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MENHC substituted germaborenium cation 2 was synthesized directly in reaction of bromo-substituted
germaborene 1b with MENHC. The adamantyl isonitrile substituted germaborenium cation 4 was
obtained stepwise: substitution of the chloride atom against adamantyl isonitrile at the B—Cl unit in 1a,
simultaneous migration of the chloride to the germanium atom followed by chloride abstraction using
Na[BArf] gives the germaborenium cation 4. Substitution of the bromide atom in 1b against carbon
monoxide followed by bromide abstraction using AgIA(OtBuf)4] leads to compound 6 exhibiting a B=C
double bond substituted at the boron atom by a germylium cation. Treating the germaborene [Ge=B-
Ph] (1c) with selenium, a cycloaddition product 7 was characterised featuring a GeBSe heterocycle.
Carbon dioxide reacts with 1b to give a four membered ring molecule 8 as the product of a B-C and

Ge-0 bond formation. In reaction of 1b with dimethylbutadiene, a product 9 of a [2 + 4] cycloaddition
Received 7th June 2024

Accepted 15th June 2024 was isolated. Transition metal fragments [Fe(CO),4 (10), CuBr (11), AuCl (12)] show coordination at the

germaborene double bond. Molecular structures of the germaborene coordination compounds 10-12

DOI: 10.1039/d4sc03743] are presented and the ligand properties are discussed. After treating the germaborene [Ge=B-Br] (1b)
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Introduction

In main group element chemistry, studies of boron-element
double bonds are an attractive area of research.'” In addition
to the development of a synthesis strategy, studies on the
reactivity of the [B=E] unit and the investigation of the elec-
tronic structures of the unsaturated molecules are rewarding
challenges in molecular chemistry. Research in this area has led
to the presentation of many examples of boron-element double
bonds: B=B,** B=C,*>" B=Si,'*"* B=Ge,"""® B=Sn,* B=
N,21—29 BZP,30_34 BZAS,33’35 B:O,36—41 B:S,41_43 B:Se,36’41’43’44
and B=Te.*** Our research is focused on the chemistry of
heavy elements of the group 14. While compounds featuring the
B=C-double bond have been known for more than forty years,
Sekiguchi et al. presented the first example for a B=Si double
bond in 2006."* The reactivity of the B=C double bond has been
of major interest since it was first synthesized. Research groups
of Berndt, N6th and Paetzold studied the chemistry of B=C
double bonds intensively and presented results of [2 + 2], [2 + 3]
cycloaddition reactions with ketones, alkynes, iminoboranes,
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with [Cp*All, insertion of a Cp*Al moiety into the B—Br bond was found (13).

and azides.'™>* Furthermore, reactions of various reagents
like HCI, Br,, MeLi, MeBBr,, tBUNC, HNMe, with the B=C bond
were presented. In these reactions, the boron atom reacts as an
electrophile, adding, for example, the [CH;]™ or [Cl]” anion, and
the carbon atom of the B=C unit shows the reactivity of
a nucleophile. Thus, addition of MeBBr, leads to formation of
B-Br and C-BMeBr units.” In the current literature, anionic
borataalkenes serve as borata-Wittig olefination reagents and
borataalkenes were investigated as m-ligands in organometallic
chemistry.*** The chemistry of Lewis base stabilized alkylide-
neboranes is also studied intensively with respect to B=C bond
cleavage, 1,2-dipolar reactivity studies and cycloaddition
reactions.*®%>%

