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’ INTRODUCTION

Transition-metal-bonded tetraalkylaluminate moieties have been
identified as fundamental intermediates in Ziegler�Natta-type
polymerization catalysis crucially affecting the formation of dor-
mant species (resting states), chain transfer reactions, and the
reduction of the transition metal center (e.g., Ti4þf Ti3þ).1 As a
result of their transient nature and proneness to (multiple)
C�H bond activation,2 such transition-metal-based tetraalkyl-
aluminate complexes escaped X-ray structural characteriza-
tions3,4 except for the cationic heteroleptic Ti4þ compound
[Ti(NtBu)(Me3[9]aneN3)(μ-Me)2AlMe2][B(C6F5)4].

5 In con-
trast, there is a plethora of thermally stable tetraalkylaluminate
complexes of the alkali,6,7 alkaline earth,8 and rare earth metals
(Ln).9�11 While NMR spectroscopic studies demonstrate the
high mobility of the tetraalkylaluminate ligands in solution,12 the
solid-state structures uniquely reveal their capability to cope with
the highly ionic bonding by adopting sterically controlled ηn

(n = 0, 1, 2, 3) and μ�ηm:ηn (m = 1; n = 1, 2, 3) coordination
modes.13�19 The trivalent Ln derivatives not only were found as
pivotal components in Ziegler catalysts9,20 but also emerged as

robust versions of conventional alkyl complexes (“alkyls in
disguise”) efficiently promoting protonolysis21 and salt metath-
esis reactions.22 Moreover, the enhanced reactivity of Ln3þ�
AlR4moieties facilitates the synthesis of formerly elusive imido,23

methylene,24 methine,25 and even carbide species26 via organo-
aluminum-assisted multiple C(N)�H activation.27

The parent homoleptic rare earth metal(III) tetramethylalu-
minates Ln(AlMe4)3 have been synthesized and fully character-
ized for differently sized lanthanide metal centers, Ln = Y (X-
ray),10a La (X-ray),10d Ce,10d Pr (X-ray),10d Nd (X-ray, neutron
diffraction),10a,b Sm (X-ray),10d Ho,10d and Lu (X-ray).10d The
preferred reaction protocol has been anAlR3-mediated [amide]f
[alkyl] transformation. Surprisingly, the synthesis and isolation
of the derivative involving the smallest and hence most Lewis
acidic Ln3þ center, the putative Sc(AlMe4)3, failed so far,28

even though it has been possible to isolate heteroleptic
tetraalkylaluminate complexes including (C5H5)2Sc(AlMe4),

29
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ABSTRACT:Whereas a number of homolepticmetal(III) tetramethyl-
aluminates M(AlMe4)3 of the rare earth metals have proven accessible,
the stability of these compounds varies strongly among the metals, with
some even escaping preparation altogether. The differences in stability
may seem puzzling given that this class of metals usually is considered to
be relatively uniformwith respect to properties. On the basis of quantum
chemically obtained relative energies and atomic and molecular de-
scriptors of homoleptic tris(tetramethylaluminate) and related com-
pounds of rare earth metals, transition metals, p-block metals, and
actinides, multivariate modeling has identified the importance of ionic
metal�methylaluminate bonding and small steric repulsion between the methylaluminate ligands for obtaining stable homoleptic
compounds. Low electronegativity and a sufficiently large ionic radius are thus essential properties for the central metal atom.Whereas
scandium and many transition metals are too small and too electronegative for this task, all lanthanides and actinides covered in this
study are predicted to give homoleptic compounds stable toward loss of trimethylaluminum, the expected main decomposition
reaction. Three of the predicted lanthanide-based compounds Ln(AlMe4)3 (Ln = Ce, Tm, Yb) have been prepared and fully
characterized in the present work, in addition to Ln(OCH2tBu)3(AlMe3)3 (Ln = Sc, Nd) and [Eu(AlEt4)2]n. At ambient temperature,
donor-free hexane solutions of Ln(AlMe4)3 of the Ln3þ/Ln2þ redox-active metal centers display enhanced reduction to
[Ln(AlMe4)2]n with decreasing negative redox potential, in the order Eu. Yb. Sm. Whereas Eu(AlMe4)3 could not be identified,
Yb(AlMe4)3 turned out to be isolable in low yield. All attempts to prepare the putative Sc(AlMe4)3, featuring the smallest rare earth
metal center, failed.
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Sc{NC5H3[CH2N(C6H3iPr2-2,6)]2-2,6}(AlMe4),
30 {[(C6H5CH2-

O)2-25,27](tBu-4)calix[4]arene}Sc(AlMe4),
30 {[(CH3O)2-25,27]-

(tBu-4)calix[4]arene}Sc(AlMe4),
30 (C5Me4SiMe3)Sc(AlMe4)2,

31

and [fc{NSi(tBu)Me2}2]Sc(AlMe4)(AlMe3)
32 (fc = 1,10-ferro-

cenylene) as thermally stable compounds. Metallocene derivatives
(C12H3Me4iPr2tBu)Sc(AlMe4),

33 [Me2Si(C5H3tBu)2]Sc(AlMe4),
34

and [fc{NSi(tBu)Me2}2]Sc(AlMe4)(AlMe3)
32 are so far the only

X-ray crystallographically authenticated scandium tetramethylalumi-
nate complexes. The failed isolation of a homoleptic scandium
alkylaluminate speciesmight be due to a low thermodynamic stability
of Sc(AlMe4)3 compared to successfully isolated homoleptic com-
pounds of the other rare earthmetals. In order to test this hypothesis
we have adopted a combined approach involving a new synthesis
strategy as well as insight and guidance from quantum chemistry.

To this end, a comparative quantum chemical investigation of
a broad selection of homoleptic tetramethylaluminates M(AlMe4)3
has been performed. Themetal centers include, in addition to Sc, the
entire set of rare earth metals for which homoleptic tetramethylalu-
minates have been characterized (Y, La, Ce, Pr, Nd, Sm, Ho, and
Lu),10 a selection of representative transition metals (Ti, Zr, Hf, Nb,
and Ta), p-block metals (Al, Ga, In, Tl, Bi), and also actinides (Ac,
Th, Pa,U,Np, andPu). Starting from this diverse set ofmetals, which
effectively span the variation space, and using multivariate classifica-
tion and modeling, we have extracted the factors governing the sta-
bility of the homoleptic compounds and also predicted the stability of
a series of hitherto unobserved homoleptic tetramethylaluminates.

Next, three of the lanthanide-based compounds Ln(AlMe4)3
(Ln = Ce, Tm, Yb) predicted to be stable have been prepared in
the present work. Their accessibility and characterization are
addressed in detail, as are those of Ln(OCH2tBu)3(AlMe3)3 (Ln =
Sc, Nd) and [Eu(AlEt4)2]n. Finally, a series of attempts at pre-
paring the putative Sc(AlMe4)3 are also described.

’RESULTS AND DISCUSSION

Elusive or Nonexistent Sc(AlMe4)3? Various synthesis ap-
proaches are viable to access homoleptic tetramethylaluminate
complexes Ln(AlMe4)3 (I�VI, Scheme 1).9,10,35,36

Particularly, route I proved to be of value for the straightfor-
ward high-yield synthesis of Ln(AlMe4)3 for the entire Ln3þ

(La f Lu) size range, avoiding any ate complex formation.10

Unfortunately, the amide elimination reactions I and II were
“unsuccessful” in the scandium case, and formation of putative
Sc(AlMe4)3 was not observed. Addition of an excess of AlMe3 to
complexes [Sc(NMe2)3(LiCl)3] (1a) and Sc[N(SiHMe2)2]3-
(THF) gave only yellow oily products, while repeated trituration
with hexane caused the formation of a precipitate. Separation
from the solution and evaporation of the volatiles gave finally a
beige powder (approach I). Elemental analysis suggested the
formation of [ScMe3]n,

36 consistent with Sc(AlMe4)3 as an inter-
mediate complex, which loses 3 molecules of AlMe3.

1H NMR
spectra in benzene-d6, however, revealed complicated reaction
mixtures and the formation of various alkylated species, which
could not further be identified. The slightly beige color of the
solid material as well as the yellow benzene-d6 solution might be
indicative of C�H activation processes.24�26 Moreover, the scan-
dium amide complex [Sc(NMe2)3(LiCl)3] (1a) did not give any
isolable AlMe3 adduct complexes [Sc(NMe2)3(AlMe3)x] (x e3),
in analogy to structurally characterized [Nd(NMe2)3(AlMe3)3],
obtained from [Nd(NMe2)3(LiCl)3] and 3 equiv of AlMe3.

