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Introduction

Anionic 1H-tetrol-1-ides show a versatile structural chemistry,
similar to that of isoelectronic phospholes." The coordination
environment of the heteroelement E might change from trigo-
nal pyramidal (Fig. 1, [1]7) with a localised electron lone pair
at the element E to trigonal planar ([2]7) with the lone pair
delocalised across the five-membered ring. There is compelling
computational evidence that for the parent compounds (R =
H) the localised, pyramidal structure ([1]7) is lower in
energy.”” The delocalised, planar isomers ([2]7) are favoured
when the heterocycle is coordinated to metal ions.*® The
important role of the substituents at the heterocycle, in par-
ticular of the group R at the element, on this delicate equili-
brium was highlighted by our recent report on the structure of
the potassium silolide [K(18-c-6)][5], which surprisingly shows
a planar coordination environment of the silicon even for the
separated anion.'® We wanted to explore whether this struc-
tural flexibility of the tetrolides can be utilised to design new
ligand systems, [3]” and [4]7, in which the anionic heterocycle
is attached to an additional donor D, tethered to the heteroele-
ment. We hypothesised, that taking advantage of the flexible
number of available electrons and coordination sites of the
tetrolide ring, these ligand systems could accommodate
different metal ions in variable oxidation states. Here we
report on our first attempts to combine a 1H-germolide with
the 2-amidopyridinato'*™* scaffold to obtain salts of the
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switch between n'-(via Ge) and n°-(via C4,Ge) coordination modes makes this ligand an interesting syn-
thetic target. Salt metathesis reactions of the potassium salt of this ligand with GeCl, dioxane and SnCl,
allow the synthesis of bis-germolyl-substituted germylenes and stannylenes with the tetrel atoms in a dis-
torted square pyramidal coordination environment.

bidentate anionic [Ge,N] ligand [6]” and to synthesize homo-
leptic complexes of this ligand with Ge(u) and Sn(u).

Results and discussion

We synthesized the 1-chloro-1-(pyridine)amido-germole 7 as a
suitable precursor for an anionic [Ge,N] chelate ligand through
salt metathesis between dichlorogermole and the N-lithiated
pyridineamine (Scheme 1). The reductive dechlorination of
germole chloride 7 with KCg in 1 : 2 molar ratio in the presence
of one equivalent of 18-crown-6 ether (18-c-6) at —30 °C in
toluene afforded the potassium 1-(pyridine)amido-germolide
[K(18-c-6)][6] in 50% yield (Scheme 1). Notably, the reduction
of chlorogermole 7 in the absence of 18-c-6 yields only mix-
tures of unidentified products, regardless the reductant used
(KCs, K, Na). Both, chlorogermole 7 (see ESI{) and potassium
germolide [K(18-c-6)][6] are fully characterized by NMR spec-
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Fig. 1 Possible isomers of 1H-tetrol-1-ides ([1]7, [2]7), of donor-teth-
ered 1H-tetrol-1-ides ([3], [4]7), the planar, delocalised silolide [5]~ and
the targeted germolide [6]".
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Scheme 1 Synthesis of 7 and [K(18-c-6)][6].

troscopy and single crystal X-ray diffraction (sc-XRD) analysis.
The complete data is given in the ESL{ The "*C NMR data for
the germole ring of [K(18-c-6)][6] (§*C(C"*) = 168.97, §**C(C?
%) = 145.21) are close to those previously reported for the non-
planar germole anion in [K(18-c-6)][9], but differs significantly
from that reported for the anion [8]” with a planar, delocalised
germole ring (Scheme 2)."> This suggests also for potassium
germolide [K(18-c-6)][6] ion-separation in benzene solution
and a germole anion with germanium in a trigonal pyramidal
coordination environment.

This is supported by the results of a sc-XRD analysis of air-
and moisture sensitive red crystals of [K(18-c-6)][6]. The struc-
ture solution revealed separated [K(18-c-6)] cation/germolide
[6] ion pairs (Fig. 2). The potassium ion is coordinated to the
18-c-6 and the Ge-K separation is 407.6 pm which is below the
sum of the van der Waals radii for both elements (XvdW(Ge/K)
=486 pm).'® It is even larger than those in potassium germo-
lide [K(18-c-6)][9] (355.2(4)pm) (Scheme 2)."> This large Ge/K
separation suggests mostly ionic interaction between the iso-
lated potassium cation and germolide anion. The germanium
atom adopts a trigonal pyramidal coordination environment
with the sum of the bond angles around the germanium atom
Ge(1) of Za(Ge) = 301.3°, which is close to that in [K(18-c-6)][9]
(Scheme 2). The inner cyclic C/C distances show the typical
short-long-short sequence of localised butadienes (C1-C2
137.1, C2-C3 148.4, C3-C4 136.5 pm, Fig. 2) similar to that
reported for germolide [9]” (Scheme 2)."® The amine nitrogen
atom N1 takes up a trigonal planar coordination environment
and the plane spanned by Si1/N1/C* bisects the germole ring.
The germolide [6]” adopts in the crystal the most stable con-
formation around the Ge1-N1 and N1-C* bonds. Notably the
conformation [6a]” which is favourable for [Ge,N] chelating
coordination is 29 k] mol™" higher in energy (M06-2X/6-311+G