Borasilene was reacted with elemental sulphur and selenium
to give the three-membered BSiS and BSiSe heterocycles.®
Treating borasilene with oxygen, a splitting of the double bond
was observed and 1,3,2,4-dioxasilaboretane was isolated.'® The
electrophilicity of the boron atom in the borasilene B=Si unit
was demonstrated in reaction of the borasilene with lithium
trimethylsilylacetylide adding the anionic acetylide at the boron
atom." The chloride adduct of borasilene exhibits an intra-
molecular C-H addition reaction under formation of Si-H and
B-C bonds." This anionic borasilene adduct also shows a reac-
tion with sulphur to give 1,3,2,4-dithiasilaboretane.”® As an
interesting addition to the field of B-Si multiple bonds, exam-
ples for 2m-aromatic disiladiboretenes exhibiting a planar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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geometry were published recently.*>* Kinjo et al. presented the
synthesis of an allene type linear [Ge=B=N] molecule exhib-
iting the first Ge=B double bond in 2020."” At the same time, we
presented another approach to the synthesis of germaborenes
by treating an intramolecular phosphine-germylene Lewis pair
with boron trihalides (BCls, BBr;) followed by Mg reduction.'®
The germaborenes 1a, b (Scheme 1) are light sensitive
compounds and react at room temperature with light of 530 nm
wavelength in a [2 + 2] cycloaddition reaction with a Trip moiety
of the terphenyl substituent Ar* (Ar* = 2,6-Trip,C¢Hj, Trip =
2,4,6-triisopropylphenyl). This reaction, which has been the
only example for a cycloaddition reaction of germaborenes so
far, is reversible by irradiation with light of 366 nm wavelength,
recovering the starting material.’* Germaborene 1a, 1b and also
the phenyl substituted derivative 1c were shown to react as
a source of borylenes [BX] (X = Cl, Br) and [BPh] in reaction with
azides RN3 (R = SiMe;, adamantyl) to yield iminoborane
derivatives.® In analogy to the synthesis of 1, we applied an
intramolecular stannylene Lewis pair to this procedure to give
the first examples of stannaborenes realized in a stannaborenyl
anion and a stannaborenium cation.”® The stannaborenium
cation adds ammonia at the Sn=B double bond to give a B-H
and Sn-NH, unit.?°

We set up the first systematic reactivity study of germabor-
enes because in terms of orbital overlap and therefore bonding
energy, the germaborene consists of a less favourable element
combination, which should result in high reactivity. Further-
more, the different substituents on the boron atom in 1 allow to
study the influence of the substituents on the reactivity. Since
the chemistry of the homologous boraalkenes and borasilenes
has been reported, a comparative study with germaborene
reactivity is of interest. Finally, the germaborene can be
synthesized straightforwardly in a yield of up to 75% from up to
500 mg starting material making a study of germaborene 1
chemistry possible. We present reactions of germaborene with
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Scheme 1 Reactions of germaborene (1a X = Cl, 1b X = Br, 1c X = Ph)
with carbon-based nucleophiles M*NHC, AdNC and CO (Ar* = 2,6-
Trip,CgHs, Trip = 2,4,6-triisopropylphenyl).
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carbon-based nucleophiles leading to unprecedented germa-
borenium cations. So far unknown cycloaddition reactions with
selenium, carbon dioxide and dimethylbutadiene are pre-
sented, and results are compared with the chemistry of bor-
aalkenes and borasilenes. The coordination chemistry of the
Ge=B moiety is discussed in iron tetracarbonyl and coinage
metal complexes and the ligand properties are compared in
view of olefin and boraalkene coordination compounds. An
insertion reaction of [Cp*Al], into the B-Br unit of the germa-
borene is shown as an example for an electropositive substit-
uent on boron.

Results and discussion

Halide substituted germaborenes 1 (a: X = Cl, b: X = Br) were
treated with M*NHC, AANC and CO (Scheme 1). Interestingly,
the Lewis bases do not attack the germanium atom and instead
form a bond with the boron atom although the Ge-B ¢- and -
bonds in the germaborene are polarized toward the boron
atom.™ At room temperature, the heterocyclic carbene reacts at
the boron atom to directly yield a so far unknown M°NHC-
substituted germaborenium cation (2) (Scheme 1). The iso-
nitrile and CO show a stepwise reaction with the halide
substituted germaborene. In both cases, a carbon-boron bond
was formed, and the halide migrates to the germanium atom.
Obviously, the isonitrile is less reactive and heating to 60 °C is
necessary for product formation. The carbon monoxide reaction
product (5) however, also featuring a halide migration to the
germanium atom, is formed at room temperature. Both halides
3 and 5, showing a short B-C interaction, were transformed to
the cations 4 and 6 by halide abstraction using Na[BAr};] or Ag
[Al(OtBu"),] (Scheme 1).55¢7

Compounds 2-6 were characterised by NMR spectroscopy
and selected signals are listed in Table 1. In the B NMR
spectrum the adducts 3 and 5 show a signal at lower frequency
in comparison to the cationic products of halide abstraction 4
and 6. >C NMR signals of the CO-substituent at the boron atom
in 5 and 6 were only observed with *CO-gas (220.4 ppm 5,
203.4 ppm 6, see Fig. 1 and SI for spectra).

