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Unexpected Formation of the Highly Symmetric Borate Ion
[B(SiCl3)4]
Sebastian Bochmann,[a] Uwe Böhme,*[b] Erica Brendler,*[c] Mike Friebel,[b] Maik Gerwig,[b]
Franziska Gründler,[b] Betty Günther,[b] Edwin Kroke,[b] Robert Lehnert,[a] and Lars Ruppel[a]
Disproportionation reactions of chlorosilane compounds in the
presence of boron trichloride yield the compound H[B(SiCl3)4].
Spectroscopic analyses of the yellow-whitish solid with IR-,
Raman-, and NMR-spectroscopy (29Si, 11B) show the presence of
a highly symmetric anion containing boron, which is fourfold
coordinated with silicon. Due to the high symmetry 1J(11B,29Si)
and even 1J (10B, 29Si) couplings can be observed in the NMR
spectra of the dissolved compound. The crystal structure
analysis with a crystal obtained from toluene solution proves
the existence of a highly symmetric borate anion, which is

stabilized by four trichlorosilyl groups. The molecular structure
consists of a para-protonated toluene cation and the weakly
coordinating borate anion [B(SiCl3)4] . Quantum chemical analysis of the tetrakis(trichlorosilyl)borate ion shows a negatively
charged boron atom and the presence of polar Si Cl and Si B
bonds. Highly reactive compounds [E(SiCl3)n] which are stabilized solely by trichlorosilyl groups have been prepared with
E=C, Si, Ge, P, S in recent years. The superacid H[B(SiCl3)4]
represents a new member in this elusive compound family.

Introduction

contaminations by dopants (esp. boron or phosphorous compounds). Due to its naturally high reactivity, boron compounds
(like e. g. BCl3) are likely to interact with the various chlorosilanes present in the corresponding liquid and gaseous mixtures.
In order to gain knowledge about e. g. reactivity, reaction
conditions as well as nature of formed compounds, controlled
laboratory experiments with defined educts and reaction
conditions were done. The experiments resulted in the
formation of a yellow-whitish solid which was characterized by
various analytical methods. This revealed a surprisingly symmetrical structure of a tetracoordinated trichlorosilylated borate
ion.
Trichlorosilyl substituted anions of main group elements
have been recently shifted into the focus of research. The
following anions have been characterized since 2015:
[C(SiCl3)3] ,[13,14,15] [Si(SiCl3)3] ,[16,17] [Ge(SiCl3)3] ,[16] [P(SiCl3)2] ,[18,19]
and [S(SiCl3)] .[19] Especially [P(SiCl3)2] received considerable
attention as synthon for the generation of phosphorus chemicals, that had previously only been available from white
phosphorus (P4).[20] Neutral molecules like [C(SiCl3)4],[21,22,23,24,25,26]
[E(SiCl3)4] (E=Si, Ge),[27,28,29,30] and [N(SiCl3)3][31,32,33] have been
prepared earlier.
Herein, we describe the synthesis and characterization of
the unusual boron containing trichlorsilyl-substituted main
group element compound H[B(SiCl3)4] (1).

Solar technology and semiconductor electronics are areas in
which polysilicon plays a vital role. There is an ever-growing
worldwide demand for polysilicon. Boron is one of the key
dopants defining the electronic properties of solar grade silicon
for solar cell production.[1,2] Immense effort is put into the
removal of boron impurities during the production of metallurgical grade and solar grade silicon.[3,4,5,6,7,8,9] Very few is known
about the nature of boron compounds, which might be
associated with industrial processes based on metallurgical
grade silicon like the Siemens-Process or Müller-RochowSynthesis.[10] In one case an unknown boron containing
compound has been reported in the boron quantification of
acid digests of metallurgical grade silicon by inductively
coupled plasma – optical emission spectroscopy.[11]
Hence, in industrial processes for purification of
chlorosilanes,[12] one of the key challenges is to remove
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Results and Discussion
Synthesis
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Various combinations of chlorosilanes (chlorinated mono- or
disilanes such as HSiCl3 and H2SiCl2 or Si2Cl6 and HSi2Cl5) were
reacted with boron trichloride in sealed ampoules in order to
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Table 1. Representative experiments (a–d at 80 °C, e at 100 °C) for 24 h in sealed ampoules.

a
b
c
d
e

Components

Ratio of components

Results based on NMR data

BCl3/HSiCl3
BCl3/H2SiCl2/HSiCl3
BCl3/Si2Cl6
BCl3/HSi2Cl5/Si2Cl6
BCl3/HSi2Cl5

1/6
from 1/4/4 to 1/8/8
1/6
from 1/6/18 to 1/10/30
1/6

only educts
several new signals indicating a product mixture, no formation of 1
only educts
formation of the yellow-whitish solid 1
formation of the yellow-whitish solid 1

The best yields were obtained with the following procedure
(e in Table 1, see also Experimental Section): BCl3 was mixed in
larger scale with 6 eq. of pure HSi2Cl5 in an ampoule and heated
to 100 °C for 24 h. During that time the solution turns orange
and a yellow-whitish precipitate was formed. After opening the
ampoule, the precipitate was filtered off, dissolved in CD3CN
and investigated with NMR spectroscopy. Because of the low
sensitivity and low relaxation rates of the 29Si-nucleus it was
necessary to use a relaxation reagent to obtain signals. Therefore, a 0.1 M solution of chromium(III)-acetylacetonate in CD3CN
was used. The NMR data are in agreement with those of
H[B(SiCl3)4] (1) in CD3CN. The yield is 27 % (1.1 g) based on the
BCl3 used.
Compound 1 is a yellow-whitish powder. The substance can
be stored under inert atmosphere and is soluble in acetonitrile,
toluene, chloroform, methanol and ethanol. An evolution of
hydrogen chloride is observed, when the substance is dissolved
in alcohol. Elemental analysis shows the presence of chlorine,
boron and silicon (for details see next section).