37

These attempts, however, led to the same side products,
[{Me2AlNR2}2] (proved by NMR spectroscopy), as observed
in all the successful syntheses of homoleptic tetramethylalumi-
nate complexes of rare earth metals, suggesting that the scan-
dium complexes [Sc(NMe2)3(LiCl)3] and Sc[N(SiHMe2)2]3-
(THF) react with trimethylaluminum in a fashion similar to that
of corresponding complexes of other rare earth metals. Recently,
Okuda reported on the reaction of ScCl3 with 3 equiv of LiAlMe4
(III, Scheme 1); however, all attempts in noncoordinating
solvents such as CH2Cl2, toluene, or hexamethyldisiloxane failed
to provide the desired product.31 These findings prompted us to
apply synthesis route V, which utilizes [Ln(OCH2tBu)3]4 as a
donor solvent- and alkali metal-free precursor.38

In the course of our investigations into the structure�reactiv-
ity relationships of rare earth metal-promoted 1,3-diene polym-
erization we recently investigated neopentoxide trimethylaluminum
(AlMe3) adduct complexes Ln(OCH2tBu)3(AlMe3)3 (Ln = La,
Nd, Y) as initiator components for isoprene polymerization.35,39

Our initial reactivity studies indicated that complexes Ln-
(OCH2tBu)3(AlMe3)3 are prone to peralkylation in the presence
of excess AlMe3 with formation of Ln(AlMe4)3.

35 The feasibility
of neopentoxide trimethylaluminum adduct complexes as precursors

Scheme 1. Synthesis Approaches toward Homoleptic Tetramethylaluminates Ln(AlMe4)3
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raised hope that Sc(AlMe4)3 might be accessible via this synth-
esis route. Discrete rare earth metal aryl(alk)oxide trialkylalumi-
num compounds of type Ln(OR)3(AlMe3)x have been reported
before; however, X-ray crystallographic examinations are so far
limited to tert-butoxide and 2,6-di-isopropylphenoxide deriva-
tives (see Table 1 for structural parameters of heterobimetallic
Ln/Al aryl(alk)oxide trialkylaluminum adduct complexes).39�50

Evans and co-workers initially reported on homoleptic Y(OtBu)3-
(AlMe3)3, which was obtained as one of three products from the
reaction of Y3(OtBu3)7Cl2(THF)2 with AlMe3.

42 Not long after,
Biagini et al. described Ln(OtBu)3(AlMe3)3 (Ln = Y, Pr, Nd) and
Nd(OMe)3(AlMe3)3 and their successful application in 1,3-
diene polymerization.40,41

Scandiumneopentoxide [Sc(OCH2tBu)3]4
38 was obtained via

protonolysis of Sc[N(SiMe3)2]3
51 with HOCH2tBu according to

literature procedures.40 Additionally, Sc(NMe2)3(LiCl)3 (1a) was

used as a more basic and hence more reactive precursor compound
(Scheme 2). Targeting the [Ln(OCH2tBu)3]4 f Ln(AlMe4)3
transformation, we thought it helpful to conduct the scandium
and (well-functioning) neodymium reactions in parallel. Accord-
ingly, homoleptic Ln(OCH2tBu)3(AlMe3)3 (Ln = Sc, 3a; Nd, 3b)
were obtained from the reaction of [Ln(OCH2tBu)3]4 with a slight
excess of AlMe3, in almost quantitative yield (Scheme 2). The
strong Lewis acid AlMe3 disrupts the cage-like structure of tetra-
meric [Ln(OCH2tBu)3]4, forming LnAl3 heterobimetallic com-
plexes both for the large neodymium and small scandium metal
centers. Such identical reaction and coordination behavior could not
be anticipated. For comparison, aryloxide complexes Ln(OC6H3-
tBu2-2,6)3 afford either AlMe3 adduct, La(OC6H3tBu2-2,6)3-
(AlMe3), or tetramethylaluminate complexes, Y(OC6H3tBu2-
2,6)2(AlMe4), depending on themetal size.

45 Variable temperature
NMR experiments of complexes 3 are consistent with previous
studies of the corresponding yttrium and lanthanum congeners35

showing decoalescence of bridging and terminal methyl groups at
low temperature as well as line sharpening at elevated temperatures.
Recrystallization of compounds 3 from saturated hexane so-

lutions at �35 �C gave colorless (3a) and light blue single
crystals (3b) suitable for X-ray structure analyses. Complexes
Ln(OCH2tBu)3(AlMe3)3 (Ln = Sc, 3a; Nd, 3b), Nd(OtBu)3-
(AlMe3)3,

40 and Ln[N(SiMe3)2]3
52 crystallize in the hexagonal

space groupP31c. For comparison, aluminate complexNd(AlMe4)3
crystallizes in the monoclinic space group P21/n.

10a Correspond-
ingly, complexes 3 feature three crystallographically equivalent
O,C-chelating [(μ-OCH2tBu)(μ-Me)AlMe2] ligands accomplish-
ing a distorted octahedral coordination geometry (Figure 1,
Table 2).40 In the homoleptic trimethylaluminum adduct 3a the Sc�
[AlMe3] distances (Sc�C= 2.4784(16) Å, Sc 3 3 3Al = 3.0297(5) Å)

Table 1. Structural Parameters of Heterobimetallic Ln/Al Aryl(alk)oxide Trialkylaluminum Adduct Complexes

compound Ln�C (Å) Ln 3 3 3Al (Å) ref

Alkoxides

homoleptic

Sc(OCH2tBu)3(AlMe3)3 (3a) 2.4784(16) 3.0297(5) this work

Nd(OCH2tBu)3(AlMe3)3 (3b) 2.6977(15) 3.0297(5) this work

Nd(OtBu)3(AlMe3)3 2.78(1) 3.300 40

Y(OtBu)3(AlMe3)3 2.69(3) 3.195(7) 42

C62H154Al6Cl26Nd12O2 2.585�2.769 2.829 43

heteroleptic

Y(OtBu)3(AlMe3)2(THF) 2.735(6), 2.668(1) 3.244(3), 3.200(3) 42

(C5H4SiMe3)Y(OtBu)2(AlMe3)2 2.577(7), 2.562(6) 3.094(2), 3.160(2) 44

(C5Me5)Y(OCH2tBu)2(AlMe3)2 2.584(3), 2.576(4) 3.166(1), 3.176(1) 45

(C5Me5)Lu(OCH2tBu)2(AlMe3)2 2.540(4), 2.533(4) 3.119(2), 3.123(2) 45

La(AlMe4)2[OSi(OtBu)3(AlMe3)] 2.798(3)/2.668(5)�2.800(4) 3.347(2)/3.310(2), 3.288(2) 46

Pr(AlMe4)2[OSi(OtBu)3(AlMe3)] 2.754(2)/2.618(2)�2.792(2) 3.301(1)/3.263(2), 3.235(2) 10c

Aryloxides

homoleptic

Y(OC6H3iPr2-2,6)3(AlMe3)2 2.544(2), 2.541(2) 3.192(1), 3.187(1) 47

La(OC6H3iPr2-2,6)3(AlMe3)2 2.801(5), 2.759(5) 3.410(3), 3.367(3) 48

Nd(OC6H3iPr2-2,6)3(AlMe3)2 2.652(4), 2.681(6) 3.295(3), 3.312(3) 39

Sm(OC6H3iPr2-2,6)3(AlMe3)2 2.632(5), 2.620(5) 3.284(3), 3.273(3) 49

Sm(OC6H3iPr2-2,6)3(AlEt3)2 2.649(4), 2.627(4) 3.293(2), 3.286(2) 48

heteroleptic

Nd[(OC6H3Me2-2,6)2AlEt2](OC6H3Me2-2,6)2(THF)2 3.411(6) 50

Y[(OC6H3Me2-2,6)2AlMe2](OC6H3Me2-2,6)2(THF)2 3.298(7) 50

Scheme 2. Synthesis of [Sc(OCH2tBu)3]4 via Amine Elim-
ination Reactions and Adduct Formation with AlMe3



6326 dx.doi.org/10.1021/ja2001049 |J. Am. Chem. Soc. 2011, 133, 6323–6337

Journal of the American Chemical Society ARTICLE

are somewhat elongated compared to those of the Sc�[AlMe4] units
in aluminate complexes [Me2Si(C5H3tBu)2]Sc(AlMe4) (Sc�C =
2.425, 2.490 Å, Sc 3 3 3Al = 2.932 Å)34 and (C12H3Me4iPr2tBu)-
Sc(AlMe4) (Sc�C= 2.414, 2.442 Å, Sc 3 3 3Al = 2.918 Å)

33 due to
the implemented oxygen atom of the alkoxide moiety.
Similarly, the Nd�C distances of 2.698(2) Å in 3b are slightly

longer than in Nd[AlMe4]3[Al2Me6]0.5 (2.60(1) Å)10a,b albeit
shortened with respect to Nd(OtBu)3(AlMe3)3 (Nd�C =
2.78(1) Å).40 The sterically more demanding oxygen neighbor-
ing tBu-groups in Nd(OtBu)3(AlMe3)3 imply a slightly longer
Nd�Odistance (2.303(7) Å) than the neopentanolate ligands in
3b (Nd�O = 2.294(1) Å).40 The intramolecular Nd 3 3 3Al dis-
tances of 3.2756(4) Å are slightly shorter compared to previously
published heterobimetallic Nd/Al complexes (3.295(3)�
3.411(6) Å) (Table 1, Table 2). As unambiguously evidenced
by the neutron diffraction study of Nd[AlMe4]3[Al2Me6]0.5,