Adducts 3 and 5 exhibit B-C bond lengths of 1.433(3) and
1.418(3) A which are comparable with molecules showing B=C
double bonds [1.401(5)-1.475(8)] and are short distances in
comparison with the group of low valent boron isonitrile
[1.420(6)-1.569(3) AP***7* and carbon monoxide [1.445(3)-

Table 1 Selected NMR data of compounds 1-6¢

& [ppm] ('J B-P [Hz]) & [ppm] ('J "'B-P [Hz])

18,65

1a, b, ¢ 17.3,10.3, 16.2 5.2,7.3,12.6

2 0.1 (d, 127.9 Hz) 17.9 (br)

3 —21.4 (d, 115.0 Hz) 27.8 (br)

4 —13.4 (d, 149.0 Hz) 28.5 (q, 152.4 Hz)
5 —39.7 (d, 121.3 Hz) 40.1 (br)

6 —24.8 (d, 168.2 Hz) 32.3 (q, 166.1 Hz)

¢ g: non-binomial quartet, br: unresolved quartet.
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Fig. 1 B NMR (128.37 MHz) (top left, natural abundance 6: d }Jsp_ng
= 168 Hz; bottom left, *CO labelled sample of 6: dd, *Jsp_ng =
160.1 Hz, Jsc_ng = 119.3 Hz) and *C NMR (100.62 MHz) carbonyl
region (right) of cation 6, 3CO labelled ({Jug_1:c = 111.6 Hz).

Fig. 2 ORTEPs of the molecular structures of adducts 3 and 5.
Thermal ellipsoids are shown at 50% probability level. Hydrogen atoms
and iPr groups have been omitted (Table 2).

1.492(4) AJp®5*77>7¢ adducts (Fig. 2, molecular structure of 3
and 5).”77* The sum of angles around the boron atom of adduct
3 is with 359.1(1)° close to 360° which can be interpreted as an
indicator for delocalisation of the boron electron pair into the
B=C double bond. In the case of the CO-adduct 5, however,
a smaller angle of 353.7(2)° around the boron atom, and

Fig. 3 ORTEPs of the molecular structures of cations 2, 4 and 6.
Thermal ellipsoids are shown at 50% probability level. Hydrogen
atomes, iPr groups and the anions have been omitted (Table 2).
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Table 2 Selected interatomic distances [A] and angles [°] of 1a, 2—-6

Ge-B  B-C4 C4-E Ge-B-P  Ge-B-C4 P-B-C4
12" 1.886(2) 103.1(1)
2 1.890(2) 1.562(3) 102.6(1) 134.6(2) 122.8(2)
3 2.016(1) 1.433(3) E=N1.212(2) 105.1(1) 134.1(1) 119.9(1)
4 1.912(3) 1.483(4) E=N1.155(3) 104.2(1) 133.3(2) 122.4(2)
5  1.999(2) 1.418(3) E =0 1.158(3) 106.8(1) 130.7(2) 116.2(2)
6  1.931(2) 1.437(3) E =01.143(3) 106.2(1) 133.6(2) 120.0(2)

therefore a slight pyramidalization, was observed, which indi-
cates a partially localized electron pair on the boron atom.