learn more about the interactions between chlorosilanes and
boron compounds.
Caution: Regarding the partially (very) low boiling points of
BCl3 (b.p. = 12.6 °C), H2SiCl2 (b.p. = 8.4 °C), HSiCl3 (b.p. = 31.8 °C),
the high pressure generated in the sealed ampoules, the
possible reaction products, and especially the high reactivity of
chlorosilane compounds against oxygen and moisture, it must
be pointed out that all reported experiments are very dangerous.
Boron trichloride was mixed with either a single chlorosilane
compound or a mixture of them. Extensive experiments with
different mixtures of halogenated monosilanes and disilanes
were performed.[34,35] Representative experiments are listed in
Table 1. For all reactions BCl3 was carefully condensed in
Schlenk ampoules (Figure S9 in Supporting Information) and
mixed with an excess of at least 3 eq. of the chlorosilane
compound(s). The ampoules were sealed under vacuum and
the mixtures were heated up to 80 °C for 24 h. After that time
the ampoules were first cooled to room temperature and then
further cooled with liquid nitrogen, to prevent them from
exploding during the opening procedure. Especially with BCl3
and H2SiCl2 a high pressure had built up in the ampoule. In
addition, some of the gaseous components in the ampoules are
pyrophoric. The reaction mixtures were carefully transferred
into cooled Schlenk flasks and samples therefrom were
measured with 29Si and 11B NMR spectroscopy.
Only the educts were detected in the reaction mixtures a
and c (Table 1). Mixtures of boron trichloride with pure
dichlorosilane lead always to explosion of the ampoules under
the experimental conditions. In order to decrease the safety risk
H2SiCl2 was mixed with HSiCl3 as a solvent for experiment b.
The 29Si NMR spectra of the resulting reaction solutions of
experiments b showed signals of the educts (HSiCl3/H2SiCl2) and
furthermore indicated the formation of H3SiCl, SiH4 and
H3Si SiCl3 in small quantities. In the 11B NMR spectrum, on the
other hand, eleven signals were observed, while the most
intense one occurred at 12.16 ppm. The only assignable signal
was that of HBCl2 ( 6.71 ppm in 11B NMR).[35] Due to the lack of
references on that topic, further assignment could not be
performed. The reaction of BCl3 with a mixture of HSi2Cl5 and
Si2Cl6 (experiment d) resulted in the formation of a yellowwhitish precipitate, which was identified as 1 by 11B and
29
Si NMR spectroscopy. The signal of BCl3 in the 11B NMR
spectrum of the mother liquor had vanished and the intensity
of the HSi2Cl5 related signals in the 29Si NMR spectra decreased.
Furthermore, signals indicating the formation of HSiCl3 and
small amounts of SiCl4 were detected next to some yet
unknown substances in the reaction liquid.
Eur. J. Inorg. Chem. 2021, 1 – 13
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Elemental analysis
The results of the elemental analyses were compared to the
theoretical (calculated) element composition (Table 2). Due to
its low concentration, the quantitative determination of hydrogen was not possible. The experimental element composition
agrees very well with the theoretical data. Nevertheless, it is not
possible to deduce whether the compound is present as pure
acid H[B(SiCl3)4] (1) or as hydrochloride H[B(SiCl3)4] · HCl. While
the boron content indicates the hydrochloride form, silicon and
chlorine contents rather suggest the pure acid. The deviations
of the experimental results from the calculations are very likely
to result from impurities which are expected to be remained in
the samples.
It is known that Si(SiCl3)4 forms co-crystals with SiCl4.[36,37] In
a similar way one could assume a co-crystallization of
H[B(SiCl3)4] with SiCl4 or HSiCl3. Calculation of elemental

Table 2. Data of elemental analyses of the yellow-whitish powder in
weight % compared to the calculated element composition for the pure
compound as well as the hydrochloride.
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Element

Found

Calculated for
H[B(SiCl3)4]

Calc. for
H[B(SiCl3)4] · HCl

B
Si
Cl
H

1.8
21.8
76.4
Not analyzed

1.97
20.44
77.41
0.18

1.84
19.17
78.64
0.34
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patterns to one boron atom giving a quartet for coupling to 11B
(I = 3/2) and a septet to 10B (I = 3) (for details see SI, Figure S1a).
The 1J(29Si, 11B) coupling can also be found in the 11B NMR
spectrum of the same sample (SI, Figure S1b). Not only the
narrow 11B NMR signal with a chemical shift of 30.4 ppm
indicates a highly symmetric boron environment, but also the
intensity of the 29Si 11B-satellites shows that it is surrounded by
four silicon atoms. Similar chemical shifts have been reported
by Kirk et al. for perhalogenated silicon-boron analogues of
borane.[38] As a result of the spectral information and the
elemental analysis a composition of H[B(SiCl3)4] (1) can be
concluded for the compound.
The solutions can be kept stable for several days but show
an alcoholysis reaction of first the Si Cl and then the B Si
bonds (probably induced by H2O traces in the solvent), giving
partly reacted compounds with preserved B Si bonds (Figure S2 and Table S2 and Table S3) and finally the corresponding
tetraalkoxysilane
(tetraethoxysilane,
δ29Si = 81.8 ppm;
tetramethoxysilane, δ29Si = 78.6 ppm) and condensation products derived therefrom as well as boric acid ester (B(OMe)3:
δ11B = 18.8 ppm; B(OEt)3:δ11B = 18.8 ppm).[39,40] No 1H NMR signal
originating from the compound could be found in the solution
1
H NMR spectra.
NMR data for the dissolution in CDCN3 are similar and can
be found in the Supporting Information (Table S1).

composition of such co-crystals shows that the calculated
values drift further away from the experimentally found
composition (chlorine content gets too high, boron content too
low). Furthermore, no additional NMR signals indicating the
presence of SiCl4 or HSiCl3 were found in the NMR spectra of
the yellow-whitish solid 1 (see below).

