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We present a new class of linear dianionic sandwich-type species of
Sm(u), Eu(n) and Yb(u), in which the central metal ion is exclusively
coordinated by two planar dianionic heterocycles. These com-
plexes were synthesized by salt metathesis. Treatment with
(2.2.2)-cryptand or 18-crown-6 afforded ion pairs featuring linear
monomeric bis(metalollediide) Ln(i) sandwich dianions.

Sandwich complexes are a fundamental class of compounds in
organometallic chemistry. They have found applications in a
broad range of fields such as catalysis, medicine, electrochem-
istry and materials science.” In general, in sandwich com-
plexes the central metal/metalloid is exclusively bound by two
planar, cyclic and n-bonded ligands of various size.> Divalent
lanthanide sandwich complexes have long been recognized as
an important class of compounds. This is not only attributed to
their fascinating molecular structures, but also their catalytic
activities, photophysical properties, magnetic properties and
their potential for small molecule activation.*® Maybe the
most prominent species in this series is the Sm derivative
[Sm(CsMes),] or its THF adducts, which have been widely
used as single electron transfer reagents.® In general, a typical
structural feature of [Ln(CsMes),] (Ln = Sm, Eu, Yb) is their bent
geometry in the solid state.®™" Using bulkier cyclopentadienide
(Cp™) derivatives, linear divalent Ln sandwich complexes
such as [Ln(Cp™™),],"* [Ln(Cp*™®),],**** [Ln(Cp'*™)(CsMes)],*®
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and [Ln(Cp®™®),]'® have been obtained. Although commonly
described as linear, some of these complexes exhibit static
disorder of the Ln(u) ion parallel to the ligands,"*"®
in slight deviations from linearity. Somehow, related to Cp~
complexes are bis cyclononatetraenyl compounds of the diva-
lent lanthanides pioneered by Nakajima and Nocton,"”'® in
which the huge nine-membered ring forces the complexes into
a linear geometry."®

Cyclooctatetraendiide (Cot>~) derivatives are the second most
frequently used ligands in organo-f-element chemistry after Cp~
derivates.”* > Depending on the steric demand, classical double-
decker, triple- and tetradecker structural motifs,”*?” or larger
cyclic assemblies (cyclocenes) were obtained.”” Despite the early
isolation of homoleptic [Eu"{(thf);K(CgHg)},] in 1995,°% the
[Ln"(CgHg),J*~ motif remains rare.>**%3°

Recently, group 14 metallole dianions have received tremen-
dous interest as the heavier congeners of cyclopentadienide

resulting

monoanions.>' ¢ Due to their dianionic charge, they form a
novel class of highly electron-rich ligands, which are more
potent donor ligands compared to monoanionic Cp~ ligands.
They have been recently incorporated into the coordination
sphere of trivalent lanthanides.***”~** including the first homo-
leptic trivalent stannolediide sandwich compounds [Ln(n*L%"),-
K(thf),] (Ln = Tb(ur), Dy(u); (L5" = [1,4-bis-(tert-butyl-dimethylsilyl)-
2,3-bis-phenyl-stannolediide]).** K" abstraction from these com-
pounds with 18-crown-6 resulted in a Th(ir) complex or a divalent
Dy(m) stannolediide complex [Dy(m)(n>-L°"),][K(18-crown-6)(thf),],.
Here the stannolediide acts as a reducing agent and the 1,1'-
bistannole-dianion [(L°"),]>~ was found as byproduct. By this
result we felt challenged to explore the coordination group 14
metallolediide to classical divalent lanthanides in a rational
approach.

In this work, we introduced two group 14 metallole dianions
into the coordination sphere of Ln(u) ions through salt metath-
esis for the first time. The coordinated potassium cations could
be removed and the remaining naked linear dianionic lantha-
nide sandwich complexes remain stable in the solid state.
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Scheme 1 Synthesis of the dipotassium germole 1¢.