In the series of cationic Lewis-base adducts 2, 4 and 6 (Fig. 3)
the B-C interatomic distances [1.562(3), 1.483(4), 1.437(3) A]
decrease while the Ge-B [1.890(2), 1.912(3), 1.931(2) A] bond
lengths increase. "*NHC-adduct 2 features a short Ge=B double
bond"*#%# and a B-C single bond with the NHC-donor.***
Apparently for steric reasons, an angle of 74.6° was found between
the [M°NHC-ligand] and [GeBPC2C3] planes in compound 2,
which makes 7-back donation from the boron atom to the NHC-
molecule less favourable. The isonitrile- and CO-donor cations
(4, 6) (Fig. 3) show shorter B-C and longer Ge-B interatomic
distances in comparison to cation 2. The isonitrile donor in 4
shows less back bonding from the boron atom to the carbon atom
C4 upon cationization which goes along with a larger angle at the
nitrogen atom C4-N-C5 [3: 127.6(2), 4: 175.0(3)°] (Fig. 3) and
a longer B-C bond together with a shorter C-N bond in compar-
ison to 3. The B-C-N bond length found in 4 are comparable with
isonitrile adducts of low valent boron compounds [B-C: 1.420(6)-
1.569(3); C-N 1.152(3)-1.243(3) A].*>*"* The B-C distance in 6 is
comparable with a long double bond between these elements.”*
CO adducts of low valent boron compounds exhibit longer B-C
bond lengths [1.445(3)-1.492(4) A].%%%7%7>7¢ The IR stretching
frequencies for the CO unit in 5 (1984 cm™') and 6 (2024 cm ™)
reflect a considerable amount of m-back donation by the borylene
boron atom. CO adducts of borylenes like [(DippNC)(OC)BTp]
(1930, 2094 cm ') and [(OC),BTp] (1942, 2060 cm ') exhibit
comparable CO frequencies [Dipp = 2,6-diisopropylphenyl,
Tp = 2,6-di(2,4,6-triisopropylphenyl)phenyl].”*”>7*7¢% The direct
substitution of a bromide substituent at a low valent boron atom
against a carbon monoxide was observed by Xie et al. reacting
a bissilylene stabilized bromoborylene with tungsten hexacarbonyl
Table 2.7%%

To evaluate the electronic situations in the molecules 2-6,
DFT calculations [BP86/wB97X-D3BJ, def2-SVP/TZVP(Ge,B,C4)]
together with NBO analysis (Table 3) have been carried out on
the basis of the solid state molecular structures (see ESIf). The
leading Lewis structures of compounds 2-6 are shown in
Scheme 2 and the HOMOs of cations 2, 4 and 6 are depicted in
Fig. 4.

In all cases, the Ge-B o-bond shows a slight polarisation
towards the boron atom and the B-C o-bond is polarized to the
carbon atom. In the case of the adducts 3 and 5, a B=C 7-bond
was observed exhibiting a polarisation to the boron atom. To
a small extent, the B=C m-bond of 5 exhibits hyperconjugation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Selected results of NBO calculations of 2, 3, 5, 6 BP86/D3BJ, 4 wB97X-D3; def2-SVP/TZVP (Ge, B, P, C4, O)

2 3 4 5 6
Ge-B [A] 1.89855 2.00338 1.89128 1.99776 1.94257
q[e] Ge, B 1.25, —0.76 1.39, —0.83 1.54, —1.04 1.32, —1.00 1.51, —0.99
Wiberg/Léwdin 1.51/1.60 0.87/1.11 1.34/1.49 0.904/1.14 1.10/1.34
a-bond occ. 1.9069 1.8645 1.9180 1.8688 1.8710
Ge-B% (NBO) 43, 57 41, 59 40, 60 40, 60 40, 60
7-bond occ. 1.7099 1.7489 1.6285 1.7397 1.6547
Ge-B% (NBO) 37,63 27,73
B-C% (NBO) 55, 45 59, 41 60, 40
o-bond occ. 1.9625 1.9661 1.9671 1.9757 1.9754
B-C% (NBO) 34, 66 38, 62 37,63 39, 61 39, 61
B-C [A] 1.54180 1.42172 1.47599 1.42612 1.43407
Wiberg/Léwdin 0.96/1.32 1.56/1.71 1.19/1.45 1.51/1.72 1.44/1.63
o _NAd o 0 valent boron atom can be compared with the electronic situa-
cd
thP\eBéc Ph2’°\634C tion found in [Ar*B(CO)CNDipp].86#°
\ ‘|3 \ G|e A cycloaddition reaction of germaborenes has been only re-
e * . . . e
\ AT \ A ported in the case of the intramolecular reversible [2 + 2] addition
cl Br .
3 5 between Ge=B double bond and an arene ring of the terphenyl
substituent.” To further investigate the reactivity of the Ge=B
\ * . . . .
Né\ NAd|" 0 * double bond in germaborenes, reactions with selenium, carbon
phpo_ &N PhyP. c”e PhaP c”
? \Gﬁ’ h ? \eﬁ/ 7 \e[i;é dioxide and dimethylbutadiene were carried out. Selenium reacts
\ L. \ L. N%/ee@\ I at room temperature with the germaborene 1c and. formatlc?n of
a so far unknown GeBSe-heterocycle was characterised by single

Scheme 2 Leading Lewis structures for adducts 3, 5 and cations 2, 4,
6.