10a,b

complexes 3a and 3b also show five-coordinate bridging
carbon atoms, each with two of the hydrogen atoms tilted
toward the larger Lewis-acidic metal center. Another feature
that is commonly discussed for solid-state structures of
homoleptic aluminates Ln(AlMe4)3 are the almost planar
metallacycles [Ln(μ-Me)2Al] defined by the metal centers
and the two bridging methyl groups. Despite the fact that one
of the methyl groups in 3a and 3b is formally displaced by
oxygen, the resulting metallacycles [Ln(μ-Me)(μ-O)Al]
show a maximum deviation from the least-squares planes by

only 0.106 Å (3a) and 0.066 Å (3b). The corresponding
torsion angles Ln�O1�Al1�C6 are 3.95� (3a) and 2.62�
(3b), respectively.
Unlike the successful [Nd(OCH2tBu)3]4fNd(AlMe4)3 trans-

formation,35 peralkylation of Sc(OCH2tBu)3(AlMe3)3 (3a) with
an excess AlMe3 did not afford Sc(AlMe4)3. The reaction was
performed in C6D6 in a closed system (Teflon-valved NMR tube)
to avoid any loss of side products and investigated by 1H NMR
spectroscopy. A reaction occurred only upon warming to 340 K
as revealed by very slow consumption of the starting compound
3a and formation of [Me2Al(μ-OCH2tBu)]2 as well as several
signals between 0.8 and 1.0 ppm, assignable to mono- and bis-
(alkylated) intermediates. After several hours some of these in-
termediate signals disappeared again. This is in contrast to the
amide precursors (I and II; Scheme 1), which instantaneously
reacted with AlMe3. However, we could not specify the signal of
the desired homoleptic Sc(AlMe4)3. This might be due to signal
overlapping or most likely due to its instability in solution.
Although we could not isolate any Sc tetramethylaluminate species,
these findings are in agreement with a possible peralkylation of
Sc(OCH2tBu)3(AlMe3)3 and point to the formation of such per-
alkylated scandium aluminate species, at least as intermediates.
Structure and Bonding of M(AlMe4)3 as Obtained from

DFT Calculations. At the outset of the present study we were
intrigued by the fact that several homoleptic metal(III)
tetramethylaluminates Ln(AlMe4)3 of the rare earth metals
were known but that we, despite the above-described efforts,
were not able to isolate the putative Sc(AlMe4)3. We thus
embarked on a quantum chemical investigation of such homo-
leptic tetramethylaluminates with the main aim to be that of
uncovering the factors governing the thermodynamic stability
of these compounds.
With the exception of the p-block metals, an equilibrium

structure for the homoleptic tetramethylaluminate metal com-
plex M(AlMe4)3 could be obtained for all metals investigated in
this work; see Figure 2 for examples.53�55 All optimizations of
homoleptic tetramethylaluminate complexes of p-block metals
(M = Al, Ga, In, Tl, and Bi) resulted instead in dissociation of the
complex to yield three separate fragments, two molecules of AlMe3
and the bimetallic compound [M(Me)3AlMe3], respectively.
The DFT-optimized geometries of the existing homoleptic

tetramethylaluminate rare earth metal complexes are very similar
to those obtained from X-ray diffraction in general and, with the
exception of La (see below), always display the same ligand

Figure 1. Molecular structures of Sc(OCH2tBu)3(AlMe3)3 (3a) and Nd(OCH2tBu)3(AlMe3)3 (3b) shown with atomic displacement parameters at
the 50% level. The Ln metal atom sits on a crystallographic 3-fold position. Only H-atoms for coordinating methyl groups are indicated.

Table 2. Selected Interatomic Distances and Angles for
Sc(OCH2tBu)3(AlMe3)3 (3a) and Nd(OCH2tBu)3-
(AlMe3)3 (3b)

3a (Ln = Sc) 3b (Ln = Nd)

Bond Lengths (Å)

Ln�O1 2.0616(11) 2.2940(10)

Ln�C6 2.4784(16) 2.6977(15)

Ln 3 3 3Al1 3.0297(5) 3.2756(4)

Bond Angles (deg)

O1�Ln�O1 99.30(4) 105.77(3)

C6�Ln�C6 90.82(5) 91.61(5)

C6�Ln�O1 79.48(5) 105.07(11)

Ln�O1�Al1 101.24(5) 103.76(5)

Ln�C6�Al1 83.02(5) 85.83(5)
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coordination modes as that observed in the X-ray structures. The
four metal centers adopt a planar or quasi-planar configuration,
the Al�Al�Al�M torsion angles being close to zero in both the
X-ray and DFT structures (0�2.3�). Typically, the DFT-optimized
geometry displays a root-mean-square (rms) deviation from the
corresponding crystal structure of ca. 0.1 Å. For a key distance
such as M 3 3 3Al, the mean deviation with respect to that of
the crystal structure is 0.036Å, or only ca. 1%, for themetals La, Lu,
Pr, Sm, Y, and Nd. For the largest of the metals for which
a homoleptic compound M(AlMe4)3 has been structurally char-
acterized, La and Ce, the calculations reveal a competition be-
tween coordination numbers 6 and 8. Whereas the preference in
terms of calculated free energy for 6-coordination is relatively clear
(3.8 (6.7) kcal/mol using M06 (B3LYP)) for Ce, consistent with
the X-ray crystal structure, this preference is much smaller (1.1
(4.7) kcal/mol using M06 (B3LYP)) for La. In fact, the X-ray
crystal structure of the latter compound (vide infra) shows
aluminate units with coordination modes η2-planar, η2-bent, and
η3, respectively, resulting in an effective coordination number
of at least 7. In the corresponding DFT-optimized geometry the
η2-bent, and η3 aluminates become equivalent and show a
coordination mode close to η3, resulting in an effective coordina-
tion number approaching 8 (see Figure 2). The DFT-optimized
structure is thus symmetric, with a C2 axis passing through the
lanthanum and the aluminum center of the η2-planar aluminate,
but is otherwise very similar to that of the X-ray diffraction
experiment (discussed below). The failure of DFT in reproducing
the preference for the higher coordination mode is very small in
terms of energy, at least for the dispersion-including functional
(M06), andmay be due to crystal packing effects or inaccuracies in

the density functionals. For the La complex, we thus chose to
adopt the DFT-optimized geometry, which is closer to that of
the X-ray structure, i.e., the effective 8-coordinate complex shown
in Figure 2.
In order to obtain an overview of the variations in geometric

and electronic structure of the complexes, a set of 27 atomic (the
ionic radius and electronegativity of the central metal atom) and
molecular (geometric and electronic properties calculated for the
homoleptic complexes) descriptors were prepared and applied in
a principal component analysis (PCA).56 The complete list of
descriptors is given in the Supporting Information. Based on
cross-validation and the eigenvalue plot,57 three principal com-
ponents (PCs) were retained in the model. Q residuals and
Hotelling’s T2 statistics58 revealed the presence of three unusual
samples (M = La, Th, and Ac) that were not included in the
model. The DFT-optimized geometries of these metal com-
plexes deviate considerably from those of the other metals and
are the main reason why these metals should be considered as
outliers and excluded from the model. For example, whereas the
central metal atom in all other complexes is hexacoordinate, with
the three tetramethylaluminate ligands in an η2 “edge coordina-
tion” fashion (see, e.g., the structure of Ce(AlMe4)3 in Figure 2),
the large cation size of Ac3þ, Th3þ, and La3þ also allows for a η3

“face coordination” of the aluminate, resulting in a metal
coordination number higher than 6. For lanthanum and thorium
in particular, two of the ligands are face-coordinated and the third
edge-coordinated. For actinium, the binding mode of all three
ligands are intermediate between edge and a face, with one of the
Ac�methyl bond distances being 0.8�1.0 Å longer than the
others (Figure 2).
The new PCA model based on the remaining 19 complexes

does not contain outliers; see Figure 3 and Figure 4 for the scores
and loading plots, respectively. Two principal components,
explaining 85.4% of the total variance, were retained and used
in a k-means nearest group cluster analysis56 employing the
Mahalanobis distance;59 see the dendrogram in Figure 5.
Whereas the loadings of PC1 (Figure 4) mainly are characterized
by descriptors related to the size (descriptors 1�3, 5�9, and
21�25) and electronegativity (4) of the metal center, the descrip-
tors related to the nature (ionic or covalent) of the bond between
the metal center and the tetramethylaluminate ligands (12, 13, 15,
16, 18�20) dominate PC2. See the Supporting Information for the
definition of the descriptors.
The dendrogram shown in Figure 5 reveals three main

clusters. The largest cluster (in the middle) contains the rare

Figure 2. DFT optimized geometries of Sc(AlMe4)3 (octahedral),
Ce(AlMe4)3 (distorted octahedral), La(AlMe4)3 (distorted dodecahe-
dral, not the most stable conformation; see the text for discussion), and
Ac(AlMe4)3 (distorted trigonal-prismatic, square-face tricapped). Color
coding: C, gray; H, white; Al, orange; Sc, magenta; Ce, green; La,
turquoise; Ac, red. Bond distances: Å. Bond angles: degree.

