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Reactions of boradigermaallyl, which can also be regarded as a
chloroborylene stabilzed by two germylene donors, with thiophene,
furan, pyridazine and 2,2’-bipyridine are presented. Insertion of the
boron atom into the heterocycles is observed and the resulting
heterocycles continue to react with the bis(germylene) molecule.

The chemistry of low valent boron compounds is in the case of
free borylenes dominated by matrix experiments and high
temperature gas-phase synthesis.' ® Preparative studies of borylene
chemistry are concerned with trapping experiments with particular
interest currently focused on Lewis base adducts of borylenes
(examples of Lewis bases: CAAC,” CO," isonitriles,"* oxazol-2-
ylidene,"" silylenes'>"?).>*'*2° Furthermore, borylene transition
metal complexes have also been studied extensively and display a
unique reactivity.>’>* We are interested in low valent tetrylene
chemistry and have prepared intramolecular tetrylene phosphine
Lewis pairs and bis(tetrylenes) of germanium and tin.>*® Stabili-
zation of low valent boron in these chelating vicinities leads to
phosphine stabilized germa- and stannaborenes and boradiger-
maallyl 1 (Scheme 1).>*7° Chloro substituted boradigermaallyl,
which can also be regarded as chloroborylene stabilized by two
germylene donors, is a highly reactive molecule and shows at room
temperature an insertion reaction with benzene. In this publica-
tion we present the reactions of boradigermaallyl with the organic
heterocycles thiophene, furan, pyridazine and 2,2’-bipyridine.
Boron insertion into thiophenes was observed by photoini-
tiated transformation of a N,C-chelated boron compound bearing
at boron a benzothienyl substituent in 2-position A to yield a
1,2-benzothiaborinine B derivative (Chart 1).** 2H-1,2-Thiaborinine
D has been synthesized by Ashe III and co-workers using a
carbenoid ring expansion of 2,5-dihydro-1,2-thiaborole C.*?
Sulphur insertion into boroles was employed by Martin et al.
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for pentaphenylborole E in reaction with sulphur at 65 °C.****

In the case of 9-borafluorene G derivatives Finze, Braunschweig
and co-workers incorporated sulphur under UV light irradiation.*®
Low valent boron chemistry has not yet been employed for
insertion reactions of thiophene. However, Crimmin et al. studied
the reaction of a low valent aluminium(i) complex [{HC(CMeN-
Dipp),}Al] (Dipp = 2,6-di-isopropylphenyl) with thiophenes.***” At
60 °C formation of a mixture of ring-expansion products, insertion
of one and two aluminium fragments, and desulphurisation was
observed.*®

Boradigermaallyl 1 was treated with 1.2 equiv. of thiophene
in pentane and shows an immediate reaction, which is docu-
mented by a spontaneous colour change from turquoise to
almost colorless (Scheme 1). The solution was stirred for
another four days at 40 °C to ensure complete conversion.
The reaction product 2 was isolated at —38 °C as a colorless
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Scheme 1 Boradigermaallyl 1 in reactions with heterocycles thiophene,
furan, pyridazine, and 2,2'-bipyridine.
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Chart 1 Syntheses of 1,2-thiaborinine derivatives and splitting of NN-
double bonds by electrophilic boron compounds.

solid in a yield of 70%. The molecular structure (Fig. 1, left top)
features the insertion of the boron atom into a C-S bond of the
thiophene ring. The Cl-Ge-B unit could be the product of an
oxidative addition of the B-Cl moiety at a germylene. Finally,
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Fig. 1 ORTEPs of the molecular structures of 2, 3, 4 and 5. Ellipsoids set at
50% probability. Selected interatomic distances (A) and angles (°). Trip units
and hydrogen atoms of the substituents have been omitted. 2. Gel-B
2.060(3), B-S 1.778(3), B-C1 1572(3), Ge2-C1 2.015(2), Ge2-C4 2.028(2),

Gel-Cl 21896(6), S-C4 1857(2), C4-C3 1.498(3), C3-C2 1338(3),
C1-C2 1512(3), S-B-Gel 123.8(1), S-B-C1 114.0(2), C1-B-Ge 121.1(2); 3:
B-O1 1332(2), B-Cl 17986(19), B-Cl 1567(2), C1-C2 1505(2

C2-C3 1.339(3), C3-C4 1.509(2), C4-Gel 1.9780(16), C4-Ge2 2.0251(16
C1-Ge2 1.9994 (16), Gel-O 1.8218(12), C1-B-Cl 118.0(1), O1-B-Cl 116.1(1]
O1-B-C1 1258(2); 4: B-NI1 1424(3), B-N2 1434(3), B-N3 1443(3
N3-N4 1.368(2), N1-Gel 1.8527(17), N2—-Ge2 1.8715(18), Gel-Cl 2.2436(6

),
),
),
3.
(6),
C2-C3 1457(3),
Q).

