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The reactions of dipotassium germacyclopentadienediide with two Group 13 dichlorides, Cp*BCl, and
Cp*AlCl,, yield two structurally different products. In the case of boron a borole complex of
The halide
germaaluminocene. Both compounds were fully characterised by multinuclear NMR spectroscopy

germanium(u) is  obtained. aluminium gives an unprecedented neutral
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Introduction

The aim of utilizing readily available and environmentally
benign main group element compounds for activation of
unreactive materials and strong bonds instead of transition
metal-based complexes became increasingly popular during the
last decade.' We attempted to follow this lead by establishing
polarised heteroalkenes I as they mimic the electronic situation
in transition metal complexes (Fig. 1). The polarised frontier
orbitals of these alkenes I provide the needed amphiphilic
reactivity. Examples for small molecule activation by polarised
heteroalkenes have already been reported.”

Our initial idea was to obtain access to polarised hetero-
fulvenes III in which the Group 14 element is partnered with
Group 13-15 elements (Scheme 1). For this reason, we studied the
reaction of dipotassium germa- or silacyclopentadienediides IP’
with a series of main group element dihalides. In several cases, we
isolated rearranged products with rather unusual structures in
high yields.* For example, the reaction of aminoboron dichlorides
with germacyclopentadienediide K,[1] yielded unprecedented
borole complexes of germanium(u) 2.* The recent publication by
Ruth and Sindlinger who reported the synthesis of a borole-based
aluminocene 4 * (Fig. 2) prompted us to communicate our own
results on the reactivity of pentamethylcyclopentadiene-
substituted boron and aluminium dichlorides versus dipotas-
sium germacyclopentadienediide K,[1] (Scheme 2).

Results and discussion

The reaction of K,[1]* with Cp*BCl, ¢ gave the expected borole
complex 2c. The NMR spectra suggested quantitative
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The molecular structure of the germaaluminocene was

conversion and after work-up complex 2c was isolated as
a brown oil in 35% yield (Scheme 2). NMR spectroscopy evi-
denced the presence of the expected borole ring with a n'-
bound cyclopentadienyl substituent. Interestingly, the NMR
data indicated frozen rotation around the B-Ca single bond,
giving rise to ten *C NMR signals for the cyclopentadienyl
substituent (Table S3, ESIT). In addition, all four carbon atoms
of the borole ring are magnetically non-equivalent. Even at
T =70 °C the NMR signals show no detectable line broadening.
Diagnostic for the structure of the product 2¢ are the high-field
shifted **C NMR resonances of carbon atoms C1/C4 compared
to germole dianion 1%~ (6"3C(C1/C4) = 156.2 3 (1); 99.8, 99.3
(2¢)). In addition, the ">C NMR signals of C1/C4 in borole 2¢ are
markedly broadened (full width at half height, w: = 60 Hz), due
to the quadrupole moment of the neighbouring boron atom.
The position of the ''B NMR resonance (6''B = 37, w; = 283 Hz)
indicates tri-coordination for the boron atom. The boron
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Fig. 1 Polarised heteroalkenes | and a sketch of their frontier orbitals.
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Scheme 1 Dipotassium sila- or germacyclopentadienediides I,
polarised heterofulvenes Ill and [1I(Ge).
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Fig. 2 Main group compounds relevant for the discussion.
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Scheme 2 Synthesis of borole germanium complex 2c and germaa-
luminocene 3 from dipotassium germacyclopentadienediide K,[1] by
salt metathesis.

resonance is significantly deshielded compared to that of bor-
ocenium tetrachloroaluminate 5[AICl,] (6''B = —42) which
discards the possibility of n’-coordination. These NMR chem-
ical shifts are all close to those reported previously for amino-
substituted borole complexes 2a and 2b** (Table S31). In addi-
tion, NMR chemical shift calculations using a DFT-optimised
molecular structure of complex 2¢ provide >C and ''B chem-
ical shifts that are close to the experiment (i.e. 6*'B“*' = 30) and
strongly support our structural proposal for 2¢ (Table S37).
Applying the same conditions to the reaction of K,[1] with
Cp*AICl,,? we noticed complete conversion of both reactants to
a single product according to NMR spectroscopy. Due to its high
solubility, we isolated compound 3 by crystallization in only

