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nar 1,2-dilithio-disilene and its
conversion to a Si–B hybrid 2p-electron system
and a planar tetraboryldisilene†

Miao Tian, Jianying Zhang, Lulu Guo and Chunming Cui *

Lithium reagents have long played important roles in synthetic chemistry. However, unsaturated

organosilicon lithium reagents are few in number. Herein, we describe the first isolation of a 1,2-

dilithiodisilene: [(boryl)SiLi]2 (2) was prepared in 73% yield by the reduction of (boryl)tribromosilane (1,

boryl ¼ (HCArN)2B, Ar ¼ 2,6-iPr2C6H3) with lithium in Et2O. The salt elimination reaction of 2 with

dihaloboranes RBX2 afforded disilaborirenes [(boryl)Si]2BR (3a–c), whereas the reaction with two

equivalents of B-bromocatecholborane ((cat)BBr) yielded the first tetraboryldisilene [(boryl)(cat)BSi]2 (4).

X-ray diffraction analysis and density functional theory calculations indicated that the disilene 2 and

tetraboryldisilene 4 feature an almost planar geometry and disilaborirenes 3a–c are aromatic with

a silicon–boron hybrid 2p-electron delocalized structure. The results indicate that 1,2-dilithiodisilene 2 is

a powerful synthetic reagent for the construction of novel silicon multiply bonded species with unique

electronic structures and that the boryl substituents have significant electronic effects on the structure

of silicon multiple bonding.
Introduction

There is great interest in the synthesis and reactivity of heavier
main group multiply bonded species due to their unusual
electronic structures and reaction patterns.1 A number of alkene
analogues of silicon kinetically stabilized by bulky alkyl, aryl
and silyl substituents have been isolated (A, Scheme 1).2 In light
of the diverse bonding modes in disilenes, the corresponding
anionic systems are expected to be useful as synthetic reagents
for novel disilenes that otherwise could not be obtained.3 In
addition, the anionic multiple bonding systems may exhibit
cooperative effects in the activation of small molecules.
However, anionic multiply bonded silicon species are much less
common because of their synthetic challenges and extremely
high reactivity. Nevertheless, several silicon analogues of vinyl
anions (B, Scheme 1) that have been reported and their
synthetic applications for new types of silicon species and
unique reaction patterns to small molecules have been dem-
onstrated.2a,b,3,4 It is envisioned that 1,2-alkali-metal-substituted
disilenes (C, Scheme 1) could be versatile reagents for access to
diverse silicon multiply bonded species and activation of inert
molecules.
emistry and College of Chemistry, Nankai
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1,2-Dialkali-metal substituted disilenes are also inherently
related to disilynes, the silicon analogues of alkynes, because
they could be viewed as doubly reduced disilynes. Disilynes
have been of considerable interest because of their funda-
mental importance. By the employment of very bulky terphenyl,
alkyl and silyl substituents, a few examples of disilynes have
been isolated.5 However, their doubly reduced species have not
been reported so far. It has been shown that the reduction of
a silyl-substituted disilyne yielded the corresponding radical
anion, and no further reduction products were disclosed.6 It is
noted that the doubly reduced alkyne analogues have been
isolated for germanium and tin by Power and Aldridge et al.7

However, to the best of our knowledge 1,2-alkali metal
substituted disilenes (disilyne dianions) are still elusive. Very
recently, our group reported the synthesis of a disilene and 1-
magnesium-2,3-disilacyclopropene stabilized by a bulky boryl
substituent.8 The strong s electronic effects of the boryl ligand
Scheme 1 Structural motifs of the reported disilenes (A), silicon
analogues of vinyl anions (B) and this work (C).
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Scheme 2 Synthesis of 2.

Fig. 1 OLEX2 drawing of 2 with 50% ellipsoid probability. Hydrogen
atoms have been omitted for clarity.

Fig. 2 The calculated frontier orbitals of 2.
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prompted us to investigate the synthetic probability of 1,2-
dialkali-metal substituted disilenes.

Herein, we report the rst synthesis of a dialkali metal-
substituted disilene, the dilithio-diboryl-disilene 2 (Scheme 2),
and its reactivity to haloboranes. Remarkably, in contrast to the
trans-bent geometry observed for most of the disilenes,
compound 2 adopts an almost planar geometry. Furthermore,
a novel 2p aromatic B–Si–Si three-membered ring system with
a 2e–3c bond and the rst tetraboryldisilene was obtained from
the reaction of 2 with haloboranes.