Mass Spectrometry
Ionization of 1 was performed by electrospray ionization (ESI)
and matrix-assisted laser desorption/ionization (MALDI). By
mass spectroscopy the proposed structure was confirmed as
the m/z value agrees with HBSi4Cl12 (1). In addition, some
calculated isotope patterns fit the experimental data exactly.
Both methods show that the highest-mass multiplet can be
assigned to the molecule ion [M H] of 1. A corresponding
radical ion can be excluded. Next to the mentioned multiplet
five more peak multiplets can be observed, which are partly
identified. In the range of m/z = 409.6–417.6 the radical anion
of BSi3Cl9 is found, whereas the range of 444.6–452.6 can be
assigned to the fragment of BSi3Cl10 as radical anion.

NMR spectroscopy
Solution state NMR investigations

Solid state NMR studies
For NMR investigations the substance was dissolved in ethanol,
methanol and acetonitrile-d3. The 29Si NMR spectrum in ethanol
is shown in Figure 1. The chemical shift of about 22 ppm,
slightly depending on solvent and concentration, is typical for
SiCl3-groups. The 29Si NMR signal shows characteristic coupling

The 29Si SP (single pulse) MAS NMR spectrum shows surprisingly
two signals at δ29Si = 42.2 and 13.2 ppm in intensity ratio 1 : 1
(Figure 2a). Broad lines are typical for SiCl3-groups due to
residual dipolar couplings of the quadrupolar chlorine isotopes

Figure 1. 29Si IGATED NMR spectrum of H[B(SiCl3)4] 2 h after dissolution in ethanol. The quartet results from the 29Si 11B coupling while the minor septet (*)
indicates the coupling of the 29Si nucleus with 10B. The additional small intensity quartet arises from the first alcoholysis product (see Figure S2 and Table S3 in
Supporting Information).
Eur. J. Inorg. Chem. 2021, 1 – 13
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Figure 2. SP MAS NMR spectra of H[B(SiCl3)4] a) 29Si at νrot = 10 kHz b) 11B at νrot = 14 kHz.

to silicon.[41,42,43] The 11B SP MAS spectrum gives a main signal at
28.2 ppm and a minor upfield signal which may indicate first
hydrolysis products due to rotor packing (Figure 2b). The signal
is, as already observed in the solution, extraordinary narrow,
confirming again a highly symmetric boron environment (CQ =
330 kHz with η = 1, see Figure S3). An experiment repetition
time of 300 s, which is very unusual for a quadrupolar nucleus,
had to be followed and is supporting this conclusion.
The 1H NMR spectrum shows a signal at 6.4 ppm with again
a noticeable long relaxation time in the order of at least 60 s
(Figure S4). Due to the presence of hydrogen in the sample the
recording of a 1H 29Si CP MAS NMR spectrum was attempted
but did not give signals. This is probably due to the long T1
relaxation times of 1H and can give evidence that the hydrogen
is not situated close to or bond to silicon. The latter is
supported by the fact that there was no difference between 29Si
SP MAS spectra with and without 1H decoupling. Nevertheless,
we suggest an interaction of the proton with two of the SiCl3groups giving rise to the two different chemical shifts in the
29
Si NMR spectra in the above described intensity ratio
(Scheme 1).

The 29Si NMR signals show different chemical shift anisotropy (CSA), see Table 3. Due to the structure of the SiCl3 group an
axial CSA tensor is expected (skew = � 1) which holds for the
signal at 13.2 ppm. The signal at 42.2 ppm shows a nonaxial
tensor and an unusual large span for a fourfold coordinated
silicon indicating a distortion of the symmetry around the
silicon.[41] This finding also supports the proposed solid state
structure shown in Scheme 1.

IR and Raman spectra
IR spectra were recorded in a KBr matrix. Several sharp bands
are found in the fingerprint region. The peaks at 456 cm 1 and
552 cm 1 can be assigned to skeletal vibrations. At 778 cm 1
asymmetrical stretching vibration of the Si B bond was
identified.
Similar observations were made by Raman spectroscopy.
Several sharp peaks below 800 cm 1 indicate Si Cl deformation
vibrations and skeletal vibrations along with symmetric and
asymmetric Si B stretching. The IR and Raman spectra for the
anion [B(SiCl3)4] have been calculated with quantum chemistry,
for details see experimental section. The assignment of the
vibrations has been performed on the basis of the calculated
spectra, which is in good agreement with the experimental data
(see Table 4). The IR spectrum shows only few bands for
asymmetric vibrations, as one would expect for such a highly
symmetric molecule. On the other hand, the symmetric
vibrations are found in the Raman spectrum.

Scheme 1. Suggested interaction of the [B(SiCl3)4] anion with the proton.