The dipotassium salt of the germole 1°¢ was prepared
straightforwardly by reduction of the 1,1-chloro-3,4-diphenyl-
2,5-bis-(tert-butyl-dimethylsilyl)-germole (L9Cl,) with an excess
amount of elemental potassium (Scheme 1). Upon reduction, the
color of the solution changed from yellow to dark brown. After
filtration and evaporation of all volatiles, [Ky(thf)(n>-L%)] (L =
[1,4-bis-(tert-butyl-dimethylsilyl)-2,3-bis-phenyl-germolediide]) (1)
was obtained in 90% yield and was used for the following reactions
without further purification. The dipotassio germolediide 1
characterized by multinuclear NMR spectroscopy and single crystal
XRD analysis (Fig. 1). Single crystals of 1°¢ were obtained from
THEF/n-hexane mixture and the solid-state structure consists of a
one-dimensional coordination polymer where each germole ring is
n’-coordinated by two K cations (Fig. 1b). Additionally, one of the
two K cations is m'-coordinated to the Ge lone pair of the
neighboring germole ring, thus forming an infinite polymeric
chain. The ring planarity (sum of inner angles 540.0°) and the
similar C-C bond lengths within the GeC, ring hints at the
aromatic nature of the germole dianion, and these bonding metrics
are comparable to those of smaller derivatives,* and the polymeric
structure is comparable to that of its heavier stannole analog
[Ky(thf)(n>-L5™] (15").** The "H NMR spectrum of 1°¢ shows a
nearly identical spectral profile compared to the 1, The singlet in
the *°Si{'H} NMR spectrum (—3.6 ppm) of 1% shows a slight
downfield shift compared to stannole congener 15" (—5.9 ppm).**

The divalent lanthanide diiodides [Ln"I,(thf),] (Ln = Sm, Eu,
Yb) were chosen as precursors to react with the dipotassium
metallolediides 1% and 1°". The reaction of 1°" and
[Ln"L,(thf),] (Ln = Sm, Eu, Yb) in 2:1 molar ratio led to the
formation of dark brown solutions along with the formation of
insoluble KI (Scheme 2). After workup and crystallization, dark
red (Yb) or green crystals (Sm and Eu) were obtained in isolated
yields of 41-47%. The solid-state structures of all three iso-
structural compounds [Ln™{(n>-L5")K(thf);},] (Ln = Sm (2a), Eu

was

Fig. 1 (a) Asymmetric unit of the coordination polymer of complex 15¢;
(b) section of the polymeric chain of complex 1. Shown with 50%
probability thermal ellipsoids. All hydrogen atoms are omitted for clarity.
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Scheme 2 Synthesis of the neutral Ln bis(stannolediide) complexes
2a-2c and bis(germolediide) complex 3.

(2b), Yb (2¢)) were elucidated by XRD and the Eu complex 2b,
which is discussed here in detail, is depicted in Fig. 2a (for 2a
and 2c see SI, Fig. S32 and S34). The molecular structure of 2b
features a neutral homoleptic sandwich complex, in which the
Eu atom is located on a center of inversion and perfectly
linearly sandwiched between the two stannole rings in
n°-fashion (Ctg,~Eu-Ctg, = 180°, Ct = ring centroid). The central
structural motif consists of the formally dianionic Eu
bis(stannolediide) sandwich structure, in which the two stan-
nole rings are oriented to each other in anti-parallel fashion
and the Eu-Ctg, distance is 2.5428 A. This is longer when
compared with the Eu-Ct distance in [Eu(Cp*™®),] (2.489 A).**
The two K cations are coordinated by three THF molecules each
and additionally to one stannole ring via a Sn-K bond. Addi-
tionally, the K cations are stabilized by secondary = interactions
of the flanking phenyl substituents. In contrast to the stannole
system, the germole precursor exhibits limited reactivity
towards the divalent lanthanide compounds. No conversion
was observed upon reacting [Yb"I,(thf),] with 1°¢ in 1:2 molar
ratio, as verified by NMR spectroscopy. However, under equi-
molar conditions, complete conversion to the desired complex
[Yb™{(n’-L9)K(thf);},] (3) was achieved. In contrast, no isolable
products were obtained for Sm or Eu under either condition.
The solid-state structure of the germole based compound 3