(

Ge2-C5 1991(2), N1-Cl1 1427(3), Cl1-C2 1.329(3), 3
C3-C4 1331(3), N2-C4 1421(3), N3-C5 1488(3), C5-C6 1492(3
C6-C7 1.328(3), C7-C8 1.447(3), N4-C8 1.293(3), N1-B-N2 128.0(2),

N1-B-N3 117.26(19), N2-B-N3 114.5(2), C5-N3-N4 123.6(2), B-N3-N4
113.7(2), B-N3-C5 119.3(2), B-N1-C1 118.7(2), B-N1-Ge 118.6(1), Gel-N1-
C1122.5(1), C4-N2-Ge2 118.6(1), B-N2-Ge2 108.2(1), C4-N2-B 119.4(2); 5:
B-N1 1402(3), N1-C5 1437(3), C4-C5 1496(3), C3-C4 1.520(3),
C2-C3 1330(3), C1-C2 1521(3), C1-B 1558(3), N1-Gel 1.8455(16),
Gel-N2 1.8721(18), N2-C6 1.429(3), C5-C6 1.361(3), C6-C7 1.448(3),
C7-C8 1349(3), C8-C9 1444(4), C9-C10 1343(4), N2-C10 1.373(3),
Ge2-C1 19902(19), Ge2-C4 2.0064(19), B-Cl 1.804(2), NI1-Gel-N2
88.5(1), CI-B-N1116.2(2), CI-B-C1 120.9(2), C1-B-N1 122.9(2).
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the other germylene unit exhibits a connectivity to the six mem-
bered SBC, ring, which could be the result of a (1+4) cycloaddition
between germylene and diene moiety of the thiaborinine cycle.
The B NMR signal of 2 was observed as a very broad signal at
83 ppm and can be compared with the signal for the 1,2-thiaborinine
F at 50.8 ppm.* Because of the missing electronic delocalization of
a boron neighboring double bond like in F the "'B NMR signal of 2
was observed at much higher frequency. The B-S bond length of
1.778(3) A can be compared with B-S distances observed in H
[1.775(7)-1.796(7) A], F [1.7934(17) A], and Mes,BSMe [1.787(6) A]
which exhibit partial B-S double bond character.***>*® The found
B-Gel distance of 2.060(3) A is similar to a single bond between
these elements.”® The homologous furan was also treated with
boradigermaallyl (Scheme 1). In the product compound 3 a BCl
unit is inserted into a C-O bond of the furan ring and furthermore
a germylene exhibits an oxidative addition with the C-O moiety of
the oxaborinine to give a seven membered oxagermaborepin ring
compound. Finally, a (1+4) cycloaddition of the diene unit with
another germylene was observed (Fig. 1). 1,2-Oxaborinines have
been synthesized by ring closure treating 2-methoxy-3,3'-
bithiophene with BCl;, the carbenoid ring-expansion route starting
with 1,2-oxaborol and oxygen insertion into boroles.**™*' To date
oxaborepins have been synthesized via insertion of a CO unit of
aldehydes, ketones or ketenes into boroles and boriranes.****™** In
3 a B-O bond length of 1.332(2) A was found which is slightly
shorter than B-O distances observed in oxaborinines [B-O
1.384(6), 1.380(2) Al.**** The Ge-O bond in 3 [1.8218(12) A] is
comparable with a Ge-O single bond.*°

Reactions of 1,2-diazenes such as pyridazine and benzo[c]cinno-
line with Lewis acidic diborane(4) compounds, o-phenylbisborate
and 9,10-dihydro-9,10-diboraanthracene lead to the formation of
cyclic BN adducts.””! Yamashita, Lin and co-workers explored the
reactivity of tetra(o-tolyl)diborane(4) (Chart 1, I) and reported adduct
formation with pyridazine and a N=—N-splitting reaction towards
phthalazine to give 1,2-bis(borylimidoyl)benzene (J).>* Splitting of a
N—N-bond and insertion of a boron atom was presented by Martin
and co-worker treating pentaphenylborole E with azobenzene deri-
vatives under photolytic conditions to give a BN,C, seven membered
boracycle K.>> In the case of the benzo[c]cinnoline reaction with
pentaphenylborole insertion of a PhB unit into the N-N bond was
observed to give a bicyclic molecule with a 1,3,2-diazaborepin
moiety.”> Boradigermaallyl was treated with three equivalents of
pyridazine in cyclohexane at room temperature. The color of the
solution changed after addition of pyridazine from turquoise to
orange-red in a period of 15 minutes. To complete the conversion
the solution has been stirred for another three days to yield a
microcrystalline yellow-orange solid of 4 (Scheme 1). Crystals
suitable for X-ray diffraction were obtained from toluene (Fig. 1).