Crystal structure analysis
29

Table 3. Values of the Si CSA tensors, for conventions see ref. [44].
δiso [ppm]

span Ω [ppm]

Skew k

13.2
42.2

70
160

1
0.5
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A number of crystallization experiments were performed in
different solvents. Solutions in toluene or chloroform turned
dark after a few hours and black precipitates were formed. After
several attempts we were able to isolate a crystal from a
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HSO3F, trifluoromethanesulfonic acid CF3SO3H and arsenic as
well as antimony compounds of the type HEX6 with X=Cl, F.[47]
Most prominent is certainly G. A. Olah who used superacids to
generate carbocations and received the Nobel Price for this
work in 1994.[48] Several studies on different classes of novel
superacids followed, such as fluorinated carboranes like H(CHB11F11).[49,45,46] The classical superacid HSbF6 has been used
for superelectrophilic activations.[50,51]
The anion [B(SiCl3)4] belongs to the very useful class of
weakly coordinating anions, which frequently contain perfluorinated species. Most closely related to the title anion is probably
the borate [B(CF3)4] .[52] Various weakly coordinating anions
have been studied extensively and used e. g. to stabilize
reactive cations, to form Bronsted superacids, for catalytic
applications or to generate ionic liquids and advanced electrolytes. The results obtained in the past decades have been
summarized in several reviews.[53]
The anion [B(SiCl3)4] shows the following structural features: The average Si B bond length is 1.990(7) Å (see Table 5).
This is shorter than the bond lengths which were reported for
the anion [B(SiMe3)4] (3) with 2.032 and 2.017 Å.[54] The addition
of the covalent radii of silicon (1.17 Å) and boron (0.81 Å) gives
a bond length of 1.98 Å.[55] This agrees well with the bond
lengths found in the anion [B(SiCl3)4] . The Si Cl bond lengths
in 2 are between 2.043(2) to 2.067(2) Å. The sum of the covalent
radii of silicon and chlorine (0.99 Å) gives a bond length of
2.16 Å.[55] The only comparable compound which might be
considered here is (C5Me5)B!BCl2 SiCl3 (4).[56] Therein the Si Cl
bond lengths range from 2.040 to 2.069 Å which corresponds
exactly to the bond lengths in 2. One could expect to have an
ideal tetrahedral geometry within the highly symmetric [B(SiCl3)4] anion. However, this symmetry is broken due to the
arrangement of the chlorine atoms at the anion. This broken
symmetry is reflected in the differing bond angles Si B Si,
which range from 108.6(3) to 110.8(3)° (see Table 5).

Table 4. Comparison of experimental and calculated IR and Raman
vibrations for [B(SiCl3)4] (frequencies in cm 1).
Vibration

Raman

δ(Si Cl)
δ(Si Cl)
δ(Si Cl)
δ(Si Cl)
Skeletal vibration
Skeletal vibration
Skeletal vibration
Skeletal vibration
νs(Si B)
νas(Si B)

137
148
189
224
311
424
502
570
602
786

IR

456
552
778

Calc.
129
134
191
219
296
451
521
552
567
752

solution in toluene. The crystal was embedded in black slime
but was suitable for crystallographic investigation. The compound crystallized in the orthorhombic space group Pbca with
8 molecules in the unit cell. The asymmetric unit features a
para-protonated toluene cation and tetrakis(trichlorsilyl)borate,
[B(SiCl3)4] as anion (see Figure 3).
It was not trivial to identify the position of the proton in this
structure. First assumption was that the proton is localized
somewhere in the bulk of the chlorine atoms of the anion. But
this assumption was proved to be wrong by quantum chemical
methods. For details see Supporting Information. The paraprotonated toluene structure assigned here agrees well with
experimental data for other protonated toluene derivatives,
which are formed when superacid compounds react with
toluene.[45,46] A detailed statistical analysis of the bond lengths
of the protonated toluene from the X-ray experiment of 2 in
comparison with experimental data from the CSD and with
quantum chemical calculated values can be found in the
Supporting Information.
The protonation of toluene in the crystal structure of 2
proves that 1 is a superacid. Superacids are acids, which are
stronger than concentrated (100 %) sulfuric acid having pKs
values below 3. Several compounds are known, well investigated and described in text books, such as fluorosulfonic acid

Table 5. Bond lengths [Å] and angles [°] for 2.
Bond lengths
B(1)
B(1)
B(1)
B(1)
Si(1)
Si(1)
Si(1)
Si(2)
Si(2)
Si(2)
Si(3)
Si(3)
Si(3)
Si(4)
Si(4)
Si(4)

Figure 3. Molecular structure of [C7H9] + [(Cl3Si)4B] (2). Thermal ellipsoids are
drawn at the 50 % probability level.
Eur. J. Inorg. Chem. 2021, 1 – 13
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Si(1)
Si(2)
Si(3)
Si(4)
Cl(1)
Cl(3)
Cl(2)
Cl(5)
Cl(4)
Cl(6)
Cl(8)
Cl(7)
Cl(9)
Cl(11)
Cl(12)
Cl(10)

Bond lengths or angles
1.984(7)
1.986(7)
1.988(7)
2.000(7)
2.055(2)
2.060(2)
2.067(2)
2.056(2)
2.058(2)
2.061(2)
2.043(2)
2.057(2)
2.059(2)
2.054(2)
2.060(2)
2.061(2)

C(1)
C(2)
C(2)
C(3)
C(4)
C(5)
C(6)

C(2)
C(7)
C(3)
C(4)
C(5)
C(6)
C(7)

Si(1)
Si(1)
Si(2)
Si(1)
Si(2)
Si(3)

B(1)
B(1)
B(1)
B(1)
B(1)
B(1)

1.486(9)
1.404(10)
1.413(11)
1.348(12)
1.475(13)
1.449(13)
1.349(11)

Si(2)
Si(3)
Si(3)
Si(4)
Si(4)
Si(4)