Figure 3. Score plot t1 versus t2 of the PCA of the homoleptic
M(AlMe4)3 compounds.
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earth metal complexes (except that of scandium) in addition to
the complex of the smallest actinide included in our set, pluto-
nium. Many of these metals have already been observed to form
homoleptic tetramethylaluminate complexes.With the exception
of plutonium, the Allred�Rochow electronegativity of these
elements is below 1.15. Their ionic radii range from medium
(Yb, Tm, Ho, Lu, and Y) to large (Pr, Ce, Nd, Sm, and Pu),
reflected by the presence of two subclusters. The M�(AlMe4)
bond in these complexes is essentially ionic. For most of these
complexes, the best Lewis structure arrived at in natural bond
orbital (NBO) analysis60 is that of aM3þ ion surrounded by three
[Al(CH3)4]

� ions. The absence or low number of three-center
two-electron M�C�Al bonds detected in the NBO analysis is a
further indication thatmost of thesemetal�methylaluminate bonds
are fairly ionic, see Table 3. Some tendency toward formation of
three-center two-electron M�C�Al bonds, and thus of cova-
lency, is seen for M = Pu, Sm, Y, and Lu, as well as for La (which
was excluded from the PCA model), but the ionic model still
appears to be the best approximation even for these complexes
since the delocalized bonds either remain in minority or are quite
polarized toward tetramethylaluminate.61

The smallest cluster (lower part of the dendrogram) con-
tains the complexes of three early actinides (Np, U, and Pa).
These metals are characterized by large ionic radii, electro-
negativities that are generally higher than those of the corre-
sponding lanthanides, as well as significant contribution from
5f in the valence bonding orbitals. Thus the M�(AlMe4)
bonds are more covalent than those of the lanthanides, as

evident from the delocalized bonds in Table 3, and the
covalency increases with the extension of the 5f orbitals
(Np < U < Pa).62,63

The covalent contributions to the M�(AlMe4) bonds are also
significant for the complexes of the third cluster (at the top),
which contains all of the transition metal complexes as well as
that of the smallest rare earth element (scandium). Scandium
thus groups together with titanium and not, as one might expect,
with lutetium or yttrium, and the PCA suggests that this contrast
to the other rare earth elements mainly results from the smaller
ionic radius and higher electronegativity of scandium. The co-
valency of the M�(AlMe4) bonds appears to increase with both
the metal electronegativity and the cation size (Sc < Ti < Zr, Hf <
Nb, Ta), see Table 3. The increase in covalency upon going from
titanium to zirconium may, at first glance, seem puzzling since
titanium is both the smallest andmost electronegative of the two.
However, vertical trends in transition metal chemistry often
originate from the relative energies and spatial extensions of
the metal valence s and d orbitals.64 Valence 4d and 5d orbitals
are less compact and more suitable for sd hybrid orbital forma-
tion than are valence 3d orbitals. For example, the ratio be-
tween ns and (n � 1)d radial expectation values is in the range
2.49�2.50 for titanium and significantly lower for zirconium and
hafnium (1.81�183 and 1.53�158, respectively).62

The covalent contributions seen for both the actinide- and the
transition-metal cluster imply that the simple ionic bonding
model that worked well for the lanthanides (the largest cluster)
turns out to be inadequate for the description of most of the

Figure 5. Dendrogram illustrating the cluster analysis.

Table 3. Three-Center Two-Electron (M�C�Al) Bonds in
the M(AlMe4)3 Complexes

open shella

M closed shella R spin β spin M cnb

Ti 6 (9.0) 6

Zr 4 (12.3) 6 (9.5) 6

Hf 3 (11.6); 2 Hf�C bondsc 6 (8.7) 6

Nb 2 (9.8); 3 Nb�C bondsc 6 (11.3) 6

Ta 2 (11.5); 3 Ta�C bondsc 6 (8.7) 6

Sc 6 (8.0) 6

Y 6 (6.0) 6

Ho 0 0 6

Tm 0 0 6

Yb 0 0 6

Lu 6 (6.7) 6

La 7 (6.8) 8

Ce 0 0 6

Pr 0 0 6

Nd 0 0 6

Sm 2 (11.0) 0 6

Ac 6 (6.6) 9

Th 6 (11.7) 8 (10.9) 8

Pa 6 (11.8) 6 (11.3) 6

U 6 (11.2) 6 (10.5) 6

Np 4 (11.1) 0 6

Pu 4 (10.8) 0 6
aNumber of three-center bonds (averaged percentage of metal
character) as identified using NBO.60 bCoordination number of the
metal M. cTwo-center natural bond.

Figure 4. PCA loadings plot p1 versus p2. The numbers are those of the
descriptors, defined in the Supporting Information.
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complexes of the other two clusters. Instead, in these compounds
the bonds between the metal and the tetramethylaluminates are,
in general, better described by three-center two-electron M�
C�Al bonds in which the contributions from the metal M and Al
are of similar magnitude (9�12% for M, and 12�15% for Al).
Thermodynamic Stability of theM(AlMe4)3 Complexes.As

already mentioned, no minima pertaining to homoleptic tetra-
methylaluminate complexes could be located for the p-block
metals (M = Al, Ga, In, Tl, and Bi). These geometry optimiza-
tions resulted in dissociation to yield twomolecules of AlMe3 and
the bimetallic compound [MMe2(AlMe4)], respectively. This
suggests that loss of trimethylaluminum could represent a useful
measure for the stability of the homoleptic tetramethylaluminate
complexes (Scheme 3).
We have calculated the reaction energy for the dissociation in

Scheme 3 using three different density functionals: the general-
ized-gradient approximation (GGA) functional BPW91,65 the
hybrid-GGA functional B3LYP,66 and the hybrid meta-GGA
functional M06.67 The stabilities of the homoleptic complexes
obtained using BPW91 (see the Supporting Information) and
the hybrid-GGA functional B3LYP (Table 4) are very similar,
and it is gratifying that the recently developed hybrid functional
M06 (Table 4) offers a trend similar to that predicted by the two
more well-tested functionals. M06 predicts stabilities that are
systematically higher than those of the two other functionals, and
this difference is attributed to the fact that this functional has
been constructed to account for medium-range correlation and
attractive noncovalent interactions (dispersion), effects not in-
cluded in BPW91 and B3LYP. This suggests that, among the
three functionals included in the present work, M06 is taken to
offer the most accurate absolute stabilities. In fact, the M06 re-
lative free energies in solution (heptane)68 for the rare earth met-
als for which tetramethylaluminates M(AlMe4)3 have so far been
characterized (M = Y, La, Ce (4a), Pr, Nd, Sm, Ho, Tm (4b), Yb
(4c) and Lu)10c,d,36 are all clearly positive and indicate stability.
In contrast, the homoleptic tetramethylaluminate of scandium,
which has proven difficult to achieve, has a slightly negative
relative free energy (M06, heptane) and markedly lower than the
rare earth elements for which homoleptic tetramethylaluminate
complexes are known. Similarly, the stabilities of the transitionmetal

complexes also do not seem promising with respect to obtaining
stable homoleptic complexes. In contrast, all actinides included
in the present study are predicted to give homoleptic compounds
with stabilities comparable to those of the rare earth metals for
which such complexes are known.
In order to investigate the factors governing the stability of the

homoleptic compounds, the free energy change of the reaction
(Scheme 3) in heptane68 as calculated using the M06 functional
was correlated in a partial least-squares regression (PLSR)56

model involving 27 molecular descriptors (independent variables).
We started to build a model containing the entire set of tetra-
methylaluminate complexes, and using standard multivariate
procedures,57 two unusual samples (Ti and Th) were detected
and removed from the calibration model.69

To evaluate the error of the model, the leave-one-out root-
mean-square error of cross validation (RMSECV)was employed.
Accordingly, the model based on one factor was found to be the
most predictive. This model explained 50.6% of the X-block and
83.4% of the variance in y. The respective RMSECVwas 1.8 kcal/
mol, corresponding to 13.4% of the calibration range (13.2 kcal/
mol). We proceeded to improve the model by performing a
manual pruning of the descriptors. This work involves removing
from the model, one after the other, those descriptors that are
strongly correlated to each other, as well as those that contribute
only little to the multivariate model. After each pruning a new PLS
model was established, and the predictive ability of themodel was
evaluated by means of the corresponding RMSECV. In the final,
superior model, only the two atomic descriptors, the Allred�
Rochow electronegativity of the central metal atom (descriptor
4) and the effective ionic radius M3þ (descriptor 25), were
retained. Using two factors, the explained variance in y is 90.7%
and the RMSECV 1.3 kcal/mol, which corresponds to 9.8% of
the calibration range. The standardized regression coefficients
(β weights) were�0.27 (descriptor 4) and 0.77 (descriptor 25),
respectively. This smaller model is both more predictive and
easier to interpret than the initial model.
First, the negative correlation between the electronegativity of

the central metal atom (descriptor 4) and the stability of the
complex confirms that ionic metal�tetramethylaluminate in-
teractions are to a large extent determining the stability of the
homoleptic compounds. In other words, electropositive central

Scheme 3. Loss of Al(CH3)3 from the Homoleptic Tetra-
methylaluminate Metal(III) Complex

Table 4. Calculated Free Energies for the Loss of Trimethyl-
aluminum from the Homoleptic Metal(III) Tetramethylalu-
minate Complex in Heptane at 298.15 Ka