This journal is © The Royal Society of Chemistry 2020
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moderate yields of 28% as yellow solid. The NMR data indicated
a molecular structure very different from that of the germanium
borole complex 2c. Compound 3 is characterised by a relative
sharp, high-field shifted *’Al NMR signal at 6*’Al = —77
(w1 = 703 Hz). The number of signals in the 'H and '*C NMR
spectra suggests a highly symmetric structure for compound 3
and the two *C NMR resonances of the Cp* ligand are in the
typical range of n’>-coordination (6"*C = 114.9, 10.8) (Table S37).
Even at temperatures as low as 7= —90 °C, all Cp*-carbon atoms
are magnetically equivalent, which supports the presence of a n°-
bound Cp*-substituent (see ESIt). The **C NMR chemical shifts
of the heterole ring are decisively different from that of the borole
ring in 2c¢. In particular, the carbon atoms C1/C4 are significantly
deshielded compared to the borole complex 2¢ or compared to
the germole dianion 1>~ (6**C(C1/4) = 167.0 (3); 99.8, 99.3 (2¢)
and 156.2 (1%7)). These **C and in particular *’Al NMR data are
also different from those reported for the dilithium alumi-
nacyclopentadiendiide Li,[6], (§*’Al = 198 (w; = 7000 Hz), Table
S$31)° or for the tris-n'-cyclopentadienyl-substituted alane 7 (6>”Al
= 64).1° They are however close to that of n’-coordinated cyclo-
pentadienyl aluminium compounds 8'-11 (6*’Al = —59 to
—150)" which suggests a n*-coordination of the cyclopentadienyl
substituent to the aluminium atom for complex 3. The NMR data
is consistent with a sandwich structure of compound 3 as
depicted in Scheme 2. Further support comes from NMR chem-
ical shift calculations for a DFT-optimised sandwich structure 3
which predict aluminium and carbon NMR chemical shifts that
are very close to the experimental values (6*’Al®™ = —71, Table
S37).

Yellow crystals of 3, suitable for X-ray diffraction (XRD) anal-
ysis were obtained from hexanes. In the solid state compound 3
adopts a sandwich structure with a n’>-coordinated Cp* ligand
and with close contacts to all five atoms of the germole ring
(Fig. 3). All germole-C-Al distances (213-228 pm) and the Ge/Al
separation (248.8 pm) are significantly shorter than the respec-
tive sum of the van der Waals radii ZvdW (2vdW(C/Al) = 354 pmy;
SvdW(Ge/Al) = 395 pm).*” The Ge-Al distance matches even that
of Ge-Al single bonds in germyl-alanes' and -alanates™ (244.9-
254.5 pm, theoretically predicted: 247 pm ). The distance

Fig. 3 Left: Molecular structure of 3 in the crystal (Hydrogen atoms
are omitted; thermal ellipsoids at 50% probability). Right: Coordination
environment of the aluminium atom. Selected atom distances [pm]
and angles [°l: Ge-Cl 199.91(10), Gel-C4 200.02(10), Al-C1
212.87(10), Al-C2 227.18(10), Al-C3 227.58(10), Al-C4 214.16(11), Ge-
Al 248.78(4), C1-C2 144.70(13), C2-C3 142.12(14), C3-C4 144.56(13),
Al-Ctr. 186.64(3), Al-C(Cp*) 217-228, a(Ge) 165.638(9); al(Al)
91.628(10).

Chem. Sci., 2020, 11, 2982-2986 | 2983
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Fig. 4 Selected germole dianion metal complexes.

between the centre of the Cp* ring and the aluminium atom
(186.6 pm) is only slightly larger than that found for the Cp*Al(1)
complex 9 "¢ but significantly smaller than found for monomeric
Cp*Al(1) 11 *° (see Table S27).