110.8(3)
109.8(4)
109.9(4)
108.9(3)
108.8(4)
108.6(3)
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Quantum chemical analysis

negatively charged chlorine atoms ( 0.37). The B Si and Si Cl
bonds in the anion of 2 are polarized towards the negatively
charged atoms boron and chlorine with about 37 % at silicon in
the Si B bond and 25 % at silicon in the Si Cl bond. That means
they are highly polar bonds. As expected, the Si Cl bonds are
more polar than the Si B bonds.
Further insight into the bonding properties of the [B(SiCl3)4]
ion might be drawn from the Quantum Theory of Atoms in
Molecules (QTAIM).[59,60,61] This method delivers unique information about the bonding degree between two atoms from the
electron density (1) and the ellipticity (ɛ) of the electron density
distribution at the bond critical point (BCP).[61] Information
about the covalent or ionic character of the bond can be drawn
from the Laplacian of the electron density (r21) at the BCP and
suitable graphic representations of this property. Additional
information about covalent, dative, or ionic character of bonds
is available from the total energy density (H) at the bond critical
points and from the ratio of the kinetic energy density to
electron density (G/1).[62]
[C(SiCl3)3] (5) and C(SiCl3)4 (6) have been included in the
following considerations.[13,26] The geometry of the anion 5
differs from the [B(SiCl3)4] ion, since it has trigonal planar
symmetry. C(SiCl3)4 (6) has the same tetrahedral geometry like
[B(SiCl3)4] and both are isoelectronic.
The optimized molecule geometry of the [B(SiCl3)4] ion
shows the same topology as the anion in the crystal structure
(Figure 4). There are bond critical points between boron and
the silicon atoms, and between the silicon and chlorine atoms.
Additionally, and unexpectedly there are bond critical points
between the chlorine atoms of neighboring SiCl3-groups. These
chlorine-chlorine contacts necessitate ring critical points, which
are located very closely to the BCP’s (see Figure 4). This fact and
the low electron density of 0.005 e/Bohr3 at the BCP’s between
the chlorine atoms lead to the conclusion, that these are only
contacts between adjacent chlorine atoms. The same topology
was found for 6.
A closer inspection of the topological properties of the
bonds of [B(SiCl3)4] is possible with the numerical data given in
Table 8 and the graphical representation of the Laplacian of the
electron density given in Figure 5. The negatively charged
atoms boron in [B(SiCl3)4] and carbon in [C(SiCl3)3] (5) look
very similar: Charge density is concentrated around these two
atoms. The B Si bond in [B(SiCl3)4] and the C Si bonds in 5
and 6 have similar electron density at the bond critical points.
The Laplacian of electron density (r21) is negative for the B Si
bond. That means this bond can be classified as covalent. This
is in contrast to the C Si bond in 5, which was characterized as
highly polar closed shell interaction which is best described as
dative bond.[13] The C Si bond in 6 has an intermediate
character with a Laplacian of electron density close to zero.
The Si Cl bonds of [B(SiCl3)4] , 5, and 6 have similar
topological features: they have rather low electron density
between 0.097 to 0.106 e/Bohr3 at the BCP along with a positive
Laplacian of electron density (r21). These two facts indicate the
presence of closed shell interactions.[63] The graphical representations in Figure 5 show accumulation of charge at the electronegative atoms chlorine, carbon and boron along the bonding

Quantum chemical calculations were undertaken in order to
gain insight into the electronic structure of 2. The geometry
optimizations were performed separately for the cation and the
anion without any symmetry restrictions. The details concerning
the cation are discussed in the Supporting Information. The
optimization of the [B(SiCl3)4] ion was performed in C1symmetry. Any B Si bond as well as all Si Cl bonds possess
nearly the same values of the optimized bond lengths, therefore only the mean values of very few bonding parameters
have to be considered (see Table 6). The calculated values agree
well with the data from the crystal structure. The calculated
value for the B Si bond length is 0.013 Å shorter than the
average value from the crystal structure. This difference is
smaller than 3σΔl from the X-ray data and therefore not
significant. The calculated Si Cl bond length is somewhat
longer than found in the crystal structure.
The natural bond orbital (NBO) analysis is a useful technique
to study the hybridization and covalence effects in
molecules.[57,58] The NBO analysis was performed with the
optimized molecule geometry of the [B(SiCl3)4] ion. The results
are shown in Table 7. Lewis structures were assigned with
99.1 % of the electrons for the [B(SiCl3)4] ion. The remaining
0.9 % of total non-Lewis structure corresponds to 2.4 electrons.
The hybridization of the atoms can be characterized as sp3 for
boron and the peripheral chlorine atoms respectively (see
Table 7). The silicon atoms have a higher share of s-orbital in
the boron-silicon bond (sp1.5) and a higher share of p-orbital in
the silicon-chlorine bonds (sp3.8). There is a high negative
charge on the central boron atom ( 2.01) along with positive
charges at the silicon atoms (1.35). These are supplemented by

Table 6. Geometric parameters (mean values in Å, °) of [B(SiCl3)4] after
geometry optimization with M062X/6-311 + G(d,p).
Bond lengths
B Si
Si Cl

Angles
1.977
2.071

Si B Si
B Si Cl
Cl Si Cl

109.47
113.42
105.25

Table 7. NBO analysis with bond polarity (%Si, %E), occupancy of NBO’s
(occ.), natural charges (qSi, qE), and hybridization of atoms (in %AO) in
[B(SiCl3)4] .
Bond Si E

B Si

Si Cl

%Si
%E
occ.
qSi
qE
AO %Si
s
p
d
Hybridization of Si
AO % E
s
p
d
Hybridization of E

37.1
62.9
1.93
1.35
2.01

25.1
74.9
1.98

39.3
60.3
0.3
sp1.5

20.2
77.9
1.9
sp3.8

25.0
74.4
0.5
sp3

25.0
74.3
0.7
sp3
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Figure 4. Molecular graph of [B(SiCl3)4] (left) and [C(SiCl3)3] (5) (right) with critical points. Bond critical points (BCP) are red, ring critical points yellow, atomic
spheres are drawn with arbitrary radii (atom colours: chlorine – green, silicon – grey, carbon – black, boron – blue).