SlMe3 18_0_ SlMe3 [K(18-c-6)]
Ge
3 4 SlMe 314;
s SiMe,
K[8] K(18-c-6)][9]

C1-C2 142.9, C2-C3 141.7,
C3-C4 143.0 [pm], Zo(Ge) = 355°
§'3C (€)= 157.8,

'3C (C?P)=138.6

C1-C2 137.6, C2-C3 145.9,
C3-C4 137.6 [pm], Zo(Ge) = 310°
s1%C (€4 = 169.0,

&'3C (C#3) = 146.1

Scheme 2 Isomerisation of germolide [8]™ into [9]" triggered by com-
plexation of the potassium counter cation and structural and NMR data
pertinent for the discussion.*®
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Fig. 2 (a) Molecular structure of the ion pair [K(18-C-6)][6] in the
crystal. (Hydrogen atoms are omitted for clarity. Thermal ellipsoids are
shown at the 50% probability level.) Selected bond lengths [pm] and
angles [°]: Gel-K1 407.6(4), Ge1l-C1 198.4(16), Ge1-C4 199.3(14), Gel-
N1 196.4(13), C1-C2 137.1(21), C2-C3 148.4(21), C3-C4 136.5(22),
Za(Ge) 301.3 (sum of the bond angles around Gel atom). (b) Relative
energies of two conformations of germolide [6]” around the Ge—N and
N-C* bonds, calculated at M06-2X/6-311+G(d,p). (c) Surface diagrams
of selected molecular orbitals of germolide [6a]” (M06-2X/6-311+G(d,p),
isosurface value: 0.04).

(d,p))."” The HOMOs of [6]” and [6a]” are both dominated by a
lone pair at the germanium atom with only small contri-
butions of the pyridine nitrogen lone pair, which is however a
major contributor to the HOMO-5 (see Fig. 2 for surface dia-
grams of these MOs of anion [6a]” and ESIT for those of [6]7).
We first tested the ability of our new anionic [Ge,N] chelate
ligand [6]" to stabilise tetrel elements such as germanium and
tin in low oxidation states. For this we treated [K(18-c-6)]6]
with 0.5 equivalent of GeCl,-dioxane and SnCl, in Et,O at
—30 °C and afforded the stabilised germylene 10 and the
stabilised stannylene 11 in good yields (10: 31%, 11: 60%)
(Scheme 3). 'H and *C NMR data along with the results of
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b) SnCl, (0.5 equiv Me;Si
[K(18-c-6)][6] ) 2 (05 equiv) ‘ E. 12 E=Ge
Et,0, ~30°Cr.t. Me;Si E=Sn
:Ge\ N=
Me,Si N
SiMe;

Scheme 3 Synthesis of the stabilised germylene 10 and stannylene 11
(diox: dioxane).
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high resolution mass spectrometry confirmed the formation of
the product. In addition, stannylene 11 is characterized by a
9%Sn NMR resonance signal at §''°Sn = —263.3 which is
shifted to significant lower frequencies compared to dicoordi-
nated stannylenes substituted with group 14 elements (i.e.
stannylenes 12 and 13, Fig. 3)'*'° and even compared to pyri-
dine-stabilized stannylenes such as 14 and 15 (Fig. 3).>*" This
indicates also for stannylene 11 a coordination number of 4 or
larger in solution.

