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Much progress has been made in the field of low-valent main
group 13-15 compounds. The disilicon molecule LSi=SiL (L =
:C{N(2,6-iPr,C{H;)CH},)!"l and the closely related species
E.L, (ie. “Ge,”,P “P,” Pl “As,”)¥ were major discoveries in
recent years.”) Even the dicarbon congeners C,L, should be
accessible, as was deduced from quantum chemical studies.[
N-heterocyclic carbenes (NHCs) turned out to be the key for
opening the door to this new chemistry, and their heavier
main group 13-14 analogs such as gallylenes (NHGa),
silylenes (NHSI), germylenes (NHGe), expand this library
of “multitalented” Lewis base ligands for stabilizing reactive
species and unusual bonding situations.” In particular the
NHGa compound Ga(DDP) (DDP=HC(CMeNC¢H;-2,6-
iPr,),)® behaves as a potent trapping ligand and a selective
reducing agent as well. This unique combination of properties
has been used for the synthesis of the metalloid tin clusters
Sn,L’5, Sn,L’J®' and the bismuthenes Bi,L, (L'=
(DDP)XGa; X = Cl, CF;S0;)."

Herein, we report about the reduction of GeCl, with
Ga(DDP)/KCg and the properties of two interesting products
(Figure 1), namely Ge,[Ga(DPP)], (1) and Ge,[Ga(DPP)],
(2). Compound 1 reveals a planar, four-membered Ge,Ga,
ring with the two NHGa ligands in a bridging position much in
contrast to the chain-structured congener LGe=GeLP! with
terminal NHC ligands L. The structure of 2 is derived from
a Ge, tetrahedron by insertion of Ga(DDP) into two opposite
Ge—Ge edges. This structural motif is unknown for ligand-
stabilized metalloid Ge,R,, clusters (n>m; R=bulky aryl,
silylamide, etc.).l"!

The new compounds Ge,[Ga(DPP)], (1) and Ge,[Ga-
(DPP)], (2) were reproducibly isolated in low yields (1, about
7%; 2, about 11%) upon treatment of (PCy;)-GeCl, with
Ga(DDP)/KCg in THF (25°C, 2h) and (NHC)-GeCl,
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(NHC =:C{N(2,6-iPr,C¢H;)CH},) with Ga(DDP) in fluoro-
benzene (25°C, 8d), respectively (see Scheme S1 in the
Supporting Information). In case of 2, the anticipated by-
product CL,Ga(DDP) was observed by '"H NMR spectroscopy
as well as single-crystal X-ray crystallography. Liquid injec-
tion field desorption ionization mass spectrometry (LIFDI-
MS) studies of the reaction solution reveal that the formation
of 1 (m/z 1120.3, [M]**) and 2 (m/z 1264.08, [M]"*) proceeds
very rapidly with both clusters being present after short
reaction times (30 min). The ratio of the products changes in
favor of 2 with longer reaction times. No other (larger)
clusters are found by LIFDI-MS (see Figure S1a and S1b for
details). Our attempts to optimize the conditions to achieve
more selective reactions and increased isolated yields were
unsuccessful. Nevertheless, 1 and 2 were characterized by
solution NMR spectroscopy, matching isotope patterns
(LIFDI-MS) (Figure S6a and S6b, Figure S7a and S7b),
UV/VIS  spectroscopy, single-crystal X-ray analysis
(Figure 1), and elemental analysis. The absence of Ge—H
moieties is confirmed by '"H NMR as well as Raman and IR
spectroscopy.'” The experimental and complete analytical
details are given in the Supporting Information.

