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Bis(tetrelocenes) — fusing tetrelocenes into close
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Introduction

The report of the famous [(Me;Si),CH],Sn stannylene by
Lappert et al. in 1973 marks a milestone in low-valent group
14 chemistry." In the solid state, this compound possesses a
dimeric distannene-type structure, and thus exhibits a homo-
nuclear double bond between the heavier group 14 elements
(Fig. 1).> This finding refutes earlier assumptions that the for-
mation of multiple bonds between heavier main group
elements (starting with elements of the third period) is not
possible due to poor orbital overlap, a principle that came to
be known as the “double bond rule”.> Around the same time,
the analogous germanium and lead species were also reported,
and they also possess dimeric structures in the solid state.*>*
Nowadays, numerous examples of heavy ditetrelenes of germa-
nium, tin and lead exist.’ In many cases, these species can
monomerize into the corresponding tetrylene fragments in
solution and in the gas phase, owing to their relatively weak
element-element double bonds, and influenced by the steric
demand of their substituents.**”"%® On the other hand,
amido-substituted tetrylenes usually do not form ditetrelene-
type aggregates,’®’ due to their electronic stabilization.
Another class of tetrylene-type compounds, with the
general formula “R,E”, are tetrelocenes (group 14 metallo-
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culations show that the formation of these bis(tetrelocenes) is energetically favoured over the formation
of the corresponding [1]tetrelocenophanes. In the crystal structure authenticated structural motif, the two
tetrel(n) centers are forced into close proximity to each other, resulting in weak donor—acceptor inter-
actions, according to Natural Bond Orbital (NBO) and Atoms in Molecules (AIM) analyses.

cenes) bearing n’-coordinated cyclopentadienyl ligands
(Fig. 1).® The first reports of tetrelocenes date back to 1956,
when Fischer et al. reported stannocene and plumbocene.’
Completing this heavy tetrel series, Curtis et al. reported ger-
manocene in 1973.'° Interestingly, although dimers/oligomers
of tetrelocene-type species are known in the form of cationic
multi-decker complexes,'” tetrelocenes do not form dimers
with E=E double bonds, although the steric demand of the
cyclopentadienyl groups is comparatively small. The reason is
of an energetic nature, since tetrelocenes exhibit only limited
acceptor properties and no significant donor strength, as the
lone pair is of very high s character and is correspondingly low
in energy.®'?

To investigate if it is possible to induce bonding inter-
actions between two tetrelocene moieties, we explored the
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possibility to interlink two tetrelocenes, by introducing Me,Si
and Me,Ge bridging units, effectively forcing the metal centers
to come in close proximity to each other. The structural motif
of such bis(metallocenes) is known in transition metal chem-
istry (Fig. 1), where such compounds exhibit a variety of
different linkers,'® but is very rare for main group elements.

Results and discussion

We chose to employ two different, asymmetric ansa ligands in
our study, a sila[1]- and the corresponding germa[1]-bridged
system, both carrying a cyclopentadienyl (Cp) and a tetra-
methyl-cyclopentadienyl (Cp*) group. Treatment of the
dilithiated form of the sila[1]-ligand, 1a, with tin(u) chloride
and a germanium(u) chloride dioxane adduct, and of the
dilithiated germa[1]-ligand, 1b, with germanium(u) chloride
dioxane in THF at room temperature, afforded the corres-
ponding bis(tetrelocenes) 2a-c¢ (Scheme 1). The bis(stanno-
cene) 2c¢ exhibits a ''°Sn NMR chemical shift of §''°Sn{'H} =
—2138 in solution, which is within the common chemical shift
range of stannocene-type compounds (51195n(CpZSn) =
—2199;" §''°Sn(Cp*,Sn) = —2129 ™). Furthermore, the solid-
state "'°Sn{"H}(CP/MAS) NMR spectrum of 2c reveals a quasi-
identical resonance at —2139 ppm, indicating that the solid-
state structure is persistent in solution.'® Single crystals of 2a-
c suitable for X-ray diffraction could be obtained from hexane/
THF mixtures and allowed for structural characterization in
the solid state (Fig. 2 and Fig. S12-S147). Bis(germanocenes)
2a and 2b crystallize in the monoclinic space group C2 and bis
(stannocene) 2¢ in the orthorhombic space group Aba2, with
the Cp and Cp” rings coordinated in a distorted n° fashion to
the metal centers in all cases (Tables S2 and S37t). As per the
asymmetric nature of the ligand system, the E-Cp and E-Cp”*
bond lengths are different, with the more electron rich Cp*
group exhibiting shorter bonds to the tetrel(u) centers.