Fig. 2 (a) Molecular structure of the Eu complex 2b in the solid state shown
with 40% probability thermal ellipsoids; hydrogen atoms are omitted for clarity.
(b) Molecular structure of the Yb complex 3 in the solid state shown with 50%
probability thermal ellipsoids; hydrogen atoms are omitted for clarity.
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shows an analogous structural motif to the complexes 2a-c
(Fig. 2 and Fig. S32 and S34). Similarly, the Yb atom is located
on an inversion center, perfectly linearly embedded between
two germolediide heterocycles in an n>-binding mode (Ctge—
Yb-Ctg. = 180°). The bonding distances within the heterocyclic
frameworks, as well as the Yb-Ct distances in 3, decrease
significantly compared to 2c, a trend that can be rationalized
by the smaller ionic radii of the germanium atoms. Noteworthy,
compound 3 represents the first structurally characterized
monomeric lanthanide-based germole sandwich complex.
The NMR spectra (‘H, *C) of the diamagnetic Yb species 2¢
and 3 were recorded in THF-dg. In each instance, several sets
of signals were obtained indicating the presence of multiple
species in solution (see SI, Fig. S6-S9). However, upon addition
of two equivalents of (2.2.2)-cryptand, a clean conversion
of the mixture to a single reaction product was detected
(see SI, Fig. S11). This sparked our interest in the question
whether this reaction product is the homoleptic Ln
bis(stannolediide) dianion. In preparative scale, encapsulation
of the two potassium cations was achieved by addition of
two equivalents of (2.2.2)-cryptand or 18-crown-6 in THF
(Scheme 3). This afforded a series of ion pairs [K(2.2.2-
crypt)l,[Ln"(n*>-L"),] (Ln = Sm (4a), Eu (4b), Yb (4c)) and
[K(18-crown-6)],[Yb"(n>-L%),] (5). Using (2.2.2)-cryptand with
3 only resulted in decomposition.

The products were isolated as dark red to purple crystals and
XRD analysis revealed that all complexes crystallize as charge-
separated ion pairs in the solid state. The dianionic sandwich
structures of all four complexes are depicted in Fig. 3. All the
Ln metal ions in 4a-4c are located on a crystallographic inversion
center, which results in Cts,~Ln-Ctg, angles of 180°. In contrast,
complex 5 crystallizes as an entire molecule in the asymmetric
unit, with no inversion center leading to a slight deviation from a
perfectly linear arrangement (Ctge—Yb-Ctge = 178.2°). If the silyl
and phenyl groups are neglected, the dianionic sandwich motifs
are in first proximity C,, symmetric. The distance between the
stannole ligand and the central Ln>" ion decreases from Sm>*
to Eu®* to Yb?" (Sm-Ctg, 2.554, Eu-Ctg,, 2.543, Yb-Ctg, 2.444 A),
nicely correlating with the decreasing ionic radii along the
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Scheme 3 Synthesis of the dianionic Ln bis(stannolediide) complexes
4a—4c and dianionic Yb bis(germolediide) complex 5.
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Fig. 3 (a) Molecular structures of the four complexes 4a—4c and 5 in the
solid state shown with 40% probability thermal ellipsoids; (b) top view of the
Yb complex 4c. The cationic part and the hydrogen atoms are omitted for
clarity. The two stannole rings are depicted in different colors for clarity.

lanthanide series. Upon complexation, the Yb-Ct; (E = Ge, Sn)
bond distances exhibit a slight elongation due to the decoordina-
tion of the bridging potassium atoms. For instance, the Yb-Ctg.
distance increases from 2.382 A in compound 3 to 2.415 A in
compound 5. Notably, the "H NMR spectrum of 5 highlights its
low stability, indicating rapid decomposition of the compound
and simultaneous formation of the bis(germole) [K(18-crown-6)],-
[(L9®),] (6) (see SI, Fig. S18 and S19).