The planes defined by the Cp* ring and by the four carbon
atoms of the germole ligand are aligned almost parallel (inter
planar angle 3.3°). The C-C bond lengths in the germacycle
indicate delocalization (142.1-144.7 pm). Compared to the ger-
mole dianion 1% in the triple ion pair K,[1] (139.5-142.0 pm),® or
in the germole dianion hafnium complexes 12 (134.7-142.8 pm)"’
or 13 (140.7-144.5 pm) (Fig. 4),” all bonds in the germole ring of
3 are slightly elongated, indicating electron transfer from the
germole ring to the aluminium atom (Fig. 3).

Quantum mechanical calculations at the MO06-2X/6-
311+G(d,p) level of theory were performed to investigate the
bonding situation in neutral germaaluminocenes 3 and 3M (3M
is a close model to 3, in which all substituents at the germole
ring and at the cyclopentadiene ring have been replaced by
hydrogen atoms).” The analysis of the frontier molecular
orbitals suggests a substantial germylene character of the
sandwich complex 3M. This is shown by surface diagrams of the
frontier orbitals which indicate a significant contribution of an
in-plane lone pair at germanium to HOMO-1 (Fig. 5). In
addition, the 4p(Ge) atomic orbital dominates the LUMO and

e g .

3M
HOMO-1 HOMO
E=-751eV E=-6.32eV
LUMO LUMO+1
E=-0.19eV E=-0.17eV

Fig. 5 Calculated surface diagrams of frontier molecular orbitals of
germaaluminocene 3M (M06-2X/6-311+G(d,p), isodensity value 0.04).
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Fig. 6 Calculated WBIs of pertinent bonds and NBO group charges q
of complexes 3, K»[1], 8* and aluminium methyl compounds (M06-2X/
6-311+G(d,p)).

the LUMO+1. The HOMO is essentially a combination of an
m-orbital of the germole cycle that is polarised towards the
germanium atom and atomic orbitals of the aluminium. The
results of a natural bond orbital (NBO) analysis for complex 3
indicate significant charge transfer from the germole ring to the
aluminium atom as shown by the calculated NBO group charges
(Fig. 6). The covalent character of the aluminium/germole
interaction is supported by the calculated Wiberg bond
indices (WBI)."” These exceed those calculated for the ionic
interaction between the potassium ions and the germole ring
for K,[1] (Fig. 6). In particular, the WBIs for the C1/C4-Al link-
ages are larger than those of C(Cp*)-Al bonds in 8" and close to
those predicted for the Al-C bond in Me-Al(1) (Fig. 6).

This covalent bonding is visualised by a natural localised
molecular orbital (NLMO, Fig. 7a), which indicates the electron
delocalisation between atomic orbitals of the aluminium and -
type orbitals of the germole ligand. The complementary analysis
of the calculated electron density of germaaluminocene 3M in
the framework of the quantum theory of atoms in molecules
(QTAIM) finally reveals a consistent picture with bond paths
between the aluminium atom and the carbon atoms C1/4 and
a valence shell charge concentration (VSCC) between the
aluminium atom and the germanium atom (Fig. 7b).

Fig.7 (a) Surface diagram of the NLMO of 3M showing the interaction
between the germole ring and the CpAl fragment (surface value 0.04,
hydrogen atoms omitted). (b) Molecular graph of 3M projected on
a contour plot of the Laplacian of the electron density in the molecular
mirror plane (M06-2X/6-311+G(d,p)).

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Resonance representations of neutral germaaluminocene
3M.

On the basis of our theoretical results we suggest a delo-
calised bonding scheme for model germaaluminocene
compound 3M and likewise for the experimentally investigated
compound 3. Scheme 3 shows the three extreme Lewis forms of
the delocalisation of the bonding situation in the
germaaluminocene.