B3LYP M06 B3LYP M06

Ti �15.2 �6.7 La �2.9 9.1

Zr �7.6 1.2 Ce 1.3 10.0

Hf �9.1 0.1 Pr �0.7 7.4

Nb �12.3 1.5 Nd �0.7 7.8

Ta �14.6 �0.5 Sm �1.4 6.4

Sc �8.7 �0.4 Ac 2.1 12.7

Y �2.1 6.0 Th �5.8 7.8

Ho 0.6 8.2 Pa �0.4 8.7

Tm �3.0 6.3 U 0.6 9.2

Yb �2.3 6.9 Np �1.3 7.6

Lu �3.1 5.7 Pu �2.4 6.8
aThe reaction is shown in Scheme 3. The reaction energies are given in
kilocalories per mole.
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metal atoms stabilize the homoleptic compounds toward loss of
trimethylaluminum, which again reflects the observation that such
compounds have so far been obtained only for low-electronegativity
rare earth metals (vide supra).10c,d,36 An increasing electronega-
tivity of the central metal atom not only decreases the ionic
metal�tetramethylaluminate interactions but also weakens the
aluminum�methyl bonds of the tetramethylaluminate ligands70

and thus reduces their stability toward loss of trimethylaluminum
and formation of two more covalent compounds, (AlMe4)2M-
CH3 and Al2Me6, see Scheme 3.
Neptunium and cerium are examples of the effect of electro-

negativity in that these ions are of the same size (effective ionic
radius 1.01 Å) and form homoleptic compounds with similar
distorted octahedral geometries. However, their Allred�Rochow
electronegativities are different (1.22 and 1.08, respectively), result-
ing in a 2.4 kcal/mol lower calculated stability for the neptunium
complex.
Second, the main prerequisite for obtaining a stable homoleptic

complex is simply that the central metal cation be sufficiently
large (descriptor 25). Indeed, the cationic radius is strongly pos-
itively correlated with the stability of the homoleptic complex
(R2 = 0.88). Of course, it is difficult to separate simple size effects
from those of electronegativity. However, the steric exchange re-
pulsion calculated between the tetramethylaluminate groups corre-
lates negativelywith stability of the homoleptic complexes (R2 =0.81)
suggesting that some of the influence of ionic size simply is one of
reducing the steric repulsion between the tetramethylaluminate
groups. For example, upon going fromAc (ionic radius 1.12 Å) to
Ti (0.67 Å),71 the calculated steric repulsion between the four
tetramethylaluminate ligands increases from 27 to 114 kcal/mol
and renders the homoleptic complex less stable toward loss of a
AlMe3 molecule. This hypothesis is also supported by the fact that
tetramethylaluminate face coordination (η3), which should mini-
mize the distance and maximize the electrostatic attraction bet-
ween the central cation and the center of the [AlMe4]

� anion, is
observed only for the largest cations such as lanthanum, thorium,
and actinium; see Figure 2.
By the same token one might expect the η1 coordination mode,

which is the sterically least demanding and which maximizes the
distance between the central cation and the [AlMe4]

� anion, to
be preferred for small cations such as Sc3þ. However, attempts to
optimize the geometry of Sc(AlMe4)3 using a η1 coordination
mode for one of the aluminate ligands resulted in the loss of
trimethylaluminum and formation of (AlMe4)2Sc-CH3.
An important advantage of our simple PLSR model is that both

descriptors are available for most metals with a stable oxidation
state þ3. Thus, the calibration model can be used, without

additional cost, to estimate the stability and predict the existence
of other metal(III) tetramethylaluminate homoleptic complexes;
see Figure 6. We have considered only elements for which the
values of both descriptors are within the respective calibration
ranges.
All lanthanides and actinides are predicted to provide homo-

leptic complexes that are stable toward loss of trimethylalumi-
num, including compounds of both early, e.g., Ce, and late, e.g.,
Tm and Yb, lanthanides not previously reported. Other compet-
ing reactions are not considered in the current model. For ex-
ample, for some metals the low stability of oxidation state þ3
may hamper formation and isolation of the homoleptic complex.
This may be the case for europium and ytterbium, for which our
model predicts stable homoleptic compounds, but which are
known to be Ln3þ/Ln2þ redox-active.
In conclusion, low electronegativity and a sufficiently large

cation are required for the central metal atom to provide stable
homoleptic tetramethylaluminate complexes. These two features
are common to all rare earth elements for which the homoleptic
complex has been obtained and structurally characterized. Scan-
dium, on the other hand, has a small cation and is sufficiently
electronegative so as to render the corresponding homoleptic
complex thermodynamically unstable toward loss of trimethyl-
aluminum. The same arguments can be used to predict low sta-
bility for the corresponding complexes of most or perhaps even
all transition metals. Finally, mainly because of their size, all the
actinides considered here are predicted to give stable homoleptic
compounds despite their electronegativities generally being some-
what higher than those of the lanthanides.
Synthesis of Ce(AlMe4)3. The cerium derivative 4a was synthe-

sized previously following route I (Scheme 1).10d We revisited this
compound for examining its solid-state structure in order to de-
monstrate the predictive capability of the DFT studies and to
expand into anyCe4þ/Ce3þ aluminate chemistry. From a structural
point of view, it was interesting to see whether 4a would adopt a
solid-state structure similar to La or Pr. The homoleptic trivalent
lanthanides showdifferent crystallization behavior depending on the
Ln3þ size and the temperature (vide infra). La(AlMe4)3, containing
the largest central ion in this series, crystallizes in the monoclinic
space group P21/n with one molecule in the asymmetric unit.10d

This compound exhibits three different aluminate coordination
modes in the solid state comprising aη2-planar,η2-bent, andη3 one.
Interestingly, when this geometry is optimized at DFT level, the
number of different coordination modes is reduced to two. Indeed,
whereas the η2-planar-type ligand is reproduced, the spatial orienta-
tion relative to the metal center of the other ligands becomes
equivalent and intermediate to those of the η2-bent- and η3-type

Figure 6. Predicted stability toward loss of trimethylaluminum, as defined in Scheme 3, for homoleptic metal(III) tetramethylaluminates.



6331 dx.doi.org/10.1021/ja2001049 |J. Am. Chem. Soc. 2011, 133, 6323–6337

Journal of the American Chemical Society ARTICLE

ligands, albeit closer to that of the latter. The DFT-optimized
structure is symmetric, having one C2 axis that passes through the
lanthanum and the aluminum center of the η2-planar-type ligand.
Homoleptic aluminates of the slightly smaller Ln3þ ions (Ln =

Pr, Nd) crystallize in the monoclinic space group P21/a with two
independent molecules per unit cell. Finally, Sm(AlMe4)3, Y-
(AlMe4)3, and Lu(AlMe4)3, representing the midsized to small
Ln3þ ions, crystallize in the centrosymmetric space group C2/c
with one independent molecule per unit cell. Crystals of 4a were
grown from saturated hexane solutions at�35 �C, displaying the
same crystal system as Pr and Nd (P21/a). Each of the three
[AlMe4]

� ligands coordinates via two methyl groups that bridge
in a η2 fashion to the central metal, accomplishing a pseudo-
octahedral geometry (Figure 7, Table 5) in excellent agreement
with the coordination mode predicted by DFT (see Figure 2).
Interestingly, the two independent molecules in the unit cell show
distinct geometries of the [Ce(μ-Me)2Al] metallacycles. Although
in molecule 1 the maximum deviation from planarity is 1.2(3)�
(Ce1�C9�Al1�C10) for the three metallacycles, molecule 2 re-
veals one reasonably planarmoiety with a torsion angle of 2.75� and
two significantly distorted ones (torsion angles 9.49� and�10.28�).
This feature, which is equivalent to a bending of the tetramethyl-
aluminate ligand, is more pronounced in 4a than in the Pr andNd
derivatives, in agreement with the increased size of the Ln3þ

center.10d The Ce�C(μ-Me) bonds are slightly longer than ob-
served for the Pr derivative (av 2.628/2.635 vs 2.606/2.606 Å)10d

consistent with the larger metal center.
Synthesis of Tm(AlMe4)3. The thulium derivative 4b was

synthesized according to equation I (Scheme 1) and obtained in
51% crystalline yield from saturated hexane solutions at�35 �C.
The composition was unequivocally proven by X-ray structure
analysis (Figure 8). Derivative 4b is isomorphous (C2/c) to
Ln(AlMe4)3 representing the mid- (Ln = Sm) and smaller-sized
rare earth metals (Ln = Y, Lu). The torsion angles Tm1�
C1�Al1�C2 of the [Tm(μ-Me)2Al] metallacycles were in the
range 0�0.26�, only slightly below that predicted (0.16�0.47�)
by DFT. Consistent with the lanthanide contraction, the average
of the Ln�C(μ-Me) distance in 4b was 2.485 Å (close to that
(2.516 Å) predicted by DFT), i.e., slightly longer than that of
Lu(AlMe4)3 (2.464 Å (X-ray), 2.495 Å (DFT)) (Table 5).10d

Attempted Synthesis of Eu(AlMe4)3. Given the reducing
power of organoaluminum compounds,72 we were curious
whether trivalent derivatives Ln(AlMe4)3 of europium
(E0 (Eu2þ/Eu3þ) =�0.36 V) and ytterbium (E0 (Yb2þ/Yb3þ) =
�1.15 V) are isolable. Europium(III) and ytterbium(III) are
more prone to be reduced to the divalent state than samarium

(E0 (Sm2þ/Sm3þ) =�1.55 V) or even thulium(III) (E0 (Tm2þ/
Tm3þ) =�2.1 V).73 In the case of europium, route I (Scheme 1)
yielded an off-white precipitate and a colorless hexane solution
devoid of any rare earth metal component. Apparently, complete
reduction and formation of insoluble [Eu2þ(AlMe4)2]n (5a) oc-
curred, coprecipitating with LiCl. To further investigate into this
reactivity and to be able to isolate pure 5a, we followed reaction
protocol II (Scheme1). Accordingly, compound 5a could be isolated

Figure 7. Two independent molecules in the solid-state structure of
Ce(AlMe4)3 (4a). Anisotropic displacement parameters are drawn at
the 50% probability level.