Results and discussion

The dilithiodisilene [(boryl)SiLi]2 (2) was prepared by the
reduction of 1 (ref. 7) with four equivalents of lithium powder in
diethyl ether and was isolated as a red powder in 73% yield
(Scheme 2). The structure of 2 has been characterized by
multinuclear NMR spectroscopy, UV-vis spectroscopy and X-ray
single-crystal analysis. The 29Si NMR spectrum of 2 in C6D6

shows a resonance at 297.0 ppm, which is down-eld shied in
comparison to that reported for 1-magnesium-2,3-
disilacyclopropene (204.1 ppm).8b The UV-vis spectrum of 2 in
toluene shows the longest wavelength absorption maximum at
450.0 nm, which is slightly red-shied compared with the
maximum reported for 1-magnesium-2,3-disilacyclopropene
(431.0 nm) (Fig. S2†).8b This value is very close to the value
calculated for the p–p* transition of 2 (508.9 nm; HOMO� 1/
LUMO + 4, f¼ 0.2785) (Fig. S3†). The dilithiodisilene 2 is slightly
soluble in n-hexane but is well dissolved in benzene and
toluene. It is noted that compound 2 is not stable in THF and
quickly decomposes into a complicated mixture.

Dark red crystals of 2 suitable for X-ray diffraction studies
were obtained from n-hexane at 0 �C. There are two indepen-
dent molecules in the unit cell, and each of them is crystallo-
graphically C2 symmetric. The geometries of the two molecules
are similar and thus only one is shown in Fig. 1. The structural
analysis of 2 indicated an almost planar Si–Si geometry as
indicated by the sum of the bond angles of 359.96� around the
Si1 and Si10 atoms and the six almost coplanar atoms B1, Li1,
Si1, Si10, Li0, B10 (the largest out-of-plane deviation ¼ 0.06 �A).
This is in contrast to the nonplanar, trans-bent geometry of the
majority of known disilenes. The planarity of 2 could be
attributed to the electronic effects of the electropositive boryl
and lithium substituents.9 The Si–Si bond length of 2.223(4)�A is
same as that reported for 1-magnesium-2,3-disilacyclopropene
(2.223(17) �A), while the Si–Li bond length of 2.482(12) �A is
14636 | Chem. Sci., 2021, 12, 14635–14640
remarkably shorter than those observed in contact ion pairs of
silenyl lithium species.4,10 The two ve-membered diazaborolyl
C2N2B planes are essentially coplanar with the BSiSi plane (the
dihedral angle ¼ 1.83�). These structural features indicate that
the dilithio-diboryldisilene 2 features an ethylene-like structure.

To get insight into the electronic structure and bonding
situations, density functional theory (DFT) calculations were
performed for 2 at the B3LYP/6-31G(d,p) level (Fig. S4†). The
calculated geometry is very close to that experimentally deter-
mined for 2. Natural bond orbital (NBO) analysis revealed
highly lled s (1.97e) and p (1.81e) bonds for the Si]Si double
bonds. The Wiberg bond index (WBI, Table S2†) of 1.77 for the
Si–Si bond is consistent with that for the double bond. Natural
population analysis (NPA) charges (Si: �0.58; Li: +0.79) of 2
indicate the pronounced anionic character of the silicon atoms.
The Si]Si p bond orbital, which is perpendicular to the B–Si–
Si–B plane, can be seen in the HOMO� 1 (Fig. 2). The HOMO of
2 is mainly composed of the silicon lone pair orbitals. The
LUMO + 4 consists predominantly of the Si–Si p* bond with
some contribution of the boron-centered p-orbitals.

Alkali metal-substituted disilenes may facilitate extensive
studies on their reactions with halogenated reagents for the
development of new reaction modes and access to novel
multiply bonded silicon compounds.2a,b,3,4 Reduction of appro-
priately disubstituted dihalosilanes (R1R2SiX2) is the most
general route to disilenes.2 However, in contrast to easy avail-
ability of alkyl, aryl and silyldihalosilanes, boryl-substituted
dihalosilanes could not be easily prepared because of the lack
of nucleophilic boron compounds. In view of the interesting
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Reactivity of 2.