The Ge-Cp™™ and Ge-Cp***™ distances in 2a-c are slightly
longer than those in previously reported Si[2]germanoceno-
phanes and Si[2]stannocenophanes.'””*® The most interesting
structural feature in bis(tetrelocenes) 2a—c is of course the E-E
distances (2a: 361.5(6) pm; 2b: 363.7(6) pm; and 2c: 367.9(5)
pm). In all cases, these distances are much longer than what is
typically found in heavy ditetrelenes (Ge=Ge double bond dis-
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2a (E=Ge; E'=Si)
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Scheme 1 Synthesis of bis(tetrelocenes) 2a—c.
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Fig. 2 Molecular structure of 2c in the crystal, (a) view orthogonal to
the Snl Sn1’ axis, (b) view along the Snl Sn1’ axis (displacement ellipsoids
at a 50% probability level; hydrogen atoms are omitted for clarity).

tances: 221.2(1) pm to 245.4(2) pm;*> Sn=5Sn double bond dis-
tances: 276.8(7) pm to 291.0(1) pm %), indicating that no “clas-
sical” double bonds are formed, but are still smaller than the
sum of the van der Waals radii (Yrw(Ge) = 422 pm;"® Yy (Sn) =
434 pm *°). For comparison, the [2,4,6-(CF3);C¢H,],Sn stanny-
lene had previously been described to exhibit a dimeric struc-
ture in the solid-state with a very long Sn-Sn distance of 363.9
(1) pm,* which is ca. 4 pm shorter than what is found in 2¢
(367.9(1) pm). Even though the Me,Ge bridging motif is larger
than the Me,Si bridging motif, the Ge-Ge distance in 2b is
only marginally longer than that in 2a (Table 1), which might
point to a weak Ge-Ge interaction. Noteworthily, the two tetre-
locene fragments in 2a-c do not adopt typical trans-bent
arrangements but are heavily twisted against each other with
torsion angles of 7 = 73.9°-82.4°, again indicating that there
are no classical n-type double bond interactions between the
metal centers (Table 1). In addition, ***Sn Méssbauer spec-
troscopy of 2c¢ is indicative of a classical stannocene center
(Fig. 3, S11 and Table S17), with the isomer shift of § = 3.611
(3) mm s~ and the electric quadrupole splitting of AEg = 0.70
(1) mm s™* being similar to those of stannocene (§(Cp,Sn) =
3.73(6) mm s~ ';*° AEq = 0.65(6) mm s~ *°). Noteworthily, the
experimental spectrum is well reproduced with three sub-
signals, whereby signal A with the highest intensity can be
assigned to 2¢, while signals B (Sn'") and C (Sn") most likely
originate from partial decomposition of the sample.>’** To
further investigate why these bis(tetrelocene)-structures
formed and to better understand the nature of interactions
between the two tetrelocene moieties in 2a-c, we performed
DFT calculations.?! A comparison of the ground-state energies

Table 1 Selected bond lengths [pm] and angles [°] in 2a—c

E-E [pm] al] 5[] =[]
2a 361.51(6) (E=Ge) 42.2 147.7 73.9
2b 363.74(6) (E=Ge) 43.7 153.7 75.3
2¢ 367.88(5) (E=Sn) 44.5 154.3 82.4

a: dihedral angle between Cp planes. &: Cp*™™-E-Cp*"™d_E angle.
7: torsion angle between Cp"rid_g-g-Cp™eentroid,
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Fig. 3 Experimental and simulated '°Sn Mdssbauer spectrum of 2c
(78 K data).

of 2a-c to the theoretical [1]tetrelocenophanes shows that the
latter are more than 100 kJ mol™" higher in energy. Similarly,
theoretical trans-bent dimers of the [1]tetrelocenophanes are
more than 70 kJ mol™" higher in energy than the experi-
mentally observed structures, 2a—c (Fig. 4). This may be a con-
sequence of the [1]tetrelocenophanes exhibiting a high degree
of ring strain. Inspection of the frontier orbitals does not
reveal any = type bonding interaction between the tetrelocene
central atoms (Fig. S15-S177), rather the frontier orbitals are
typical of tetrelocenes.®