Fig.4 HOMOs representing the Ge-B w-bond in 2 and 4 and B-C =t-
bond in 6 (contour value 0.062).%8

with the Ge-Br ¢*-bond. The cations 2 and 4 exhibit a Ge-B =-
bond with a polarisation toward the boron atom, which is more
distinctive for the isonitrile adduct 4. Thus, 2 and 4 are exam-
ples for unprecedented germaborenium cations. The bonding
situation in “M°NHC-adduct 2 can be compared with the
homologous M*NHC-supported cation,
featuring a Sn=B double bond.* The CO-cation 6 however,
features a B-C m-bond, which is polarized to the boron atom.
Obviously the m-accepting character of the CO-ligand domi-
nates the delocalisation of the electron pair. The formation of
the germyl cation in 6 does not lead to formation of a Ge=B
double bond like in the case of 4. The difference between iso-
nitrile versus CO delocalisation of the electron pair at a low

stannaborenium

© 2024 The Author(s). Published by the Royal Society of Chemistry

crystal structure analysis (Scheme 3, Fig. 5) and shows a signal in
the 7’Se NMR spectrum at —386.8 ppm. This type of addition was
reported for the homologues boraalkene and borasilene and also
for digermenes and diborenes leading to the corresponding three-
membered ring molecules.'®*>**** The Ge-B bond in 7 shows an
elongation [2.0570(17) A] compared to the starting material and is
close to the value of a Ge-B single bond [2.095(5) A].** In 7, a Ge-Se
bond [2.3576(2) A] and a B-Se bond [2.1012(17) A] were formed.
Both bond lengths and the angle at the Se atom of 54.6(1)° are
comparable with distances and angles found in the cycles [CBSe:
B-Se 2.097(5), C-Se-B 45.5(2); SiBSe: B-Se 1.963(3), Si-Se-B 54.9(1);
Ge,Se: Ge-Se 2.3961(4), 2.4017(4) A, Ge-Se-Ge 59.2(1); B,Se: B-Se
2.115(2), 2.063(2), 2.073(2), 2.102(5), 2.039(6) A, B-Se-B:
50.03(9)°].** The signal found for 7 in the ”’Se NMR spectrum at
—386.8 ppm lies in the range of signals found for comparable three

PhZP\B/X
” X =Cl, 1a; Br, 1b; Ph 1c

Ce SArt

1 )<
1b +
1b +
1c +Se At,21h co, t,1.5h 1t,27.5h
Br Br

7,39 % 9,64 %

Scheme 3 Reactions of germaborene 1b (X = Br)*® and 1c (X = Ph)®®
with selenium, carbon dioxide and dimethylbutadiene (Ar* = 2,6-
Trip,CgHs, Trip = 2,4,6-triisopropylphenyl).

Chem. Sci., 2024, 15, 11358-11366 | 11361
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Fig. 5 ORTEPs of the molecular structures of 7 and 8. Thermal ellip-
soids are shown at 50% probability level. Hydrogen atoms and iPr
groups have been omitted. Interatomic distances in A and angles in (°).
7: Ge—-B 2.0570(17), Ge—-Se 2.3576(2), B-Se 2.1012(17), B-P 1.9601(18),
Ge-Se-B 54.6(1), Ge-B-Se 69.1(1), Se-Ge-B 56.4(1); 8: Ge-B
2.085(2), Ge-01 1.8969(14), B—-P 1.971(2), B-C4 1.629(3), C4-02
1.210(3), O1-Ge-B 74.0(1), C4-B-Ge 81.9(1), O1-C4-02 121.7(2),
02-C4-B 132.2(2); 9: Ge-B 2.1089(17), B-C7 1.626(2), C6-C7
1.521(2), C5-C6 1.342(2), C4-C5 1.507(2), Ge—C4 1.9842(15).

membered ring molecules: CBSe —317.0, —453.4, —368.1; SiBSe
—400.7; Ge,Se —331.0; B,Se —361.5 ppm.'*>2%