The results of sc-XRD analysis confirm for both com-
pounds, 10 and 11, very similar molecular structures (Fig. 4
and 5). The central tetrel element atoms adopt in both cases a
distorted square pyramidal coordination environment. The
germanium atoms of the germole rings and the nitrogen
atoms of the pyridine substituents span the rectangular basis,
and the apical position is occupied by the tetrel element giving
space for the remaining lone pair. The Ge-Ge bonds of the
stabilized germylene 10 are short single bonds with almost
equal lengths of 247 pm (Fig. 4, experimental median value for
Ge-Ge: 257-259 pm).”* The central GeGeGe bond angle of ger-
mylene 10 is widened due to the large substituents
((Ge1Ge2Ge3) = 120.9°). The Ge-N bonds are of different
lengths (229 pm, 236 pm) and are significantly larger than the
median value for Ge-N single bonds (193.6 pm) but shorter
than the sum of the van der Waals radii of the elements ger-
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Fig. 3 °Sn NMR data of selected stannylenes 12-15 pertinent for the
).18-21

discussion (Ter: 2,6-bis-(2,4,6-trimethylphenyl)phenyl

Fig. 4 Molecular structure of germylene 10 in the crystal. (Hydrogen
atoms are omitted for clarity. Thermal ellipsoids are shown at the 50%
probability level.) Selected bond lengths [pm] and angles [°]: Gel-Ge2
246.8(4), Ge2—-Ge3 246.7(5), N2—-Ge2 229.3(9), N1-Ge2 235.8(9), Gel-
Ge2-Ge3 120.9(7), Za(Ge2) 334.3 (sum of the bond angles around the
Ge2 atom).
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Fig. 5 Molecular structure of 11 in the crystal. (Hydrogen atoms are
omitted for clarity. Thermal ellipsoids are shown at the 50% probability
level.) Selected bond lengths [pm] and angles [°]: Gel-Snl 267.2(4),
Ge2-Snl 266.2(5), N1-Sn1 247.0(6), N2—-Sn1 246.9(6), Gel-Sn1-Ge2
118.0(3), N1-Sn1-N2 144.7(19), Za(Snl) 323.6 (sum of the bond angles
around the Sn1 atom).

manium and nitrogen (366 pm) and indicate the dative charac-
ter of the Ge-N interaction.'®** The square pyramidal coordi-
nation environment and the different Ge-N separations are
typical for nitrogen donor stabilised germylenes with the
coordination number 4 (e.g. germylenes 16, 17, Fig. 6),*7>°
although examples with identical Ge-N bonds are reported, for
example bis-pyridinyl stabilised germylene 18.%¢

The molecular structure of bis-germylstannylene 11 (Fig. 5)
reveals a square pyramidal coordination for the tin atom, close
to that of germylene 10. The Sn-Ge bonds are 267.2 and 266.2
pm in the range of typical Ge-Sn covalent single bond
(average/median Ge-Sn: 270 pm).>> The two Sn/N contacts
(247.0, 246.9 pm) are larger than typical Sn-N covalent bonds
(Sn-N: 211 pm)*” but in the typical range reported for pyridi-
nyl-stabilized, tetracoordinated stannylenes (e.g. 238-245 pm
for stannylene 15, Fig. 3).>® The Ge1-Sn1-Ge2 bond angle
(118.0°) is larger than in typical dicoordinated stannylenes
(90-110°) and is close to that found in NHB,-Sn (NHB = {B
(NDippCH),}, Dipp = 2,6-iPr,C¢H3) reported by Aldridge and
coworkers (B-Sn-B = 118.8°).%°

Bulky substituents in carbene analogues R,E: (E = Si-Pb)
lead to large bond angles at the dicoordinated element E and
to a stabilisation of the triplet states relative to their corres-
ponding singlet states. Electropositive substituents like germyl
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| H R | . N
' / Me;Si /
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Ge-N:239.0,269.9 pm R=Me: Ge-N: 232.9, 233.7 pm Ge-N: 227.3 pm
R=Et: Ge-N:236.0, 243.3 pm
16 17 18

Fig. 6 Structural parameters of selected but typical tetracoordinated
germylenes 16-18.
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groups are known to enforce the stabilization of the triplet
state.’*> For example, DFT computations at the M06-2X/6-
311+G(d,p) level predict for bis(trimethylgermyl)germylene
(Me;Ge),Ge: a rather small vertical singlet-triplet energy gap
AEgy of 0.53 eV. The results of DFT computations for both bis-
germolyl tetrylenes, 10 and 11, reveal that the singlet states are
the ground states, despite their large bond angles. In addition,
the calculated AEgy are substantial (AEgr = 1.58 eV (10), 1.54
eV (11)). This suggests almost no amphiphilic reactivity of
both tetrylenes. Instead, the high energy of the HOMOs
(E(HOMO) = —5.9 eV (10 and 11)), mainly located at the dicoor-
dinated tetrel element indicates a strong nucleophilic charac-
ter, typical for these types of stabilized carbene analogues. The
bonding situation in both stabilized tetrylenes is very similar
and will be discussed only for the germylene 10 in more detail
(see ESIT). A natural bond orbital (NBO) analysis®® reveals two
non-polar covalent Ge-Ge bonds, a lone pair, localised at the
central germanium atom Ge2 and lone pairs at the pyridine
nitrogen atoms that interact with the dicoordinated Ge2 atom
(Fig. 7). The calculated Wiberg bond indices (WBIs)** for the
Ge-Ge bonds (0.92) are typical for Ge-Ge single bonds. The
WBIs of the Ge2-N(pyridine) bonds (0.21, 0.23) are signifi-
cantly smaller than those of the Ge(germolyl)-N(amide) bonds
(0.51) in germylene 10 and in amino-substituted germylenes
(0.66) and germanes (0.76) (Fig. 8).