Table 8. Charge density (1), its Laplacian (r21), kinetic energy density (G), electronic potential energy density (V), total energy density (H), and ellipticity (ɛ)
at bond critical points (BCP) in atomic units.

[B(SiCl3)4] (anion of 1)
B Si
Si Cl
Cl…Cl contact
ring critical point
[C(SiCl3)3] (5)
C Si
Si Cl out of plane
Si Cl in plane
C(SiCl3)4 (6)
C Si
Si Cl

1

r21

G

G/1

H

0.116
0.098
0.005
0.005

0.219
0.117
0.018
0.018

0.020
0.090
0.003
0.003

0.177
0.914
0.636
0.641

0.075
0.060
0.001
0.001

0.096
0.150
0.002
0.002

0.0
0.028

0.138
0.097
0.097

0.161
0.111
0.117

0.143
0.087
0.089

1.031
0.901
0.915

0.103
0.060
0.060

0.245
0.147
0.149

0.117
0.007
0.004

0.113
0.106

0.014
0.134

0.085
0.102

0.746
0.959

0.081
0.068

0.166
0.170

0.0
0.002

paths towards the electropositive silicon atoms. A closer
inspection of these bonds is possible with the total energy
density (H) and the ratio of the kinetic energy density to
electron density (G/1). According to the criteria proposed by
Macchi et al.[62] H is positive for ionic interactions, but negative
for dative bonds. Values of G/1 close to a value of 1 indicate the
presence of donor-acceptor interactions. Therefore, we can
conclude that the Si Cl bonds in [B(SiCl3)4] are highly polar
closed shell interactions which are best described as dative
bonds.

Scheme 2. Formation of dichlorosilylene from pentachlorodisilane (top) and
reaction of dichlorosilylene with 2,3-dimethylbutadiene (bottom).

was added to BCl3 and the HSi2Cl5/Si2Cl6 mixture. After 24 h at
80 °C the resulting solution was analyzed by 1H, 13C, 29Si and
11
B NMR spectroscopy. Especially the signals at 1.38 and
1.58 ppm in the 1H- and the signals at 18.5, 29.1 and 128.4 ppm
in the 13C NMR spectra indicate the formation of the cycloaddition product[65] and therefore the presence of SiCl2 during
the synthesis of H[B(SiCl3)4].
Based on the intermediate formation of dichlorosilylene, we
postulate the following mechanism for the formation of
H[B(SiCl3)4]: The dichlorosilylene forms an adduct with BCl3 in

Mechanistic aspects
Disproportionation reactions of chlorodisilanes go hand in hand
with the formation of dichlorosilylene,[64] which inserts into B Cl
bonds of BCl3 in the next steps. 2,3-dimethylbutadiene is a
trapping reagent for silylenes. It forms 1,1-dichloro-3,4-dimethylsilacyclopent-3-ene with SiCl2 by 1,4-cycloaddition (Scheme 2).
To investigate this mechanistic aspect, 2,3-dimethylbutadiene
Eur. J. Inorg. Chem. 2021, 1 – 13
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Figure 5. Laplacian of the electron density of [B(SiCl3)4] (top) and of [C(SiCl3)3] (bottom) in the B Si Cl and C Si Cl plane respectively. Positive values of r21
are drawn with dashed lines and represent regions of charge depletion; negative values are drawn with solid lines and represent regions of charge
concentration. Contour values in atomic units are: 0.001, 0.002, 0.004, 0.008, 0.02, 0.04, 0.08, 0.2, 0.4, 0.8, 2, 4, 8, 20, 40, 80, 200, 400, 800.

the first step, as it is shown in Scheme 3. Further dichlorosilylene inserts in the B Cl-bonds of the fourfold coordinated
boron trichloride dichlorosilylene adduct in the next steps to
form the tris(trichlorosilyl)borane dichlorosilylene adduct. This
Eur. J. Inorg. Chem. 2021, 1 – 13
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one reacts with the trichlorosilane from the disproportionation
of HSi2Cl5 to obtain H[B(SiCl3)4]. Again, the dichlorosilylene
builds a boron trichloride adduct with further boron trichloride
and reacts in the same way (Scheme 3).
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elements. This is a known property of silyl substituents in
general, sometimes denoted as α-effect of silyl groups.[72]
Nevertheless, the high reactivity of the trichlorosilyl groups
might have prevented that these species were discovered until
recently.
We were able to characterize the compound H[B(SiCl3)4]
which was found in laboratory experiments in a reaction
between chlorodisilanes and boron trichloride. Insights into
possible mechanisms of the formation of this solid were gained
from these experiments. As a conclusion we can say that the
compound family of trichlorosilyl stabilized anions of main
group elements [E(SiCl3)n] has a new member.

Experimental Section
All reactions were carried out under argon using Schlenk
technique.[73,74] The handling of the ampoules is explained in the
Supporting Information. Used chemicals and purification methods
can be found in the Supporting Information.

Scheme 3. Proposed mechanism for the formation of H[B(SiCl3)4].

Comparative Reflections and Conclusion

Caution: All experiments are dangerous and have to be performed
with special care. Relatively high pressures are generated in the
sealed ampoules which caused explosions in several cases.
Pyrophoric compounds like SiH4 may be formed when hydridosilanes such as HSiCl3, H2SiCl2, and HSi2Cl5 are used as starting
materials. All educts and products generally show a high reactivity
towards air and moisture.