Treating the germaborene 1b with carbon dioxide, the
product of a [2 + 2] cycloaddition, the first example for a BGeOC
heterocycle, was obtained (Scheme 3 and Fig. 5). A B-C 1.629(3)
and a Ge-O 1.8969(14) A single bond were formed and the Ge-B
bond length [2.085(2) A] is elongated and comparable with
a single bond between these elements."®**** The homologous
boraalkene adds CO, under formation of a C—C and B-O bond.®*
In the boraalkene the boron atom reacts as an electrophile and
in the germaborene the boron atom exhibits nucleophilic
reactivity. Further examples for carbon dioxide [2 + 2] cycload-
dition reactions were presented for a variety of unsaturated low
valent main group compounds like, e.g., diborenes,*****” dia-
lumenes® and disilenes.”

Treating the germaborene 1b with dimethylbutadiene, the
product (9) of a [2 + 4] cycloaddition was isolated (Scheme 3),
and the molecular structure is shown in the ESL{ In Table 4 ''B
and *'P NMR data are listed. The shift of the ''B NMR signals to
lower frequencies for compounds 7-9 can be explained with the
increase of the coordination number in comparison to the
starting material 1. The signal for the carbon atom at boron in
the CO,-product 8 was observed at 184.2 ppm using >CO.,.

In view of a known coordination chemistry of the homolo-
gous boraalkenes the ligand properties of the Ge=B double

Table 4 Selected NMR data of compounds 7-14

''B §[ppm] *'P §[ppm]
7 —18.1 6.5
8 —12.9 14.5
9 —9.7 14.6
10 —13.5 18.6
11 2.5 4.2
12 0.4 1.0
13 0.1 36.6
14 3.6 35.2
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bond were tested in reactions with Fe,(CO)y, [Me,S-CuBr] and
[Me,S-AuCl] (Scheme 4).*> First coordination compounds
with the germaborene ligand were isolated and the molecular
structures together with selected interatomic distances and
angles are depicted in Fig. 6 (molecular structure of 11 is shown
in the ESI}). Interatomic distances concerning the Fe-
coordination at the Ge-B unit (Table 5) can be compared with
the Fe-B distance found in the boraalkene Fe(CO), complex of
amino-9-fluorenylideneborane [Fe-B: 2.125(5) A].* The Ge-Fe
bond length lies in the range of germylene-iron coordination
compounds [2.4112(3)-2.5970(3) A]."* Copper and gold coor-
dination at the germaborene (11, 12) can be compared with
coordination of the coinage metals at homologous borataalkene
which shows a slippage from 7> [Cu: Cu-B 2.12(2)], to 1" [Au:
Au-B 2.23(1) A].*®* Cu-B and Au-B bond lengths can also be
compared with diborene coordination compounds [Cu-B
2.149(3), 2.146(3); Au-B 2.271(3), 2.354(2), 2.394(8) AP**°1%> The
Cu-Ge bond length observed in 11 is slightly smaller than
distances found for copper coordination at germanium cluster
compounds [Cu-Ge 2.4752(4)-2.5043(4) A].1%**% In the case of

1b +

[ ABe"
Ph,P /
—~ 025(Cp'Al,

Te0°C.21h

PhyP—_
Ge\
X=Cl, 1a; Br, 1b 13, 52%
Fe,(CO)q rt, 1 h \Me,S-AuCl + 1a MeNHC
t,4h |1 MeS-CuBr\ rt,2h rt, 80 min ,
Br, -Cp*
Br +1b % \ /T] P

co Ph,P—_ /

Al
B | _CoO B B e
“Fe | >M—X
| / (!.: O\CO Ge/ !s\
\Ar* \Ar* Al

10,75 % 11 M=Cu, X=Br, 78 % 14,65 %
12M=Au, X=Cl, 65 %

Scheme 4 Reactions of germaborene with Fe,(CO)g, [Me,S-CuBrl,
[Me,S-AuCl] and [Cp*All4.