Table 5. Selected Bond Lengths [Å] and Angles [deg] in
Compounds 4a, 4b, and 4cLT

Ce(AlMe4)3 (4a)

molecule1 molecule 2

Ce1�C1 2.623(7) Ce2�C13 2.635(7)

Ce1�C2 2.620(7) Ce2�C14 2.626(8)

Ce1�C5 2.631(8) Ce2�C17 2.646(8)

Ce1�C6 2.643(7) Ce2�C18 2.646(7)

Ce1�C9 2.628(7) Ce2�C21 2.637(7)

Ce1�C10 2.620(7) Ce2�C22 2.621(8)

Al1�C1 2.080(7) Al4�C13 2.071(8)

Al1�C2 2.083(7) Al4�C14 2.082(8)

Al1�C3 1.959(9) Al4�C15 1.958(8)

Al1�C4 1.970(11) Al4�C16 1.952(12)

Ce1 3 3 3Al1 3.196(2) Ce2 3 3 3Al4 3.194(2)

Ce1 3 3 3Al2 3.215(2) Ce2 3 3 3Al5 3.219(2)

Ce1 3 3 3Al3 3.188(2) Ce2 3 3 3Al6 3.179(2)

C1�Ce1�C2 80.9(2) C13�Ce2�C14 80.2(2)

C1�Ce1�C5 92.1(2) C13�Ce2�C17 175.3(2)

C1�Ce1�C6 95.5(2) C13�Ce2�C18 96.4(2)

C1�Ce1�C9 95.6(2) C13�Ce2�C21 92.8(2)

C1�Ce1�C10 172.2(2) C13�Ce2�C22 88.7(3)

C1�Al1�C2 109.5(3) C13�Al4�C14 109.4(3)

C1�Al1�C3 108.6(3) C13�Al4�C15 107.1(4)

C1�Al1�C4 105.5(4) C13�Al4�C16 105.1(4)

C3�Al1�C4 120.2(5) C15�Al4�C16 119.3(5)

Tm(AlMe4)3 (4b) Yb(AlMe4)3 (4c
LT)

Tm�C1 2.488(2) Yb�C1 2.465(2)

Tm�C2 2.491(2) Yb�C5 2.477(3)

Tm�C5 2.477(2) Yb�C6 2.480(4)

Al1�C1 2.088(2) Al1�C5 2.072(3)

Al1�C2 2.083(2) Al1�C6 2.084(3)

Al1�C3 1.967(2) Al1�C7 1.953(4)

Al2�C5 2.093(2) Al1�C8 1.956(5)

Al2�C6 1.960(2) Al2�C1 2.083(2)

Al2�C3 1.953(6)

Tm 3 3 3Al1 3.0407(5) Yb 3 3 3Al1 3.0242(7)

Tm 3 3 3Al2 3.0290(6) Yb 3 3 3Al2 3.0124(11)

C1�Tm�C2 85.74(4) C1�Yb�C10 86.55(8)

C1�Tm�C5 92.17(4) C1�Yb�C5 91.52(9)

C1�Tm�C50 89.25(4) C1�Yb�C6 91.9(1)

C5�Tm�C50 86.51(6) C5�Yb�C6 85.9(1)

C1�Al1�C2 108.64(5) C5�Al1�C6 108.7(1)

C5�Al2�C50 108.35(7) C1�Al2�C10 108.4(1)

C3�Al1�C4 118.55(7) C7�Al1�C8 118.6(2)

C6�Al2�C60 119.5(2) C3�Al2�C30 119.3(2)
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and characterized by FTIR spectroscopy and elemental analysis.
This specific redox reaction was further proven by addition of
AlEt3 instead of AlMe3 yielding the hexane-soluble ethyl deriva-
tive [Eu2þ(AlEt4)2]n (5b) (Scheme 4). Light green crystals of 5b
suitable for X-ray structure analysis were grown from a sat-
urated hexane solution at�35 �C. Complex 5b crystallizes in the
trigonal space group P32, being isotypic to the polymeric network
structures of [M2þ(AlEt4)2]n (M = Sm, Yb, Ca).8d,11 Further
information concerning structural parameters of 5b can be ob-
tained from the Supporting Material (Figure S1).
Synthesis and Reduction Behavior of Yb(AlMe4)3. In con-

trast to europium, the trivalent ytterbium and samarium deriva-
tives Ln(AlMe4)3 (Ln = Sm,

10d Yb (4c)) can be isolated according
to route I (Scheme 1). The crystallized yields for ytterbium are
low (ca. 20%), since reduction to the divalent species is prevailing
when the alkylation reaction is performed at ambient temperature.

Better yields are also hampered due to the necessary separation of
trimethylaluminum from initially crystallized Yb(AlMe4)3�
(Al2Me6)0.5 (4c0).

10a,b Moreover, synthesis and isolation of 4c
applying reaction protocol II and Yb[N(SiHMe2)2]3(THF)2
(2b) (Figure S2 in Supporting Information) as a precursor was
less straightforward due to the complicated separation of coproduct
[{Me2AlN(SiHMe2)2}2]; however, reduction to the divalent spe-
cies was also observed. Yb(AlMe4)3 (4c) can be stored without
reduction in solid form at �30 �C; however, precipitation of
yellow [Yb(AlMe4)2]n

11a occurs instantaneously when a hexane
solution of the pure crystallized compound is kept at ambient
temperature (Scheme 5).
Such Ln(AlMe4)3 f [Ln(AlMe4)2]n “self-reductions” are fa-

vored at elevated temperature and were examined in more detail
by FTIR (Figure S8) and NMR spectroscopy. The formation of
both Al2Me6 and ethane is unambiguously evidenced by 1H
NMR spectroscopy. Taking into account the concurrent forma-
tion of CH4, CH3D, and CH3C6D5 (in benzene-d6, Figure S6)
and CH4, CH3D (in cyclohexane-d12, Figure S7), reduction of
the Yb3þ center via methyl radical formation is suggested
(Scheme 5). Also shown in the Supporting Information are the
variable temperature 1HNMRspectra of 4c in toluene-d8 (Figure S5),
revealing a decoalescence of the methyl resonance at ca. 298 K
(cf., Lu: 278 K, Y: 229 K, Sm: 216 K).
The solid-state structure of Yb(AlMe4)3 was examined in detail

by multiple X-ray structure analyses. As shown previously for the
yttrium and neodymium derivatives,10a,b crystallization of the
supernatant hexane solutions, obtained according to eq I
(Scheme 1), yielded Yb(AlMe4)3�(Al2Me6)0.5 (4c0, Figure 9).
“AlMe3-free” 4c is produced when 4c0 is exposed to vacuum.
Interestingly, the initial X-ray diffraction study of 4c (denoted as
4cHT, HT= high temperature), performed at 213 K revealed a
monoclinic crystal system with space group P21/c (Figure S3),
thus isostructural with those of the larger rare earth metal centers
(cf., Ce (4a) T = 100 K). The effect of temperature was evident
when the crystal data for 4c were collected at 173 K (4cLT, LT =
low temperature, Figure S4), showing the expected space group
C2/c found previously for the small rare earthmetal centers at the
same or lower temperature (cf., Tm(4b)). The Yb�C bond
lengths in 4cLT (av 2.474 Å, Table), 4cHT (av 2.485 and 2.477 Å),
and 4c0 (av 2.495 Å) are similar and also compare very well with
the corresponding distance (2.508 Å) obtained from DFT. The
[Yb(μ-Me)2Al] metallacycles show similar maximum devia-
tion from planarity (the Yb�μ-C�Al�μ-C torsion angles
being 0.00�/�0.05�/�0.05� versus 2.79�/�1.76�/0.14/� and
1.14�/�1.79�/1.48� versus 1.48�/1.73�/�2.56�, again comparing

Figure 8. Solid-state structure of Tm(AlMe4)3 (4b). Anisotropic dis-
placement parameters are drawn at the 50% probability level.