Compound 1 crystallizes in the monoclinic space group
C2/c and compound 2 crystallizes in the trigonal space group
P3,21 with half of the molecule as well as one disordered
solvent molecule in the asymmetric unit.'¥) Both molecules 1
and 2 reveal centers of symmetry in their solid-state
structures. The planar, four-membered Ge,Ga, rhombic ring
of 1 exhibits two sets of equivalent Ga—Ge bonds of 2.3899(8)
and 2.4113(8) A which are shorter than in 2 (2.5059(6) and
2.4755(6) A). The distance Ge(1)—Ge(1') of 2.8714(11) A of
1 is much longer than the four Ge—Ge bonds of 2, which only
slightly vary around the average value of 2.459 A and match
the value of elemental germanium (2.45 A).'* Larger metal-
loid Ge,R,, clusters (n>4; m <n) exhibit longer Ge-Ge
contacts, that is, GesR, (2.546(1)-2.886(2) A; R=CH;2,6-
Dipp,; Dipp = C¢H;-2,6-iPr,)* and GegR4 (2.50 to 2.67 A;
R =N(SiMe,),).l""! The structure of 2 can be viewed as
derived from an ideal Ge, tetrahedron with two opposite
edges being opened by insertion of two carbenoid Ga(DDP)
ligands in trans fashion which results in two long Ge-Ge
distances of 2.952 A. Compound 2 may be compared with
P,[AI(DDP)],." The latter was described by an ionic
bonding model as P,*~ butterfly-shaped Zintl anion coordi-
nated by two cationic [AI(DDP)]*" units. Thus, 2 may be
regarded as a similar contact ion pair of a Ge,*” anion and two
[Ga(DDP)]*" units. However, such a description suggests to
view the very long Ge-Ge distances of 2.952 A as Ge—Ge
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Figure 1. Molecular structures of Ge,[Ga(DDP)], (1) and Ge,[Ga(DDP)], (2). Anisotropic displacement parameters are depicted at 50% probability
level. Hydrogen atoms have been removed for clarity. Interatomic distances (A) and angles (°) of the Ge,Ga, core of 1: Ge(1)-Ge(1'), 2.8714(11)
[2.911]; Ga(1)-Ge(1) =2.4113(8) [2.467]; Ga(1)-Ge(1') =2.3899(8) [2.443] and Ga(1)-Ga(1') =3.848 [3.954]; Ge(1)-Ga(1)-Ge(1') =73.46(3) [72.7];
Ga(1)-Ge(1)-Ga(1') =106.54(3) [107.3] (The respective computational values for 1 at the BP86/SVP level of DFT theory are given in brackets).
Selected interatomic distances (A) of the Ge,Ga, core of 2: Ge(1)-Ge(1) =2.4545(9), Ge(1)-Ge(2) =2.4637(6), Ge(2)-Ge(2') =2.4609(9), Ga(1)-
Ge(1) =2.5062(6), Ga(1')-Ge(2) =2.4750(6) A. Further details on the molecular structure determination and bonding parameters of 1 and 2 are

given in the Supporting Information (Table S1).

bonding (note: the electron precise Ge,*” Zintl ion is
tetrahedral).

We carried out quantum chemical calculations!'’® of
compounds 1 and 2 to analyze the electronic structure and
the bonding situation in both molecules. Herein we will focus
on compound 1, which reveals an unusual bonding situation.
A detailed account of the bonding aspects of both molecules
will be given in a forthcoming full paper.'”) We optimized the
model structure IM at the BP86/SVP level of theory (IM
contains CHj; groups at the N atoms instead of the bulky aryl
substituents in 1). A comparison of the most important
calculated bond lengths and bond angles (see the Figure 1 and
Table S2) of 1M shows a good agreement with the exper-
imental results of 1. The calculated Ga-Ge and Ga-N
distances are slightly longer than the experimental values.
Intermolecular forces usually lead to shorter bond lengths,
which holds particularly for long and weak bonds.'¥ The
calculated transannular Ge-Ge distance (2.911 A) is also a bit
longer than the measured data (2.871 A).

Figure 2 shows the Laplacian distribution v?o(r) of the
electron density in the plane of the Ge,Ga, ring of 1M. The
contour line diagram shows four Ge—Ga bond paths and one
ring critical point but there is no Ge—Ge bond path. There are
four small areas of charge concentration (v?o(r) <0, solid
lines) along the Ga—Ge bond paths which are on the Ge side
of the bond critical points. This is in agreement with the
higher electronegativity of Ge (2.0) compared to Ga (1.8). A
striking aspect of the Laplacian distribution v?o(r) is the
absence of electron density at the Ge atoms which would
come from o lone-pair orbitals at Ge. The latter were found in
the Laplacian distribution v?o(r) of the electron density at the
Si atoms in the four-membered ring of Si,(NAr), which was
recently synthesized where two N atoms instead of Ga are
bonded to Si.**! We want to point out that the silicon atoms in
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the four-membered ring of the former compound are bonded
to nitrogen atoms which have lone-pair & orbitals that can
donate electronic charge into the formally empty p(;t) AOs of
Si. The gallium atoms in 1M do not possess lone-pair
mt orbitals which leads to a bonding situation at the dicoordi-
nated Ge atoms that is quite different from that of the

