite broad (1.92–2.96) [32]. Complexes 83
and 84 initiate styrene polymerization in the temperature range
70–100 ◦C [52]. The yields and reaction rates are nearly equal for
83 and 84. The polystyrenes obtained demonstrate rather nar-
row molecular weight distributions (Mw/Mn < 2) with molecular
weights (Mn) ranging from 1.72 × 104 to 5.89 × 104 and have atac-
tic/syndiotactic rich microstructures. Complex 83 showed good
catalytic activity for the syndiotactic polymerization of methyl
Dialkyl complex {(Me2N)C[N(2,6-
iPr2C6H3)]2}Y(CH2SiMe3)2(THF) (89) appeared to be a highly
active and selective catalyst for terminal alkene hydrosilylation
with PhSiH3 (tof > 600 h−1 at 23 ◦C) [20]. For unfunctional-
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of complexes of rare earth metals in non-conventional oxidation
A.A. Trifonov / Coordination Chem

zed olefins full selectivity towards anti-Markovnikov products
as obtained. The more electron donating guanidinate ligand

ffords the highest activities with heteroatom-functionalized
ubstrates than those observed for related amidinate complex
PhC[N(2,6-iPr2C6H3)]2}Y(CH2SiMe3)2(THF) (90) [17f].

The estimation of ethylene polymerization activities of hydrido
omplexes [Ln{(Me3Si)2NC(NR)2}2(�-H)]2 (R = iPr, Ln = Y (93) [49],
d (94) [49], Sm (95) [49], Gd (96) [49], Yb (97) [49], Lu (98)

33]; R = Cy, Ln = Y (99) [50], Lu (100) [50]) has shown that that
f samarium hydrido complex 95, 1268 g mmol−1 atm−1 h−1 was
he highest among tested compounds [49]. In the case of the
ttrium derivative 93 the polymerization process was less rapid
442 g mmol−1 atm−1 h−1). Complexes of gadolinium, ytterbium
nd lutetium have shown modest catalytic activities (281, 77
nd 76 g mmol−1 atm−1 h−1 respectively). The neodymium com-
lex 94 has shown very low activity. Yttrium hydrido complex
9 supported by cyclohexyl substituted guanidinate ligand was
ound to be less active (65 g mmol−1 atm−1 h−1) compared to
Me3Si)2NC(NiPr)2 containing analogue 93. The catalytic activity
f complex 100 is comparable to the activity of the isopropyl
ubstituted analogue 98 (7.83 g mmol−1 atm−1 h−1). Complexes
3–98 sluggishly oligomerize propylene. In styrene polymeriza-
ion only derivatives of smallest lanthanide metals (Yb and Lu)
ave shown catalytic activity. Complex 98 initiates polymeriza-
ion of styrene (20 ◦C, neat styrene, 5% of 98). 90% conversion was
eached in 6 days; the polystyrene obtained has a high molecu-
ar weight (Mn = 811,000 g mol−1, Mw = 1,250,000 g mol−1), narrow

olecular weight distribution (Mw/Mn = 1.54), and melting tem-
erature 255–260 ◦C. In the case of 97 (20 ◦C, neat styrene, 1 mol%
f 97, total conversion in 3 days) the obtained polymer had higher
olecular weight distribution Mw/Mn = 2.6 (Mn = 90,000 g mol−1,
w = 237,700 g mol−1; melting temperature 289–293 ◦C). Both

olystyrenes have high degree of syndiotactisity [49]. Complexes
9 and 100 are inactive in propylene and styrene polymerizations
50].

Hydrides 93, 98–100 were shown to catalyze efficiently the
ydrosilylation of 1-nonene with PhSiH3 (the substrates molar
atio: 1:1) to give the terminal silane nC9H19SiH2Ph exclusively.
f the hydrosilylation reaction is carried out in the presence of a
wo-fold molar excess of 1-nonene double addition takes place and
eads to the formation of tertiary silane (nC9H19)2SiHPh which was
btained in 96% yield. Complexes 93, 98–100 do not initiate neither
-nonene polymerization nor PhSiH3 dehydrogenative coupling.
o reaction was observed for PhSiH3 with cyclohexene, styrene
nd norbornene under similar conditions in the presence of 93,
8–100. The hydride complexes 93 and 98 efficiently initiate the
ing-opening polymerization of �-caprolactone to give polymers
ith molar mass up to 80,000 [50].