Scheme 4. Formation of [Eu2þ(AlR4)2]n (R = Me (5a), Et
(5b)) from the Trivalent Europium Silylamide Complex 2a

Scheme 5. Thermally Induced “Self-Reduction” of Yb-
(AlMe4)3 (4c)

Figure 9. Solid-state structure of Yb(AlMe4)3�(Al2Me6)0.5 (4c0).
Anisotropic displacement parameters are drawn at the 50% probability
level. For selected bond distances, see Supporting Information.
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very well with the corresponding ones (�0.23�/0.12�/�0.33�)
from DFT), comparable to those of the thulium (4b) and lutetium
derivatives.
As a result of the more negative redox potential, the samar-

ium congener is relatively stable; however, yellow hexane so-
lutions of Sm(AlMe4)3 also gradually produce purple insoluble
[Sm(AlMe4)2]n

11b over time and upon heating.74

’CONCLUSIONS

Complexes [Ln(OCH2tBu)3]4 give straightforward access to
scandium and neodymium neopentanolate trimethylaluminum
adducts that are of relevance for olefin polymerization. Such
compounds of the larger lanthanide metal centers might also be
exploited for continuative alkylation reactions. However, the
smallest rare earth metal scandium strengthened again its promi-
nent position. Our investigations regarding the reactivity of
Sc(OCH2tBu)3(AlMe3)3 toward AlMe3 point at a peralkylated
species, but we still were not able to unambiguously characterize
Sc(AlMe4)3.

Multivariate classification and modeling of a variety of tetra-
methylaluminates M(AlMe4)3 and their stability based on quan-
tum chemically obtained relative energies and atomic and mo-
lecular descriptors have identified low electronegativity and a
sufficiently large ionic radius for the central metal atom as es-
sential factors for obtaining homoleptic compounds stable toward
loss of trimethylaluminum, the presumed main decomposition
reaction. The fact that the preparation and characterization of
Sc(AlMe4)3 have proven very challenging, despite great efforts in
this and previous studies, is reflected in the finding that scan-
dium is too small and too electronegative to form a stable
homoleptic compound. In contrast, a series of new homoleptic
compounds based on lanthanides and actinides are predicted to
be stable toward loss of trimethylaluminum. Three of the
predicted lanthanide-based compounds Ln(AlMe4)3 (Ln = Ce,
Tm, Yb) have been prepared and fully characterized in the pre-
sent work, in addition to Ln(OCH2tBu)3(AlMe3)3 (Ln = Sc,
Nd), and [Eu(AlEt4)2]n. At ambient temperature, donor-free
hexane solutions of Ln(AlMe4)3 of the Ln

3þ/Ln2þ redox-active
metal centers display enhanced reduction to [Ln(AlMe4)2]n with
decreasing negative redox potential, in the order Eu. Yb. Sm.
Whereas Eu(AlMe4)3 could not be identified, Yb(AlMe4)3
turned out to be isolable in low yield.

’EXPERIMENTAL DETAILS

General Procedures. All operations were performed with rigorous
exclusion of air and water, using standard Schlenk, high-vacuum, and
glovebox techniques (MBraun MB200B; <1 ppm O2, <1 ppm H2O).
Hexane was purified using Grubbs columns (MBraun SPS, solvent
purification system). Benzene-d6, toluene-d8, and cyclohexane-d12 were
obtained from Aldrich, degassed, dried over Na for 24 h, filtered, and
stored in a glovebox. AlMe3 and AlEt3 were purchased from Aldrich and
used as received. CAUTION: Alkylaluminum reagents react violently
with moisture. LnCl3 (Ln = Ce, Eu, Tm, Yb) were obtained from Strem
Chemicals and activated with THF. Complexes Ln[N(SiMe3)2]3,

51,75 Ln[N-
(SiHMe2)2]3(THF)x,

76 [Nd(OCH2tBu)3]4,
38 Nd(OCH2tBu)3(AlMe3)3

(3b),39 and Ln(AlMe4)3 (Ln = Sm, Ce)10d were synthesized according
to previously published procedures. NMR spectra were recorded at
25 �C on a Bruker-AVANCE-DMX400 (1H, 400.13 MHz; 13C, 100.62
MHz), and a Bruker�BIOSPIN-AV500 (5 mm BBO; 1H, 500.13 MHz;
13C, 125.77 MHz). 1H and 13C shifts are referenced to internal solvent
resonances and reported in parts per million relative to TMS. IR spectra

were recorded on a Nicolet-Impact 410 FTIR spectrometer as Nujol
mulls sandwiched between CsI plates. Elemental analyses were per-
formed on an Elementar Vario EL III.
[Sc(NMe2)3(LiCl)3] (1a) and [Sc(OCH2tBu)3]4. A THF solution

of 3 equiv of LiNMe2 (208 mg, 4.08 mmol) was added slowly to a sus-
pension of ScCl3(THF)3 (500 mg, 1.36 mmol) in THF, and the mixture
was stirred at ambient temperature for 18 h. The solvent was then
removed in vacuo until dryness. The remaining solid was suspended in
hexane, 3 equiv of neopentanol (360 mg, 4.08 mmol) in hexane was
added, and the resulting mixture was stirred at ambient temperature.
After 1 h the solvent was removed under reduced pressure, the residue
was extracted several times with hexane, and the tetranuclear alkoxide
complex (560 mg, 1.07 mmol, 79%) was separated by crystallization
at �35 �C. The analytical data are consistent with the literature known
compound synthesized from Sc[N(SiMe3)2]3.

38

Eu[N(SiHMe2)2]3(THF)2 (2a). Following the procedure described
previously76 EuCl3(THF)3.5 (409 mg, 0.80 mmol) and Li[N(SiHMe2)2]
(323 mg, 2.32 mmol) yielded 2a as dark red crystals (252 mg, 0.36 mmol,
45%). 1H NMR (400.13 MHz, benzene-d6): δ 11.76 (br s, THF), 4.69 (6
H, SiH), 0.08 (s, 36 H, SiMe2) ppm.
Yb[N(SiHMe2)2]3(THF)2 (2b). Following the procedure described

previously76 YbCl3(THF)3 (397 mg, 0.80 mmol) and Li[N(SiHMe2)2]
(323 mg, 2.32 mmol) yielded 2b as colorless crystals (302 mg, 0.42
mmol, 53%). 1HNMR (400.13MHz, benzene-d6): δ 4.61 (s, 6 H, SiH),
�0.01 (s, 36 H, SiMe2) ppm. Anal. Calcd for C20H58N3O2Si6Yb (714.27
g mol�1): C 33.63; H 8.19; N 5.88. Found: C 33.19; H 8.37; N 5.81.
Sc(OCH2tBu)3(AlMe3)3 (3a). To a solution of [Sc(OCH2tBu)3]4

(65mg, 0.20mmol) in hexane was slowly added a hexane solution of >12
equiv of AlMe3 (46 mg, 0.64 mmol), and the mixture was stirred
overnight at ambient temperature. Then, the solvent and the excess
AlMe3 were removed in vacuo. The remaining solid was crystallized
from hexane at �35 �C to yield 3a as colorless crystals (112 mg, 0.21
mmol, >99%). IR (Nujol): 1406 w, 1197 s, 1135 m, 1039 s, 1010 s, 936
m, 898 w, 689 vs, 574 s, 529 m, 486 m, 437 w cm�1. 1H NMR (400.13
MHz, benzene-d6): δ 3.85 (d, 6 H, CH2), 0.90 (d, 27 H, CMe3),
�0.37 (s br, 27 H, AlMe3) ppm.

13C{1H} NMR (100.62 MHz, benzene-
d6): δ 80.6, 33.4, 27.1 ppm. Anal. Calcd for C24H60Al3O3Sc (522.63 g
mol�1): C 55.15; H 11.57. Found: C 55.87; H 11.48.
Tm(AlMe4)3 (4b). Following the procedure described previously

10d

TmCl3(THF)3.5 (3.67 g, 6.96 mmol), LiNMe2 (1.06 g, 20.87 mmol),
and AlMe3 (4.01 g, 55.6 mmol) yielded 4b as pale green crystals (1.52 g,
3.54 mmol, 52%). 1H NMR (500 MHz, benzene-d6): δ �97 (CH3)
ppm. 13C NMR (125.77MHz, benzene-d6): δ�150 ppm. Anal. Calcd for
C12H36Al3Tm (430.3 g mol�1): C 33.50, H 8.43; Found: C 33.55, H 9.14.
Yb(AlMe4)3 (4c). YbCl3(THF)3 (2.500 g, 5.043 mmol) was sus-