Figure 2. Contour line diagram of the Laplacian distribution V?p(r) of
1M in the plane of the four-membered ring. Solid lines indicate areas
of charge concentration (v2o(r) <0) while dotted lines show areas of
charge depletion (V’p(r) >0). The thick solid lines connecting the
atomic nuclei are the bond paths. The thick solid lines separating the
atomic basins indicate the zero-flux surfaces crossing the molecular
plane.
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HOMO-1 (¢ = -3.704 eV)

Figure 3. Shapes and eigenvalues ¢ of important vacant and occupied orbitals of TM which are relevant

for the bonding situation.

dicoordinated Si atoms in Si,(NAr),. This difference comes
clearly to the fore when the relevant occupied and vacant
valence orbitals in the two compounds are compared with
each other.

Figure 3 shows the shape of two occupied and two vacant
orbitals of 1M which are crucial for the discussion of the
bonding situation. The complete set of occupied valence
orbitals is shown in the Supporting Information (Figure S20).
The HOMO-1 and the LUMO of 1M are the plus and minus
combination of the out-of-plane p(;t, ) AOs of Ge where the
former orbital has a small contribution from Ga. The shape of
the HOMO-—1 clearly identifies it as transannular Ge-Ge -
bonding MO. The HOMO-2 and the LUMO +4 of 1M are
the plus and minus combination of the o lone-pair orbitals at
the Ge atoms.

There is a striking difference to the bonding situation in
Si,(NAr),, where the orbital analogs to the LUMO +4 of 1 is
occupied while the HOMO—1 is vacant."”! The Ge,Ga, ring in
1M has only one occupied o lone-pair MO which is the
HOMO-2 while there are two occupied o lone-pair MOs at
Si in Si,(NAr), This explains the emergence of charge
concentration at Si in the Laplacian distribution which
comes from the o lone-pair orbitals. There is no such charge
concentration at the Ge atoms which have only one-half lone-
pair MO each. Instead of a second occupied ¢ lone-pair MO
there is the occupied Ge-Ge out-of-plane m,; HOMO-
1 (Figure 3). Note that 1M may be regarded as hypoelectronic
(12 valence electrons for the Ge,Ga, ring) with respect to the
Si,(NAr), reference compound (16 valence electrons for the
Si,N, ring). In spite of the difference between the occupation
of the valence orbitals, both compounds Si,(NAr), and 1M
have electronic singlet ground states. Calculation of 1M in the
triplet state gave a structure which is 19.1 kcalmol ' higher in
energy than the singlet.?!

The unusual bonding situation in 1M in terms of Ge-Ge
ni-bonding but no o-bonding is supported by the NBO analysis
and by the ELF (electron localization function) calcula-
tions.”!] Two trisynaptic areas are found which connect the
germanium atoms with gallium (Figure S21). They represent
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the Ge-Ga o bonds of the
Ge,Ga, ring. The most impor-
tant result is the finding of two
disynaptic basins above and
below the four-membered ring
which feature the Ge-Ge =
bond. In contrast, there is no
disynaptic basin in the plane
which would indicate a Ge-Ge
o bond. Thus, the ELF calcu-
lations also suggest that 1M
exhibits a Ge-Ge m bond but
no genuine Ge-Ge o bond!
This unusual bonding situation
of 1M which is suggested by the
AIM investigation, the shape
analysis of the MOs, and the
ELF results is further sup-
ported by the results of NBO
calculations. Table 1 gives the

Table 1: Natural orbital occupations for the bonds in the four-membered
ring of TM and Wiberg bond indices WBI.