In the course of our computational investigation of possible
reaction channels for the formation of germanium borole or
alumole complexes (2¢ and 14) or germaborocene or -alumi-
nocene sandwich compounds (15 and 3), we found that
structures with an Y-shaped arrangement® around the
two heteroatoms, as it is shown by boraalkene 16 ** or bor-
asilene 17,* are only high lying transition states (see ESI{ for
a more extensive description of the corresponding potential
energy surfaces). This is surprising, in view of the recent isola-
tion of an almost linear boragermene 18 ** by Rao and Kinjo,
who used an amino substituent at the boron atom (Fig. 9).

As  reported previously we  synthesised  borole
complexes of germanium(u) 2a and 2b from the reaction of
a germacyclopentadienediide 1>~ with amino boron dichlor-
ides.* Now, we found the same structural motif when using the
Cp* substituent at the boron atom. This suggests that the ger-
macyclopentadienyl fragment, used in the chemistry presented
here, has a significant effect on the reaction outcome.

In agreement with the exclusive formation of the borole
germanium(u) complex 2¢, we found that 2c is significant more
stable than the isomeric germaborocene 15 (AE = 63 kJ mol *,

n'(lip*
Ge_<SiMe3 B<SiMe3
Ib(B—TﬂCp* I®<Ge:
SiMe; SiMe;
2c 15
0(0) 63 (48)
n5(|3p*
SiM Al _sim
iMe; 54 (48) oIkl
Al—nCp* Ge:
SiMe; SiMes
14 3
0(0) 24 (-22)

Fig. 8 Relative energies AE and relative free Gibbs enthalpies at T =
298 K AG®®® (in brackets) of isomeric borole 2c and alumole 14
complexes and germole complexes 15 and 3.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

Ad Mes
! \ 7
Me;Si Bu,MeSi N—B SiMe;
C=B—Bu Si=B—TMP \ Ge=B—N
MesSi Bu,MeSi SiMe,
Messi  oiMes
16 17 18

Mes = 2,4,6-trimethylphenyl
Ad = 1-adamantyl

—_ ;_N/b

Fig. 9 Y-shaped Group 14 boraalkenes relevant for the discussion (Y-
shape arrangement indicated by green bonds).

Fig. 8). The situation is different for the isomeric aluminium
compounds 3 and 14. In qualitative agreement with the isola-
tion of the germaaluminocene 3 (Fig. 8), it is more stable than
the alumole germanium(i) complex 14 by AE = 24 k] mol ' We
notice however that their energy difference is significantly
smaller. Moreover, the barrier for the interconversion 3 — 14
(78 kJ mol ) is relatively small (Fig. 8). These computational
results for the aluminium compounds indicate the possibility to
influence the product formation significantly by substituent
effects. Decisive for the higher stability of the germametallocene
3 vs. the metallole Ge(u) complex 14 is the larger size of the
aluminium atom compared to the boron atom in the isomer
pair 2¢/15. Its inclusion into the delocalised metallole cycle is
disfavoured due to the misfit of 3p(Al) and 2p(C) orbitals but its
larger size facilitates the n’-coordination to the Cp* ligand.”*??

Conclusions

In agreement with previous results, the reaction of K,[1]
Cp*BCl, gives a borole complex of Ge(u) 2c. The respective
reaction of K,[1] with Cp*AICl, provides access to the neutral
germaaluminocene 3, which represents a new class of
aluminium m-complexes. Similar to aluminocenium cation
8" 142t and boraaluminocene 4,°> germaaluminocene 3 shows
a n°,n’-coordination of both five-membered rings. In contrast
to these previous examples, germaaluminocene 3 exhibits a free
electron pair and a low-lying acceptor orbital at the germanium
atom, which suggests additional germylene-like reactivity.

The small energy difference between the germole 3 and
isomeric alumole 14 structures and the small energetic barriers
for their interconversion imply that also the synthesis of alu-
mole complexes of Ge(u) is in reach, when substituent effects
are employed advantageously.
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