pended in 80 mL of THF and cooled to �40 �C. LiNMe2 (772 mg,
15.13 mmol) was dissolved in�40 �C cold THF and added to the cold
YbCl3(THF)3 suspension under vigorous stirring. The mixture was al-
lowed to warm to ambient temperature clearing to a light brownish
solution but showed formation of an unidentified precipitate quickly.
After stirring for 16 h, the solvent was evaporated in oil pump vacuum.
Additional suspending of the remaining solid in 30 mL toluene for 1 h
and subsequent evaporation to dryness yielded a light brown powder.
Upon addition of 80 mL hexane the suspension was cooled to �40 �C.
AlMe3 (3.1 g, 43.01 mmol) was added, and the mixture was allowed to
warm to ambient temperature. Any additional heating, e.g., from warm
stirring plates, was avoided to prevent rapid loss in yield. The mixture
turned bright orange and was stirred for 6 h. Volatiles were evaporated in
vacuum (CAUTION: excess of AlMe3 and the byproduct [Me2AlNMe2]2
are caught in the cooling trap and react violently with air and water,
appropriate quenching must be done!) giving an oily residue, which was
suspended in hexane. The soluble product was extracted via centrifuga-
tion and subsequent filtration of the solution. The orange solution was
reduced in volume and cooled to �40 �C for crystallization to yield
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503 mg (0.99 mmol, 20%) Yb(AlMe4)3(Al2Me6)0.5 (4c0) as orange
crystals. When 4c0 was exposed to vacuum, it lost AlMe3 incorporated
into the crystal lattice. Subsequent crystallization from small amounts of
hexane yielded 269 mg (0.62 mmol, 12%) of orange crystals of
Yb(AlMe4)3 (4c). 1H NMR (500 MHz, toluene-d8, 25 �C): δ �24
(v br s, CH3) ppm. IR (Nujol): 1304 m, 1220 vs, 1199 vs, 695 vs, 571 vs,
548 vs, 454 s cm�1. Anal. Calcd for C12H36Al3Yb (434.403 g mol�1):
C 33.18, H 8.35. Found: C 32.86, H 7.98.
[Eu(AlMe4)2]n (5a). An excess of AlMe3 (160 μL, 1.67 mmol) was

added via a micropipet to a yellow solution of Eu[N(SiHMe2)2]3-
(THF)2 (2a, 139 mg, 0.20 mmol) in hexane. Instantaneously, the re-
action mixture turned into a suspension and changed colors, first to

brownish red, then getting paler and paler toward yellow green. After
having stirred for a couple of minutes, the color was gone. The reaction
mixture was stirred at ambient temperature for 15 min before a white
solid was collected via centrifugation, washed with hexane, and dried
under reduced pressure to yield 5a as a white powder (60 mg, 0.18
mmol, 91%). IR (Nujol): 1197 w, 1171 w, 1072m, 1026m, 793m, 705 s,
633 w, 591 m, 581 m, 560 m cm�1. Anal. Calcd for C8H24Al2Eu (326.21
g mol�1): C 29.46, H 7.42; Found: C 29.34, H 7.47.
[Eu(AlEt4)2]n (5b). An excess of AlEt3 (210 μL, 1.54 mmol) was

added via a micropipet to a yellow solution of Eu[N(SiHMe2)2]3-
(THF)2 (2a, 129 mg, 0.19 mmol) in hexane. Instantaneously, the reaction
mixture changed colors, first to orange-red, then getting paler and paler to

Table 6. Crystal Data and Data Collection Parameters of Complexes 2b, 3a, 3b, 4a, 4b, 4cLT, 4cHT, 4c0, and 5b

2b 3a 3b 4a

chemical formula C20H58N3O2Si6Yb C24H60Al3O3Sc C24H60Al3O3Nd C12H36Al3Ce

Mr 714.27 522.63 621.90 401.47

crystal system monoclinic hexagonal hexagonal monoclinic

space group P21/c P31c P31c P21/c

a/Å 13.0353(9) 15.8846(3) 16.1210(4) 17.8247(13)

b/Å 16.0013(7) 15.8846(3) 16.1210(4) 18.2909(12)

c/Å 16.8519(11) 8.6025(4) 8.6164(5) 13.7888(10)

R/deg 90.00 90 90 90

β/deg 92.304(5) 90 90 108.531(6)

γ/deg 90.00 120 120 90

V/Å3 3512.2(4) 1879.78(10) 1939.28(13) 4262.5(5)

Z 4 2 2 8

F(000) 1476 576 654 1640

T/K 173(2) 123(2) 123(2) 100

Fcalcd/g cm�3 1.351 0.923b 1.065 1.251

μ/mm�1 2.887 0.283b 1.423 1.190

R1 (obsd)
a 0.0612 0.0296 0.0153 0.0472

wR2 (all)
a 0.0906 0.0886 0.0419 0.0952

GOF (obsd) 1.228 1.110 1.137 1.064

4b 4cLT 4cHT 4c0 5b

chemical formula C12H36Al3Tm C12H36Al3Yb C12H36Al3Yb C15H45Al4Yb C32H80Al4Eu2
Mr 430.28 434.39 434.39 506.47 876.80

crystal system monoclinic monoclinic monoclinic monoclinic trigonal

space group C2/c C2/c P21/c P21/n P32
a/Å 10.8897(13) 10.8877(4) 7.3860(13) 7.4556(9) 11.8535(6)

b/Å 15.7289(19) 15.7129(5) 17.683(6) 20.036(2) 11.8535(6)

c/Å 12.505(2) 12.4928(5) 32.230(11) 17.650(2) 27.0516(14)

R/deg 90 90 90 90 90

β/deg 102.124(2) 101.819(3) 92.52(2) 96.598(9) 90

γ/deg 90 90 90 90 120

V/Å3 2094.1(5) 2091.92(13) 4205(2) 2619.0(5) 3291.7(3)

Z 4 4 8 4 3

F(000) 864 868 1736 1028 1350

T/K 123(2) 173(2) 213(2) 173(2) 123(2)

Fcalcd/g cm�3 1.365 1.379 1.372 1.284 1.327

μ/mm�1 4.345 4.579 4.556 3.699 2.929

R1 (obsd)
a 0.0108 0.0202 0.0626 0.0729 0.0575

wR2 (all)
a 0.0275 0.0475 0.1826 0.1184 0.1439

GOF (obsd) 1.116 1.201 1.029 1.270 1.159
a R1 = Σ( )Fo|� |Fc ))/Σ|Fo|; wR2 = {Σ[w(Fo2� Fc

2)2]/Σ[w(Fo
2)2]}1/2; GOF = {Σ[w(Fo

2� Fc
2)2]/(n� p)}1/2. bThree disordered hexane molecules

not included in density and linear absorption coefficient calculations.
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yield a yellow green solution. After stirring for 1 h at ambient tem-
perature the reaction mixture was dried under reduced pressure. The
remaining solid was crystallized from hexane at �35 �C to yield 5b as
yellow green crystals (55 mg, 0.13 mmol, 67%). 1H NMR (500 MHz,
benzene-d6): δ 0.16 (br s,Δν1/2≈ 44 Hz, CH3),�5.62 (v br s,Δν1/2≈
1500 Hz, CH2) ppm.

13C NMR (125.77 MHz, benzene-d6): δ �45.6
(CH3), �208.9 (CH2) ppm. Anal. Calcd for C16H40Al2Eu (438.42 g
mol�1): C 43.83, H 9.20. Found: C 41.36, H 9.82.
X-ray Crystallography and Crystal Structure Determina-

tion of Complexes 2b, 3a, 3b, 4a, 4b, 4cLT, 4cHT, 4c0, and 5b.
Crystals were grown by standard techniques from saturated solutions
using hexane at �35 �C. Suitable crystals for diffraction experiments
were selected in a glovebox and mounted in Paratone-N (Hampton
Research) inside a nylon loop. Data collection was done on STOE IPDS
(2b, 4a, 4cLT, and 4c0), Enraf Nonius CAD-4 (4cHT), Bruker AXS
SMART 2KCCD (3a, 3b, and 4b), and Bruker TXS Apex-II Ultra CCD
(5b) diffractometers, all except 4a (Ag radiation, (λ = 0.56085 Å), using
graphite monochromated Mo KR radiation (λ = 0.71073 Å). Final
model refinement was done using SHELXL-97.77a All plots were gen-
erated using the programORTEP-3.77b Further details of the refinement
and crystallographic data are listed in Table 6, and in CIF files; CCDC
reference numbers 801549�801557.
Computational Details. The complete computational details are

given in the Supporting Information. All geometry optimizations were
performed using Becke’s three-parameter hybrid density functional
(B3LYP)66 in combination with basis sets of valence double-ζ plus po-
larization quality. The inner electrons of all elements except hydrogen
were replaced by relativistic effective core potentials (ECPs).

The total energy and the electronic properties were re-evaluated in
single-point (SP) calculations at the optimized geometry using the
B3LYP,66 BPW91,65 and M0667 density functionals. Solvent effects for
heptane68 were estimated using an implicit solvent model, the polariz-
able continuum model (PCM).78 The PCM calculations were performed
using the B3LYP functional and the thus obtained solvent corrections
were added also to the BPW91 and M06 energies. The basis sets used in
the SP energy calculations were improved compared to those of the
geometry optimizations. Whereas the ECPs of the geometry optimiza-
tions were retained, the basis sets essentially were of valence triple-ζ
quality, extended by polarization and diffuse functions.

In the multivariate regression and data analyses geometrical and elec-
tronic molecular descriptors were obtained or extracted from properties
obtained using the B3LYP functional. Atomic charges, Wiberg bond
indices, and steric exchange energies were calculated using natural bond
orbital analysis60 and natural steric analysis.79 Unless otherwise noticed,
the Allred�Rochow electronegativities,80 the only common electrone-
gativity scale that is complete for the f-block, and the effective ionic radii
(Å) for hexacoordinate metal(III) cations71 were used as atomic de-
scriptors, number 4 and 25, respectively, in Table S3 in the Supporting
Information.
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