Type Atom(s) Occ. WBI
o bond Gal-Gel 1.836 0.951
o bond Gal-Ge2 1.843 0.983
o bond Ga2-Gel 1.843 0.983
o bond Ga2-Ge2 1.836 0.951
o bond Gal-N1 1.943 0.405
o bond Ga2-N2 1.943 0.405
o bond Ga2-N3 1.943 0.405
o bond Ga2-N4 1.943 0.405
7 bond Gel-Ge2 1.761 1.203
lone pair Gel 0.774 -
lone pair Ge2 0.774 -

bonding orbitals and their occupation as well as the Wiberg
bond indices (WBI). The NBO results give four Ga-Ge
o bonds and four Ga-N o bonds. The occupation of the natural
orbitals is close to a value of two, which is a normal value for
a two-electron bond. Furthermore, there is a Ge-Ge &t bond
which has also a rather high occupation of 1.795. Note that the
WBI value for the nonpolar Ge—Ge bond is very high while
the WBI value for the very polar Ga—N bonds is much
smaller. The calculated value of 1.203 for the bond order
indicates that the Ge-Ge m bond is supported by some weak
Ge-Ge o bonding which comes from the small backside lobes
of the orbitals in the HOMO-2. The NBO analysis also gives
one lone-pair orbital for each germanium atom which,
however, is occupied by only about 0.8 electrons. There is
no genuine Ge-Ge o orbital in the NBO calculation. The best
description of this bonding situation in terms of the Lewis
formula concept features equivalent mesomeric structures
(Figure 4). Alternatively, the situation may be described by
two unpaired electrons at the germanium atoms possessing
opposite spins which are weakly coupled.

In summary, the bonding analysis of 1M clearly rules out
an ionic description of Ge,[Ga(DPP)], (1) and provides
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Figure 4. Schematic description of the bonding situation in the four-
membered ring of 1 using two equivalent Lewis structures (above) or
spin-coupled lone-electrons (below). The formal negative charge at Ga
which cancels with a positive charge at N has been omitted because
this is not relevant for the discussion.

evidence for covalent Ge—Ga bonding. The striking feature is
the important transannular 1(Ge—Ge) single bond interac-
tion. The main difference in the bonding situation of the four-
membered cyclic moieties between 1M and Si,(NAr1),!" is the
absence of m lone-pair donation into the group 14 atoms of
the former molecule.”™ Thus, compound1 represents an
unusual example of a bonding situation where two (heavier)
main group atoms are bonded in m fashion without an
additional obond between them. We are not aware of
a previous example where a molecule exhibits a s bond
between two atoms without a ¢ bond.?*!
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homologues of 1IM. The electronegativities of Si (1.7) and Sn
(1.7) are smaller than that of Ga (1.8) but the electronic structure
of the group-14 homologues showed also Si-Si and Sn-Sn
7 bonding, respectively.

A.D. Becke, K. E. Edgecombe, J. Chem. Phys. 1990, 92, 5397 —
5403.

One referee suggested that related cases of & bonding between
main-group elements have been discussed in early works by
Passmore and co-workers”! and in recent studies by Bertrand>*!
and Driess.” The article of Passmore present sketches of Lewis
structures for SgZ"2%! and S,1,>*%*®! which can not be considered
as proof for @ bonding without o bonding. Moreover, the authors
suggest that in S,I,>*! sv* orbitals of the S, and I, fragments
interact such that the valence p orbitals of the atoms are aligned
along the bond which yields o bonding. We want to point out that
o and & define the symmetry of orbitals of a bond A-B with
respect to a plane that contains the bond. The n*-7* interactions

(23]

[24]

which are suggested for the bonding in S,1,*?*! refer to orbitals
which have m symmetry with respect to the S, and I, fragments
but the S—I bonding orbitals have o symmetry. A similar
situation is presented in the work of Bertrand®* and Driess.**!
Figure 4 in the former article shows nicely how two P-P m*
orbitals of three-membered cyclic fragments yield P-P ¢ bonds.
The same holds true for the related systems which are described
by Driess?* where two S-S 7* orbitals of three-membered cyclic
fragments yield S-S ¢ bonds.
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