A search in the Scifinder database showed that trichlorosilylborates are mainly unexplored: (Cl3Si)3B has not been described in
the chemical literature. The synthesis of H[B(SiCl3)4] (1) has been
filed recently as patent by two of our co-authors (S. B. and
L. R.).[66] The application of the [B(SiCl3)4] ion as new fluorinefree weakly coordinating anion has been described by one of
the patent assignees and her co-workers.[67] Tetrasilylborate,
[B(SiH3)4] , has been mentioned in two papers dealing with
quantum mechanical calculations and simulations on boron
doped silicon clusters.[68,69] The only known compounds with a
BSi4 core are tetrakis(trimethylsilyl)borate, [B(SiMe3)4] (3), and
similar compounds which are stabilized by trimethylsilyl
groups.[54,70,71] The compounds (C5Me5)B!BCl2 SiCl3 (4 in
Scheme 4) and (SiCl3)2(BCl2)BCO feature B SiCl3 subunits.[56,38] No
structural data for the latter one are available.
Recently structurally related trichlorosilyl compounds of
main group elements, for instance the carbanion [C(SiCl3)3] (5),
were described in the literature.[13,14,15] That means that trichlorosilyl groups are able to stabilize anions of main group

General procedure for the screening experiments
BCl3 was carefully condensed in a Schlenk ampoule and mixed with
an excess of the chlorosilane (4–8 eq). The ampoule was sealed in
vacuo and heated up to 80 or 100 °C for 24 h. After the reaction
and cooling to room temperature the ampoule was further cooled
with liquid nitrogen, to prevent explosions during opening. The
reaction mixture was carefully transferred into a cooled Schlenk
flask and a sample therefrom was analyzed by 29Si and 11B NMR
spectroscopy.

Synthesis of H[B(SiCl3)4]
0.88 g (7.5 mmol) BCl3 were carefully condensed in a Schlenk
ampoule and mixed with a sixfold excess of HSi2Cl5 (10.52 g;
44.9 mmol). The ampoule was sealed in vacuo and heated up to

Scheme 4. Tetrakis(trichlorosilyl)borate and structural related compounds.
Eur. J. Inorg. Chem. 2021, 1 – 13
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100 °C for 22 h. Thereby an orange-yellow solution and a yellowwhitish solid were formed. After the reaction and cooling to room
temperature the ampoule was opened under ice bath temperatures. The reaction mixture was filtered and the yellow-whitish
solid was dried under vacuum to obtain H[B(SiCl3)4] in a yield of
27 % (1.1 g), m. p. = 134 °C (decomposition).

IR and Raman spectroscopy
Recording of IR spectra were performed on a Nicolet 380 FT-IR by
Thermo.
Samples of 1 were analyzed with IR spectroscopy in a KBr matrix.
Prior to any measurements KBr was dried by heating under reduced
pressure for 4 hours and stored in a desiccator. Sample preparation
took place under inert conditions using a glovebox. To gain a
background pure KBr was analyzed, whereas a sample of the
yellow-whitish solid was used in a 1 to 10 mixture with KBr. The
actual measurement took place under atmospheric conditions. One
weak peak at 853 cm 1 along with a broad band in the area of
1060 cm 1 represents Si O vibrations. The Si O motif might be
caused by partial hydrolysis during the measurement.

29

Si NMR (CD3CN) δ = 22.1 ppm (q, 1J(29Si, 11B) = 89.9 Hz)

11

B NMR (CD3CN) δ = 33.0 ppm

Reaction of HSi2Cl5 with BCl3 and 2,3-dimethylbutadiene
0.27 g (2.3 mmol) BCl3, 8.25 ml of a HSi2Cl5-solution (25 %) in Si2Cl6
(13.8 mmol HSi2Cl5) and 0.78 ml (7.0 mmol) 2,3-dimethylbutadiene
were mixed in a Schlenk ampoule. The ampoule was vacuumsealed and heated up to 80 °C for 22 h. Thereby a yellowish solution
was formed. After the reaction and cooling to room temperature
the ampoule was opened under ice bath temperatures and
transferred into a Schlenk-flask. The solution was analyzed with 1H,
13
C, 29Si and 11B NMR spectroscopy (data in main section).

The prepared IR sample was exposed to air in order to prove this
hypothesis. Thereby it became obvious that the weak and broad
bands above 800 cm 1 stem from hydrolysis processes: Another
spectrum was recorded after 90 minutes of exposition to the
surrounding atmosphere. This led to the full collapse of any sharp
peak in the range of 400–800 cm 1. At the same time peaks at
862 cm 1, 1058 cm 1, 1365 cm 1 1631 cm 1 and 3405 cm 1 gained
intensity due to hydrolysis. The following structure motives can be
assigned for the hydrolyzed sample: Si O at 862 cm 1 and at
1058 cm 1, B O at 1365 cm 1 and O H at 1631 cm 1 and
3405 cm 1.

Elemental analyses and mass spectrometry
The determination of chlorine and silicon was performed on the
solid sample by means of X-Ray fluorescence spectrometry,
measured on a Bruker S8-Tiger. Boron was analysed using ICP-OES
spectroscopy, measured on a Thermo iCAP6300 after liner calibration with a boron standard, after HF digestion in the presence of a
sugar (mannitol) and absorption in HNO3.

IR (KBr, cm 1, t = 0 min): 456 s, 552 s, 778 s, 853 w, 1065 br, 1351 w,
1718 br, 3385 br.
IR (KBr, cm 1, t = 90 min): 457 w, 552 w, 862 m, 1058 s br, 1365 w br,
1631 m, 3405 br.

The LDI( )-FT-ICR and ESI mass spectra were recorded with a 15T
Bruker Daltonics solariX FT-ICR mass spectrometer.

A Raman spectrum of 1 was recorded on a RFS 100/S spectrometer
by BRUKER. A Nd-YAG laser was used as a light source. The detector
was cooled by liquid nitrogen. Sample preparation occurred in
small glass vials with screw caps under inert conditions with
additional sealing of the cap by Parafilm.