Borohydrido complexes [(Me3Si)2NC(N-R)2]2Ln(�-
H4)2Li(THF)2 (R = Cy, Ln = Nd (102) [69], Sm (103) [69], Yb
104) [69]) act as monoinitiators for the ring-opening polymer-
zation of racemic lactide providing atactic polymers with a good
egree of control (controlled molecular weights and relatively
arrow polydispersities 1.09 < Mw/Mn < 1.77), provided moderate
ubstrate-to-initiator ratios are used. The neodymium complex
02 demonstrated the best results in terms of efficiency and
egree of control [69]. Borohydrides [(Me3Si)2NC(N-R)2]2Ln(�-
H4)2Li(THF)2 (R = Cy, Ln = Nd (102) [69], Sm (103) [69], Yb
104) [69]; R = iPr, Ln = Nd (105) [70], Sm (106) [70]) and
(Me3Si)2NC(NCy)2]Ln(BH4)2(THF)2 (Ln = Yb (109), Er (110))
72] exhibited from moderate up to high catalytic activities in

olymerization of methyl metacrylate [69,71,72].

For cationic alkyl species coordinated by amidopyridinate
igands [LY(CH2SiMe3)(THF)3]+[B(C6H5)4]− (129–131) in the pres-
nce of small amounts of aluminium alkyl compounds, very high
ctivities in ethylene polymerizations were observed at 80◦ if very
Reviews 254 (2010) 1327–1347 1345

bulky amidopyridinate ligands were used. The reduction of the
steric demand of the Ap ligand (2,6-dimethylphenyl instead of
2,4,6-triisopropylphenyl substituents at the pyridine ring of the
Ap ligand) goes along with a decrease of the ethylene polymer-
ization activity by about 60%. During polymerization a reversible
polyethylene chain transfer was observed between the organoyt-
trium cations and aluminium alkyls. The present catalytic system
is able to produce relatively long-chain (up to 4000 g mol−1) Al-
terminated polyethylene with a molecular weight distribution <1.1
[80].

Alkyl-hydrido cluster compounds [(Ap*Ln)3(�2-H)3(�3-
H)2(CH2SiMe3)(THF)2] (Ln = Y (134), Lu (135)) are single
component ethylene polymerization catalysts. The ethylene
polymerization activity of the yttrium complex was found to be
560 g mmol−1 bar−1 h−1, but the catalyst was desactivated in 3 h.
The lutetium complex was less active (168 g mmol−1 bar−1 h−1)
but did not demonstrate loss of the reaction rate during one day
[78].

The results for ethylene polymerization (10 bar C2H4, 25 mL
toluene, 30 ◦C) indicate that both hydrido complexes 136 and
137 do not generate very active catalytic systems as the high-
est turn-over frequency observed was 870 mol of C2H4 converted
(mol metal)−1 h−1 [80].

5. Conclusion

The data summarized in the present review show that the
bulky guanidinate and aminopyridinate ligand frameworks are
well-suited for coordination to large ions of rare-earth metals and
provide diverse and rich synthetic and structural chemistry. Appli-
cation of these ligands enables the synthesis of various types of
isolable rare-earth alkyl and hydrido species. The progress achieved
in this field demonstrates great possibilities for stabilization of
highly reactive organo rare-earth derivatives and for regulating
the reactivity of these compounds by the design of ligand sys-
tems and the coordination sphere of the central atom. Formerly
scarce mono- and bis(alkyl) and hydrido derivatives became eas-
ily accessible and surprisingly stable. The examples of catalytic
applications cited in the review confirm considerable perspectives
of alkyl and hydrido rare-earth complexes supported by guanidi-
nate and amidopyridinate ligands in polymerization of both polar
and non-polar monomers, ring-opening polymerization of cyclic
esters and hydrosilylation of olefins. Application of amidopyridi-
nate ligands allowed synthesis of novel family of trinuclear alkyl
hydrido clusters and cationic alkyl species featuring high catalytic
activity in ethylene polymerization and reversible polyethylene
chain transfer between rare earth and aluminum atoms. A num-
ber of intramolecular metallations of sp2- and sp3-hybridized C–H
bonds was documented for mono-, bis(alkyl) and hydride com-
plexes which present considerable interest due to their ability
to activate inert chemical bonds. Despite of the progress which
was done during past five years this field still leaves space for
further development. Alkyl hydrido clusters of larger rare-earth
metals, cationic hydrido species and especially their catalytic
activity are expected to attract attention in near future. Syn-
thesis of monomeric non-cyclopentadienyl hydrides still remains
a challenge that necessitates design of bulkier guanidinate and
amidopyridinate ligand systems. Bulky guanidinate and aminopy-
ridinate ligands can serve as good candidates for stabilization
states and for synthesis of species containing the metal–metal atom
bonds. A considerable progress can be provided in development of
efficient catalysts especially for cyclic esters ring-opening polymer-
ization and synthesis of novel precursors for materials science and
nanotechnology.
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