Scheme 4 Comparison of the bonding and NICS values of dis-
ilaborirenes (3 and D) and borirenes (E).
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electronic effects of boryl substituents, we explored the reaction
of dilithiodisilene 2 with several types of haloboranes.

First, the reactions of 2 with dihaloboranes were explored
with the expectation to generate a Si–Si–B three-membered ring
system as it is isoelectronic with aromatic cyclopropenylium
ions ([C3R3]

+) and borirenes (R2C2BR). Thus, reactions of dili-
thiodisilene 2 with dihaloboranes RBX2 (R ¼ Ph2N, Mes, Tip; X
¼ Cl, Br; Mes ¼ 2,4,6-Me3C6H2; Tip ¼ 2,4,6-iPr3C6H2) have been
conducted. Treatment of 2 with the haloboranes in benzene at
room temperature afforded an orange yellow solution, from
which disilaborirenes 3a–c could be obtained as light orange
solids in 53%, 86% and 68% yields, respectively (Scheme 3). X-
ray single-crystal analysis revealed that compounds 3a–c feature
a planar B–Si–Si three-membered ring with both silicon and
boron atoms being three-coordinate. The 29Si NMR spectra of
compounds 3a–c exhibit a singlet signal at 112.2, 142.0 and
141.1 ppm, respectively. In the 11B NMR spectra of 3a–c, two
broad signals are observed (d 24.2 and 50.1 ppm for 3a, d 23.5
and 72.9 ppm for 3b, and d 23.4 and 73.3 ppm for 3c). The UV-vis
spectra of compounds 3a–c in toluene show the longest wave-
length absorption maximum at 380.0, 364.5 and 370.0 nm,
respectively (Fig. S5†). The NMR and UV-vis data indicate that
the amino substituent Ph2N on the boron atom in 3a has
pronounced effects on the electronic structure of the B–Si–Si
Fig. 3 OLEX2 drawing of 3a and 3c with 50% ellipsoid probability.
Hydrogen atoms have been omitted for clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
three-membered ring because of the p-interactions of the
amino group with the boron atom.

Orange yellow crystals of 3a–c suitable for X-ray diffraction
studies were obtained from n-pentane at�20 �C. The molecular
structural analysis of 3a and 3c shown in Fig. 3 (for 3a–c, see
Fig. S6–S8†) conrmed the B–Si–Si three-membered ring
system. The Si–Si bond lengths of 2.1469(11), 2.133(2) and
2.1452(6) �A in 3a–c are in the range of that of a Si–Si double
bond (2.12–2.25 �A)1e and slightly shorter than that determined
for a cyclotrisilenylium cation (av. 2.217(3) �A).11 The B–Si bond
lengths in the 3a–c BSi2 cycles ranging from 1.911(7) �A to
1.952(3)�A are close to those of 1.9190 and 1.9186(13)�A reported
for L2Si2BR (D, Scheme 4) featuring the four-coordinate silicon
atoms.12 The sums of the bond angles around Si1 and Si2 in 3a–
c are close to 360�, indicating that the geometries of each silicon
atom are essentially planar. A comparison of the B–Si bonds and
internal angles of the Si2B ring in 3a–c reveals that the amino
substituent Ph2N in 3a engages in a relatively weak p-interac-
tion with the empty p orbital of the boron atom.

As borirenes are aromatic systems, we are interested in the
aromaticity of the silicon analogues 3a–c for comparison.13

Thus, DFT calculations were carried out for amino-substituted
3a and the phenyl-substituted 3c at the B3LYP/6-31G(d,p)
level. The optimized structures (Fig. S9 and S10†) are well
correlated with the experimentally determined ones. The WBI
values (1.25 and 1.28 for 3a and 3c) of the ring B–Si bonds
indicate the partial double-bonds caused by 3c–2e bonding of
the BSi2 unit in 3a (1.96e) and 3c (1.95e), as shown by NBO
analysis (Tables S3–S6†). The calculated frontier orbitals for 3a
Fig. 4 Frontier orbitals of 3a (left) and 3c (right).