Furthermore, Natural Bond Orbital (NBO) analysis of 2a-c
reveals that the lone pairs at the central atoms have a high s
character (2a: 96.9%; 2b: 96.7%; and 2c¢: 98.4%). The inter-
action between the lone pair of one tetrelocene central atom
and the vacant p orbital of the second tetrelocene central atom
amounts to 13.0 k] mol™" for 2a, 13.8 k] mol™" for 2b, and
78.7 k] mol ™" for 2¢; thus 2¢ exhibits by far the strongest inter-
action. This is a result of the larger size of tin compared to
that of germanium and thus the Sn-Sn distance is closer to
typical Sn-Sn bonds. Furthermore, 2a-c were studied using the
Atoms in Molecules (AIM) method. In all cases, bond critical
points (bcp) with very small positive Laplacian values were
found, which indicate very weak donor acceptor interactions
(Fig. 5). The strongest interaction between the two central
atoms is observed in 2¢, which is in line with the NBO analysis
discussed earlier.

tetrel tetrel P bis(tetrelocenes)

dimers

N Q "

2amon°. L4080 2atrans-bent. .75 ¢ 2a: 0
2pMono. 4433 gptrans-bent. |77 o 2b: 0
2c: 0

2¢™MOM0; +102.2 2ctrans-bent. 47,8

Fig. 4 Relative energies of theoretical [1]tetrelocenophanes, trans-bent
dimers, and the experimentally observed bis(tetrelocenes) 2a-c, calcu-
lated at PBEO-D3/def2-TZVP (energies given in kJ mol™).
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Fig. 5 2D Laplacian distrioution V2p(r) of (a) 2a, (b) 2b and (c) 2c
(dashed red lines show areas of charge concentration (Vp(r) < 0), solid
blue lines show areas of charge depletion (V2(r) > 0), dashed black lines
are bond paths, and red dots are bond critical points).

Conclusions

In conclusion, we were able to synthesize and structurally
characterize three bis(tetrelocenes), 2a-c¢, in which the cyclo-
pentadienyl substituents are interlinked via Me,Si or Me,Ge
bridging units. This structural motif fused the group 14 metal
centers to be in close proximity to each other. DFT calculations
confirm that the formation of bis(tetrelocenes) is energetically
favoured over tetrelocenophane structures. Additionally,
although tetrelocenes do not form ditetrelene-type aggregates,
Natural Bond Orbital and Atoms in Molecules analyses demon-
strate weak donor-acceptor interactions between the metal
centers in 2a-c, whereby bis(stannocene) 2¢ exhibits the stron-
gest interaction between its tin centers.

Experimental
General

All manipulations were carried out under an argon inert gas
atmosphere using Schlenk techniques or a glove box. Solvents
were purified using an MBraun Solvent Purification System.
NMR spectra were recorded on a Bruker Avance III 400 (solu-
tion) and a Bruker Avance III 400 WB (solid-state) spec-
trometers. "H and "*C NMR spectra were referenced using the
solvent signals,”* and *°Si and ''°Sn NMR spectra were refer-

This journal is © The Royal Society of Chemistry 2023
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enced using external standards (5°°Si(SiMe,) = 0; §''°Sn
(SnMe,) = 0). A Ca"**"Sn0O; source was used for the Mossbauer
spectroscopic experiment on the 2¢ sample. The measurement
was carried out in a standard liquid nitrogen bath cryostat at
78 K. The source was kept at room temperature. The sample
was mixed with alpha-quartz and enclosed in a small PMMA
container at an optimized thickness.* Fitting of the data was
done by using the WinNormos for Igor6 program package.”*
The FT-IR spectra of solid microcrystalline samples were
recorded using attenuated total reflectance (ATR) on a Bruker
Vertex 70 spectrometer. UV-Vis measurements were performed
in quartz glass cuvettes with a 1 cm thickness. The spectra
were recorded on a PerkinElmer Lambda 750 spectrometer
equipped with an integrating sphere from 200 to 800 nm.
Single crystal X-ray diffraction analysis was carried out on a
Bruker D8 Venture diffractometer with a microfocus sealed
tube and a Photon II detector using monochromated CuKa
radiation (A = 1.54178 A). Structure solution and refinement
with anisotropic displacement parameters of all non-hydrogen
atoms were performed using SHELXL-2018/3 for 2c¢ and
SHELXL-2019/1 for 2a and 2b.** Elemental analysis was per-
formed on an Elementar Vario Micro Cube. Ligands 1a and 1b
were prepared according to procedures known from the litera-
ture.>® The GeCl,-dioxane adduct and SnCl, were purchased
from ABCR and used as received.