To gain more detailed understanding of the electronic
properties of the sandwich complexes, quantum chemical
calculation at density functional theory (DFT) level were per-
formed with TURBOMOLE.*®*” The PBEO hybrid***° functional
in combination with def2-TZVP basis sets®® were employed.
Detailed computational settings and optimized geometries of
all compounds are given in the SI (Chapter V). Considerations
of the natural population analysis (NPA)’" charges of the
central Ln ions in the complexes 2a-2¢ and 4a-c confirm their
expected divalent nature. Values of +1.2 (Sm), +1.2 (Eu) and +1.1
(Yb) elementary charges were found for compounds 2a-2¢ and
4a-c, respectively, which compare well to NPA charges of the
metal centers of divalent lanthanide halides of the type Ln"X,
(Ln = Sm, Eu, Yb; X = Cl, Br, I;*” SI Tables S2 and $3). We note in
passing that removing K ions from the direct coordination
sphere of the stannole ligands does not influence the charge
of the central Ln ions (see SI Table S2). Detailed investigations
of the canonical molecular orbitals of the free stannolediide
ligand [L5"]*~ and the hypothetical free anion [Yb"(n>-L5"),]*~
reveal the presence of weak covalent interactions between the

Chem. Commun.
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[LSn]ZA

[Yb(n®-L5"),1>

Fig. 4 (a) Highest occupied molecular orbital (HOMO) of the free stanno-
lediide ligand [L5"2~ (left) and molecular orbital relevant for lanthanide
stannole bonding in the hypothetical free anion [Yb"(n>-L",1%~ (right).
(b) Signed modulus of the magnetically induced current density in [L5"2~
(left) and one stannole ring of [Yb'(n>-L5"),12~ (right). Diatropic contributions
are shown in red, paratropic contributions in blue. All contours are drawn at
0.03 atomic units. Details are given in the SI (Chapter V). Hydrogen atoms are
omitted and ring substituents are depicted transparently for clarity.

n-system of the stannole ligands and the central Yb ion (see
Fig. 4a). Specifically, the highest occupied molecular orbital
(HOMO) of the free stannolediide interacts with a vacant orbital
of the central Yb ion. Mulliken population analyses (see SI
Tables S4 and S5) show that the latter is mainly of d-character,
while the HOMO of the free stannole dianion is dominated by
contributions of a Sn p-orbital.

Analogous conclusions hold for the compounds 2a-2c (see
SI Fig. S41-S43 and Tables S6-S8) and 4a-4c (see SI Fig. S44-
S46 and Tables S9-5S11). The situation resembles observations
previously reported for trivalent lanthanide plumbole,*’ stibole
and bismole sandwich complexes.>>

As pointed out above, the ring planarity is retained upon
coordination of the stannole ligands and the C-C bond lengths
within the SnC, ring remain similar, hinting at the aromatic
nature of the stannole dianion being retained in the complexes.
This is confirmed by calculations of the magnetically induced
current density, which probe the aromaticity based on the
magnetic criterion, using the GIMIC program.>*~>® The signed
modulus of the current density of the free stannolediide and
the complex [Yb"(n®-L"),]> is shown in Fig. 4b (depictions for
Sm and Eu are given in the SI, Fig. S51 and S53). In line with the
expected aromatic character, a dominating diatropic current is
observed outside the stannole ring, whereas a weaker paratro-
pic ring current flows inside the ring. This holds for the free
stannolediide as well as the complex, thus validating that
aromaticity is retained upon coordination. The situation is
again reminiscent of that in the plumbole,*® stibole and
bismole®* complexes mentioned above. The qualitative picture
resulting from the consideration of the signed modulus of the
current density is additionally underpinned by explicit integra-
tion of the induced current density to obtain absolute ring
current strengths (see SI Chapter V for details). A magnetically
induced net diatropic ring current strength of 10 nA T ' is
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obtained for the free stannolediide which remains basically
uninfluenced by coordination to the Ln ions in the complexes
(see SI Table S13).

We report the synthesis of homoleptic bis(metallolediide)
divalent lanthanide sandwich complexes. Both the neutral
sandwich structures in which the potassium cations are coor-
dinated to the sandwich motifs and complexes of the type
[Ln"(n>-L®),]*” (E = Ge, Sn) have been isolated. Notably, the
germanium-based compounds constitute the first structurally
characterized monomeric lanthanide germole complexes.
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