Fig. 6 ORTEPs of the molecular structures of 10 and 12. Thermal
ellipsoids are shown at 50% probability level. Hydrogen atoms and iPr
groups have been omitted. Interatomic distances in A and angles in (°).
10: Ge-B 2.017(4), Ge—Fe 2.4718(6), Fe—B 2.257(4), Fe—C5 1.802(4),
Fe-C6 1.792(4), Fe—C7 1.800(4), Fe—C4 1.797(4), B-P 1.930(4), B-Br
1.990(4), Ge—Fe-B 50.3(1), Fe-Ge-B 59.3(1), Fe-B-Ge 70.4(1), B-Fe—-
C5170.8(2), B-Fe—-C7 86.1(1); 11: Ge-B 1.9266(18), Cu-B 2.1049(18),
Ge-Cu 2.4627(3), B—P 1.9112(17), Cu-Br1 2.2632(3), B—Br2 1.9421(18),
B-Ge-Cu 55.7(1), B-Cu-Ge 49.1(1), Cu-B-Ge 75.2(1), Br2-B-Cu
106.9(1), Br1-Cu—-Ge 164.7(1); 12: Ge—-B 1.958(5), Ge—Au 2.5057(5),
Au-B 2.195(5), B-P 1.945(5), Au-Cl1 2.3330(12), B-CI2 1.780(5), Ge-
Au-B 48.7(1), Au-B-Ge 74.0(2), B-Ge—Au 57.4(1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Selected interatomic distances [A] of 10-12

M Ge-B Ge-M B-M

10 Fe 2.017(4) 2.4718(6) 2.257(4)
11 Cu 1.927(2) 2.4627(3) 2.105(2)
12 Au 1.958(4) 2.5057(4) 2.195(5)

the found Au-Ge interatomic distance in 12 the bond length lies
in the range of GeCl; coordination at gold: Au-Ge 2.4150(6)-
2.5351(7) A1

In comparison to the starting material [1a: 1.886(2); 1b:
1.895(3) A], an increase of the Ge-B bond length upon coordi-
nation of the metal fragments was found (Table 5). Coordination
of the Fe(CO), fragment gives the largest elongation and for
CuBr-coordination only a slight increase of the Ge-B bond length
was observed. In the IR spectrum of the Fe(CO), complex of
amino-9-fluorenylideneborane showing coordination of the iron
fragment at a B=C bond the CO stretching frequencies were
found at » = 2064, 2011, 1962 cm™". An olefin Fe(CO), complex
was found to show CO wavenumbers at 2071, 2005, 1975 cm ™ *.1%
The CO stretching frequencies of the germaborene Fe(CO),
complex 10 were observed at slightly lower wavenumbers 2051,
1983 and 1960 cm ' indicating the germaborene as a slightly
better ligand in comparison to the amino-9-
fluorenylideneborane boraalkene and olefin ligand.

Investigated by DFT calculations and NBO analyses, the elec-
tronic situation of the coordination compounds can be discussed
based on the Dewar-Chatt-Duncanson (DCD)"*”'*®* bonding
model (see Fig. 7 and Table SI3 in the ESIf). The HOMO of the
Fe(CO), complex resembles the o-donor component of the
Fe—(Ge-B) interaction and the HOMO-1 the T-acceptor interac-
tion (Fig. 7). The copper and gold complexes with a d'valence
electron count exhibit a small degree of m-back bonding in the
7*-MO of the germaborene. The o-donor interaction however,
which can be described as a donation from the 7-MO to the s-
orbital of the metal, is more pronounced in the case of the
gold coordination compound (Table SI3 in the ESI{).

In the case of the stannaborene, we recently presented
a magnesium substituted [Sn=B-MgBr]| stannaborene deriva-
tive.”® The change of polarity of the Ge=B-X bond in germa-
borene chemistry from halide (1a, 1b) or phenyl (1c) to
magnesium or another electropositive substituent would make

donor

Fig.7 HOMO-1and HOMO of 10 representing the t-acceptor and o-
donor interaction between Ge—-B double bond and Fe(CO), fragment
(contour value 0.03).58
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Fig. 8 ORTEPs of the molecular structures of 13 and 14. Thermal
ellipsoids are shown at 50% probability level. Hydrogen atoms and iPr
groups have been omitted. Interatomic distances in A and angles in (°).
13: Ge-B 1.901(2), B—P 1.8764(19), B—-Al 2.052(2), Al-Br 2.3547(6), Al—-
C4 2.2833(18), Al-C5 2.396(2), Al-C6 2.303(2), Al-C7 2.190(2), Al-C8
2.1626(19), P-B-Ge 99.4(1), P-B—-Al1119.2(1), Ge-B-Al 141.3(1), B-Al-
Br 107.6(1); 14: Ge-B 1.9163(13), B—-Al 2.1103(13), B—P 1.8885(14), Al-
C4 2.0609(13), Al-Br 2.4328(4), Al-C5 2.0860(13), Ge-B—P 98.0(1),
Ge—-B-Al 145.3(1), Al-B-P 116.2(1), B-Al-Br 104.4(1).