The complementary analysis of the computed charge
density in the framework of the quantum theory of atoms in
molecules (QTAIM)*® confirms the results of the NBO analysis.
The properties of the electron density at the bond critical
point (bep) of germylene 10 classifies the Ge1-Ge2 bond as a
shared covalent bond, with all relevant parameters very similar
to that of standard compounds (Fig. 9).***” The bonding inter-

»

10 NLMO LP Ge2

NLMO LPN1
94% Ge2, 90% N1, 7% Ge2
2% Ge1, 2% Ge3

NLMO o(Ge2-Ge3)
40% Ge2, 55% Ge3

Fig. 7 Computed pertinent NLMOs of 10, showing the interactions
between the dicoordinated germanium atom Ge2 with the germolyl
substituents and the remote pyridine ligand (M062X/6-311+G(d,p)), iso-
density value 0.04 a.u. (colour code: violet Si, cyan Ge, blue N, gray C).
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Fig. 8 Computed WBIs (red) of bis-germolyl germylene 10, and related
compounds (M062X/6-311+G(d,p)).
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Fig. 9 Results of the QTAIM analysis of bis-germolyl germylene 10, and
related compounds. Left side: part of the molecular graph of germylene
10 projected on a contour plot of the Laplacian of the electron density
in the GelGe2N1 plane (green spheres: bond critical points (bcp), red
sphere: ring critical point (rcp), electron density at the bcp, p(r), in
e(Bohr)~%; Laplacian at the bcp, V2(p(r), in e(Bohr)™>; total energy
density at the bcp, H(r), in a.u. (Bohr)~3, all calculations at M06-2X/6-
311+G(d.p)).

action between the amid nitrogen atom N3 and the germol ger-
manium atom (Ge1) is typified as being strongly polar covalent
by the properties of the electron density at the bond critical
point (bcp). The bep is shifted to the electropositive germa-
nium atom and it shows a relative large electron density
p(bep), a positive Laplacian V?p(bcp) and a negative total
energy density H(bcp). Again, the relevant properties of the
electron density are very close to those computed for amino
substituted germylenes and germanes (Fig. 9). The properties
of the bep for the Ge2/N(pyridine) bond do not differ qualitat-
ively but all values are significantly smaller, which hints to the
weaker interaction between these two centres.

Conclusions

We synthesized a novel bidentate anionic germole/pyridine
based ligand [6]” starting from a germole dichloride and a
2-aminopyridine. The ligand [6]” adopts a localised germole
structure and serves as a n*,n'-bidentate ligand. This is demon-
strated by the salt metathesis reaction with germanium(u) and
tin(u) dichloride. The obtained products, the tetracoordinated
germylene 10 and stannylene 11, show a square pyramidal
coordination environment of the central atoms. Due to the
very similar electronegativity of the Ge atom of the germole
substituent and the central element (Ge, 10, Sn, 11), the bonds
between these centres are regular non-polar covalent bonds,
while the interactions between the pyridine-N atom and the
central element are strongly polar as expected for coordinative
bonds. In general, the bonding situation in both tetracoordi-
nated tetrylenes, 10 and 11, is as expected for this class of
compounds. In particular, even the large bond angles at the
central tetrel atom, that are enforced by the bulky germole sub-
stituent, do not lead to an appreciable stabilization of the
triplet state. For both tetrylenes, singlet triplet energy differ-
ences of 1.58 eV and 1.54 eV are calculated, which suggests a
predominate nucleophilic reactivity dominated by the high
lying HOMO for these carbene analogues.

This journal is © The Royal Society of Chemistry 2025
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We are continuing this research and investigate currently
the coordination chemistry of the bidentate ligand [6]” with
transition metal ions.
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