NMR investigations
1

H and 29Si NMR measurements were performed at Bruker Avance
400 and Bruker Nanobay 400 spectrometers (SF(1H) = 400.13 MHz,
SF(13C) = 100.61, SF(29Si) = 79.49 MHz) using a 10 mm silicon free
probe head (reactions in ethanol) and a 5 mm BBO probehead (all
other reactions), respectively. Inverse Gated Decoupling and 30°
excitation pulses with an experiment recycling delay of 30 s were
applied. 11B NMR and a part of the 29Si NMR measurements were
performed at a Bruker AVIII 500 MHz spectrometer at SF(11B) =
160.46 MHz and SF(29Si) = 99.36 MHz, respectively, using a 5 mm
BBFO probe head. Chemical shifts are given with reference to TMS
and BF3(OEt2).

Raman (cm 1): 137 m, 148 w, 189 m, 224 w, 311 s, 424 w, 502 w,
570 w, 602 m, 786 w.

Single crystal structure determination
Several attempts were undertaken to prepare suitable crystals for a
crystal structure analysis starting from solutions of 1 in different
solvents. Finally, one crystalline block isolated from toluene solution
(2) had acceptable quality to assign the unit cell and to perform the
measurement of intensity data.

Solid state NMR investigations were carried out at a Bruker Avance
HD 400 MHz WB system (SF(1H) = 400.13 MHz, SF(29Si) = 79.49 MHz,
SF(11B) = 128.14 MHz using 7 mm rotors at νrot = 5 kHz for 29Si and
4 mm rotors νrot = 14 kHz for 11B and 1H as well as νrot = 10 kHz for
29
Si NMR measurements.

Data collection of 2 was performed on a STOE IPDS-2T image plate
diffractometer equipped with a low-temperature device with Mo-Kα
radiation (λ = 0.71073 Å) using ω and ϕ scans. Software for data
collection: X-AREA, cell refinement: X-AREA, and data reduction: XRED.[75] Preliminary structure models were derived by direct
methods[76] and the structure was refined by full-matrix leastsquares calculations based on F2 for all reflections using SHELXL.[77]
The hydrogen atoms in para position at the toluene unit were
localized from a difference Fourier map. For further refinement all
hydrogen atoms were included in the structure model in calculated
positions and were refined as constrained to the bonding atoms.

The 11B background originating from the stator was subtracted by
recording a spectrum of a boron free rotor. 11B NMR data were
referenced to BF3(OEt2) using B(O n Pr)3 ester (δ = 17.7 ppm) as
secondary standard. 1H and 29Si chemical shifts are given with
respect to TMS using the octakis(trimethylsiloxy)silsesquioxane
(Q8M8) as secondary standard (δ29Si of high field signal 109 ppm).
Single pulse excitation was applied for all measurements with 90°
and 30° pulses for 1H and 29Si, respectively, and < 15° pulses for
quantitative excitation in the case of 11B. Experimental repetition
times were 60 s (1H, 29Si) and 300 s (11B).

Eur. J. Inorg. Chem. 2021, 1 – 13
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Crystal data for 2: C7H9BCl12Si4, M = 641.71, orthorhombic, Pbca, a =
13.3212(7) Å, b = 16.4887(6) Å, c = 21.0479(9) Å, V = 4623.2(4) Å3, T =
153(2) K, Z = 8, μ(Mo Kα) = 1.638 mm 1, reflections collected/unique
37849/4873 [R(int) = 0.0720], 218 parameters. The final R1 values
were 0.0685[I > 2σ(I)]. The final wR(F2) values were = 0.1648 [I >
2σ(I)]. The final R1 values were 0.1021(all data). The final wR(F2)
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values were 0.2023 (all data). The goodness of fit on F2 was 1.095.
Largest diff. peak and hole are 2.376 and 0.683 eÅ 3.
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Two CIF files for the crystal structure of 2 have been deposited at
the CCDC: One containing the structure discussed in this paper.
This structure model has residual electron density around the anion
of 2.376 eÅ 3. The other CIF file contains a structure model
including disorder of cation and anion in order to find an
explanation for the residual electron densities. The disordered parts
have site occupation factors below 5 %. This low share of disorder
causes problems in refining the structure model. The final refinement has unsatisfactory values of parameter shift to standard
uncertainty ratio. Details of this refinement are discussed in the
Supporting Information.
Deposition Numbers 2072512 and 2072511 (both data sets for 2)
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures.

Quantum Chemical Calculations
The quantum chemical calculations have been performed with
GAUSSIAN 16.[78] The anions [B(SiCl3)4] , [C(SiCl3)3] , the molecule
C(SiCl3)4, and the protonated toluene cations have been optimized
with M062X/6-311 + G(d,p).[79,80,81,82] The calculation of Hessianmatrices verified the presence of local minima on the potential
energy surface with zero imaginary frequencies. IR and Raman
spectra for [B(SiCl3)4] have been derived from this calculation. NBO
and AIM analyses have been performed with the optimized
geometries with the method/basis set combination B3LYP/6-311 +
G(2d,p).[83,84] NBO analyses have been performed with NBO 5.0.[85]
The wavefunction files for the QTAIM analysis were generated in
Cartesian coordinates with a basis set containing 6d functions
(option “6D 10F” in Gaussian16). The electron density topology was
analyzed using the programs AIM2000[86] and Xaim.[87]
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Hydrogen tetrakis(trichlorosilyl)
borate, H[B(SiCl3)4], was prepared and
characterized. The compound shows
superacidic properties and features
the fluorine-free weakly coordinating
anion [B(SiCl3)4] as it was shown
with the crystal structure of a protonated toluene derivative.
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