Due to strong broadening, an "'B NMR signal for 4 could not
be observed in the ''B NMR spectrum. The NMR signals for the
CH unit of C5 (Fig. 1) were observed in the 'H and *C{*"H} NMR
spectra at 4.23-4.27 and 47.3 ppm, indicating an increase of the
coordination number. The boron atom in 4 is trigonal planar
coordinated by three nitrogen atoms (N1-N3), showing a slight
pyramidalization (>_angles N1:359.8, N2:346.2, N3:356.6°), and
the BN-distances [1.424(3), 1.434(3), 1.443(3) A] are comparable
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with BN; motifs, which exhibit delocalization of the electron
pairs at nitrogen into the empty p-orbital at the boron atom.>*
The found Ge-N bond lengths [1.8527(17), 1.8715(18) A] are
similar to single bonds between these elements.’” The structure
of the 1,3,2-diazaborepin moiety in 4 can be compared with the
diazaborepin structures published by Martin et al.>> Interestingly,
Martin did not observe an NN bond cleavage in the reaction of
unsubstituted pyridazine with pentaphenylborol, even at elevated
temperatures. In a presumed mechanistic sequence for the
formation of 4 (see ESIf) an adduct between the pyridazine
nitrogen atoms and the germanium atoms could be the first
step. Due to Ge-N adduct formation the borylene electron pair
should be localized to a higher degree at the boron atom
resulting in an increase of reactivity at boron and formation of a
diazaboriridine.>® The chloride atom at the boron atom is sub-
stituted by a second equivalent of pyridazine followed by chloride
germanium bond formation. The N-N bond opens, and the other
germanium atom reacts as a nucleophile with the carbon atom of
the coordinated, neighbouring pyridazine to form a Ge-C bond.
2,2/-Bipyridine shows a redox reaction with low valent boron
compounds like borylene transition metal complexes and abstracts
an RB unit under formation of BN bonds.> To abstract the BCl unit
from boradigermaallyl 1 the reaction with 2,2’-bipyridine was
investigated. After 2 days stirring at room temperature and
filtration red to purple-coloured crystals were obtained from
hexane (Scheme 1). In contrast to the borylene abstraction from
metal borylene complexes we observed in reaction of the allyl-
compound 1 with 2,2’-bipyridine an insertion of the BCI unit
into a C-N bond and a hitherto unknown redox reaction of the
bipyridine with a diarylgermylene moiety. Interestingly, the
bis(germylene), boradigermaallyl 1 without BCl unit, does not
react with 2,2’-bipy. The bipyridine is reduced to the dianion
and exhibits two Ge-N bonds [1.8455(16), 1.8721(18) A] with
distances lying in the range of anionic amide coordination at
germanium.’”*® Longer Ge-N bond lengths were observed for
bipyridine coordination at GeCl, [2.0738(16), 2.0637(15) A].**
The bond length between the two carbon atoms C5-C6, con-
necting the two pyridine units, of 1.361(3) A in 5 is shorter than
the corresponding C-C bond in [bipyGeCl,] [1.474(3) A] and
comparable with the reduced bipy in DurB(bipy) [1.387(3) A]
(Dur = 2,3,5,6-tetramethylphenyl).>>*' The B-N interatomic dis-
tance of 1.402(3) A in 5 is comparable with compounds exhibit-
ing BN moieties conjugated with unsaturated organic units.®>
The "H NMR signals of the six membered CsN cycle were found
in the range of 4.29-5.59 ppm, and are thus at considerably
lower frequencies than those observed for the "H NMR signals
of [bipyGeCl,] (7.51-8.84 ppm).®! The signal in the ''B NMR for
compound 5 was found at 40.9 ppm and is similar to the
resonance observed for PhBCI[N(H)Dipp] at 40 ppm.**

In conclusion, as a highly reactive compound boradiger-
maallyl shows insertion reactions with thiophene, furan, pyr-
idazine and 2,2'-bipyridine. The low valent germylene units
participate in the reactions, leading to the formation of pro-
ducts of an oxidative addition of a BCl and B-O unit, as well as a
(1+4) cycloaddition with an organic diene. Pyridazine adds a
boron atom between the two nitrogen atoms to yield a seven

4846 | Chem. Commun., 2025, 61, 4844-4847

View Article Online

Communication

membered ring compound. 2,2’-Bipyridine does not abstract a
BCl unit into the NN-pocket. Instead bipy inserts a BCI unit into
a CN-bond and furthermore shows a previously unknown redox
reaction with a diarylgermylene to give a Ge(iv)diamide and a
reduced bipy derivative. With this exciting reactivity study of
boradigermaallyl towards heterocycles we are looking forward
to experiments with further groups of compounds.
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