Chem. Sci., 2021, 12, 14635–14640 | 14637
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and 3c are shown in Fig. 4. The HOMO of 3a consists of the Si]
Si p bonding and antiphase nitrogen lone pair, while the
HOMO � 1 of 3c mainly corresponds to the delocalized Si2B p

orbital (Fig. 4).
To determine the p aromaticity of disilaborirenes 3a and 3c,

the nucleus independent chemical shi (NICSzz(1)) values were
calculated. The NICS values of �8.1 and �13.1 ppm calculated
for 3a and 3c indicate the aromaticity, but it is weaker than that
(�19.8 ppm) reported for borirene E (Scheme 4).13 Although the
aromaticity of 3a with R ¼ Ph2N is similar to that reported for D
(Scheme 4, Tip ¼ 2,4,6-iPr3C6H2),12 that of 3c is much stronger
than that ofD. It is apparent that the degree of the p aromaticity
of 3c with R¼ Tip is much greater than that of 3a with R¼ Ph2N
because of the electron delocalization in the B–N bond in 3a.
The aromaticity of 3a and 3c could be interpreted as the
extensive 2p electron delocalization over the three-center
bonding molecular orbitals from the p orbitals of B and Si
atoms (Scheme 4). The bonding situation in the Si2B cycle is
analogous to that of borirenes but distinct from that of D with
four-coordinate Si atoms, in which the delocalized structure was
formed by the s*MOs of p-symmetry with the boron p orbital.12

Reaction of dilithiodisilene 2 with two equivalents of B-bro-
mocatecholborane (cat)BBr resulted in the formation of the rst
tetraboryldisilene 4 (Scheme 3). Although a great number of
disilenes have been synthesized, disilenes substituted by group
13 and 15 elements are still limited because of the lack of
appropriate synthetic precursors.2b,3c,g,m,n,14 As the structure of
a disilene is largely dependent on the substituents, the
synthesis of boryl-substituents is of current interest. Tetrabor-
yldisilene 4was fully characterized by NMR spectroscopy, UV-vis
spectroscopy and X-ray single-crystal analysis. The 29Si NMR
spectrum shows a singlet at 105.6 ppm, which resides at
a higher eld in comparison to that of diboryldisilene (200.0
ppm). Consistent with the molecular structure of 4, the 11B
NMR spectrum exhibits two broad signals at d 26.2 and
37.3 ppm. The UV-vis spectra of 4 in toluene show the longest
wavelength absorptionmaximum at 445.0 nm (Fig. S11†), which
is same as the value calculated for the p–p* transition of 4
(445.0 nm; HOMO / LUMO, f ¼ 0.4433) (Fig. S12†).

Yellow crystals of 4 suitable for X-ray diffraction studies were
obtained from n-hexane at�20 �C. Analysis of the structure of 4
Fig. 5 OLEX2 drawing of 4 with 50% ellipsoid probability. Hydrogen
atoms have been omitted for clarity.

14638 | Chem. Sci., 2021, 12, 14635–14640
(Fig. 5 and S13†) revealed that the Si]Si bond adopts an
essentially planar geometry with a twist angle of 0� as well as
a trans-bent angle of 1.86�, indicating the pronounced elec-
tronic effects (s-donor) of the boryl substituents on the Si]Si
bond. The diazaborolyl C2N2B planes are almost orthogonal to
the B–Si–Si planes with a dihedral angle of 86.58�. The struc-
tural features of 4were also examined by DFT calculations at the
B3LYP/6-31G(d,p) level. The HOMO and LUMO are mainly Si]
Si p and p* orbitals (Fig. S15†). On the basis of the results,
compound 4 represents a planar disilene featuring the smallest
trans-bent geometry and zero twist angle.15

Conclusions

In summary, dilithiodisilene 2 was prepared by the reduction of
(boryl)SiBr3 with lithium in Et2O. Dilithiodisilene 2 represents
one of the rare examples of ethylene-like disilenes. It turned out
to be a valuable reagent for the construction of novel silicon
multiply-bonded species as demonstrated by the rst synthesis
of a 3c-2p aromatic system 3a–c and a fully boryl-substituted
disilene 4. The unique electronic effects of the boryl group
allowed facile access to the dianonic species 2. DFT calculations
predicted that the aromaticity of disilaborirenes 3a–c stems
from the delocalization of the 2p electrons over the three-center
bonding molecular orbital from the B and Si p atomic orbitals.
Exploration of more challenging synthetic targets from dili-
thiodisilene 2 is currently underway in our laboratory.

Data availability

All experimental procedures, spectroscopic data, results of the
DFT calculations and crystallographic data can be found in the
ESI.†
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