a new reactivity pattern at the boron atom of the Ge=B unit
possible. Therefore, we studied the synthesis of the homologous
magnesium derivative. However, so far, we cannot present
a reliable procedure. To connect a less electronegative substit-
uent at the boron atom, we also investigated the incorporation
of an aluminium substituent reacting [Cp*Al], with germabor-
ene 1b to a give a [Ge=B-Al] unit."**** In the final procedure,
1b was treated with [Cp*Al], in benzene at 60 °C for 21 hours to
give the aluminium substituted product 13.'**> The colour of
the solution changed from red to orange and after evaporation
of the solvent, crystals were obtained from n-pentane (yield
52%). The molecular structure of the insertion product 13 of
a Cp*Al molecule into a B-Br bond is shown in Fig. 8. The
electronic structure of 13 was analysed by DFT calculations
together with NBO analysis. The B-Al o-bond is polarised
towards the boron atom: B 74.4%, Al 25.6% (o-bond occ. 1.93
e"); to compare with 1b: B-Br: B 33.3%, Br 66.7% (o-bond occ.
1.98 e ). However, the reactivity of this negatively charged GeB-
unit should be checked in further investigations. In the
following, a M*NHC adduct (14) of this aluminium compound
was synthesized showing a slippage from 7°-to '-coordination
of the Cp* moiety at aluminium. The phenyl substituted ger-
maborene 1c however, shows no reaction with [Cp*Al], at 60 °C
in benzene. Reaction of a transient CAAC-adduct of phenyl-
borylene with Cp*Al [Cp** n°-1,3,4-tri(tert-butyl)-cyclo-
pentadienyl] results in the formation of B-Al bond [2.069(2) A],
which is discussed as an example for a B-Al multiple bond.******
Although short Al-B bond lengths were observed in 13 and 14
[13: 2.052(2), 14: 2.1103(13) A], analyses of the electronic situ-
ations give no indications for a partial double bond character
between boron and aluminium. Furthermore, the Ge-B
distances show only a slight elongation in comparison to the
germaborene starting material.”® Cationization by halide
abstraction was not successful so far.

Conclusions

Unprecedented germaborenium cations featuring a Ge=B
double bond were isolated substituted by a ™°NHC or an

Chem. Sci., 2024, 15, 11358-11366 | 11363


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc03743j

Open Access Article. Published on 21 June 2024. Downloaded on 11/7/2025 6:00:44 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

adamantyl isonitrile ligand at the boron atom. In the *NHC
case, this cation was obtained directly by reacting bromo
substituted germaborene 1b with ¥*NHC. The formation of the
isonitrile substituted cation was realized in two steps: substi-
tution of the chloride atom of the B-Cl unit in germaborene 1a
against the adamantyl isonitrile going along with simultaneous
transfer of the chloride to the germanium atom followed by
chloride abstraction using Na[BAr;]. Due to the strong -
acceptor properties of carbon monoxide, the analogous CO-
substitution product at boron exhibits a B=C double bond
substituted by a germylium cation at the boron atom.

In reaction of the phenyl substituted germaborene 1c¢ with
selenium, a so far unknown GeBSe heterocycle was isolated.
Carbon dioxide reacts via a [2 + 2] cycloaddition reaction with
bromo germaborene 1b. Bond formation between the electro-
philic carbon atom and the nucleophilic boron atom gives
a four membered GeBCO heterocycle. First coordination
compounds with the Ge=B double bond were observed by
coordination of the metal fragments [Fe(CO),, CuBr, AuCl]. A
comparison of IR data of analogue Fe(CO), complexes with
boraalkene and olefin ligands allows a categorization of the
ligands, with the germaborene being the slightly better donor
ligand.

By insertion of a Cp*Al fragment into the B-Br bond of
germaborene an electropositive substituent was introduced to
germaborene chemistry giving the boron atom a putative
nucleophilic character, which is to be verified in further ger-
maborene chemistry studies.
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