Synthesis and characterization of 2a-c

2a and 2c. To a suspension of 1a (for 2a: 300 mg/1.17 mmol;
for 2¢: 600 mg/2.34 mmol) in THF, SnCl, (444 mg/2.34 mmol)
or GeCl,-dioxane (271 mg/1.17 mmol) in THF was added at
room temperature, and the reaction mixture was stirred over-
night. All volatiles were removed in vacuo and the residue was
suspended in hexane and filtered. The removal of hexane in
vacuo yielded 2a and 2c as colorless to light yellow solids.

2a. Crude yield: 167 mg/0.27 mmol/46%; crystalline yield:
49 mg/0.08 mmol/14%.

"H-NMR (400.13 MHz, C¢Dg, 296 K, & in ppm): 0.57 (s, 12H,
Si(CH3),), 1.68 (s, 12H, Cp-CHj), 1.91 (s, 12H, Cp-CHs), 5.99
(m, 4H, Cp-H), 6.38 (m, 4H, Cp-H).

BC{"H}-NMR (100.61 MHz, C¢Dg, 296 K, § in ppm): 1.7 (Si
(CH3),), 9.9 (Cp-CH3), 13.5 (Cp-CHj), 107.5 (CP), 117.8 (C°P),
121.5 (C°P), 123.8 (C°P), 125.7 (CP), 126.9 (CP).

*9Si{"H}-NMR (79.49 MHz, C¢Ds, 296 K, § in ppm): —20.0.

CHN-analysis: calculated for Cj;,H,;,Ge,Si,: C: 61.00%, H:
7.04%; found: C: 60.91%, H: 7.45%.

2¢. Crude yield: 471 mg/0.65 mmol/56%; crystalline yield:
277 mg/0.38 mmol/32%.

"H-NMR (400.13 MHz, C¢Dg, 293.1 K, § in ppm): 0.59 (s,
12H, Si(CHs),), 1.78 (s, 12H, Cp-CHj), 2.06 (s, 12H, Cp-CHj;),
6.09 (m, 4H, Cp-H), 6.45 (m, 4H, Cp-H).

BC{'H}-NMR (100.61 MHz, C¢Dq, 293 K, & in ppm): 2.2 (Si
(CH3),), 10.0 (Cp-CH3), 13.9 (Cp-CH3), 107.6 (CP), 119.9 (CP),
122.8 (CP), 124.8 (CP).

?9Si{'"H}-NMR (79.49 MHz, C¢D, 293 K, & in ppm): —20.4.

9$n{'H}-NMR (149.21 MHz, CeDe, 293 K, § in ppm):
—2138.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

9Sn{'H}-NMR (149.27 MHz, CP/MAS(13 kH), 297 K, § in
PpPM): Sigo = —2143, 814 = —2002, 5,5, = —2098, 555 = —2331.

CHN-analysis: calculated for Cz;,H,4Si,Sn,: C: 53.21%, H:
6.14%; found: C: 53.82%, H: 6.69%.

2b. A suspension of 1b (300 mg/0.99 mmol) in THF was
cooled to 195 K and a THF solution of GeCl,-dioxane (231 mg/
0.99 mmol) was added. The solution was warmed to room
temperature and stirred overnight. All volatiles were removed
in vacuo, and the residue was suspended in hexane and fil-
tered. Hexane was removed in vacuo to obtain an orange solid.
Colorless crystals could be obtained from a hexane/THF
mixture.

Crude yield: 260 mg/0.36 mmol/72%. Crystalline yield:
59.0 mg/0.08 mmol/16%.

"H-NMR (400.13 MHz, C¢Dg, 293 K, & in ppm): 0.65 (s, 12H,
Si(CHs),), 1.69 (s, 12H, Cp-CH3), 1.89 (s, 12 H, Cp-CH3), 6.00
(m, 4H, Cp-H), 6.31 (m, 4H, Cp-H).

BC{*H}-NMR (100.61 MHz, C¢Dq, 293 K, & in ppm): 0.8 (Si
(CH3),), 9.89 (Cp-CH3), 13.2 (Cp-CH3), 107.0 (C°P), 111.0 (CP),
119.4 (C°?) 120.0 (C®P), 122.9 (C°P), 124.9 (CP).

CHN-analysis: calculated for Cj;,H,,Ge,: C: 53.44%, H:
6.17%; found: C: 52.78%, H: 6.34%.
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