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Two novel compounds containing pentacoordinate alkylsiliconium-cations with an 〈O,N,N,O〉-
chelating ligand of salen-type were prepared by reacting the trimethylsilyl derivatives of the lig-
and with alkyltrichlorosilanes. Pentacoordination of the silicon atom is found in solid state as well
as in solution. Crystals of compound 2a, ethylene-N,N′-bis(2-oxy-4-methoxybenzophenoneimin-
ato)methylsiliconium chloride, were obtained from chloroform solution. This complex crystallizes
in monoclinic space group P21/n. The chloride ion is surrounded by three chloroform molecules
in the solid state. The siliconium cation has trigonal bipyramidal geometry in the solid state, al-
though the signals of two chemically equal half-sides of the salen-type ligand were revealed in 1H
and 13C NMR spectra of its chloroform solution. Therefrom two different Si-N dative bonds within
the same molecule arise. The reaction of methyltrichlorosilane with two non-linked “half-ligands” of
the salen-type leads also to a siliconium complex with similar cationic coordination sphere motif.
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Introduction

Hypercoordinate silicon salen complexes result if
various chlorosilanes are reacted with protonated
salen-type ligands, e.g. ethylene-N,N ′-bis(2-hydroxy-
acetophenoneimine) [1, 2] (Scheme 1). Its complexes
with hexacoordinate silicon atoms were isolated and
characterized by means of 29Si NMR spectroscopy.

Scheme 1.

Starting from organotrichlorosilanes, those ligand
precursors lead to products which show 29Si NMR
shift values typical for pentacoordinate silicon atoms
in the solid state. Surprisingly, the solutions of these
complexes in DMSO show chemical shifts in the char-
acteristic region of hexacoordinate silicon atoms. Un-
fortunately, our attempts to crystallize these complexes
failed. Unlike these results, we recently synthesized
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pentacoordinate silicon complexes with enamine func-
tionalized salen-type ligands. In these cases, the co-
ordination spheres of these complexes are not signif-
icantly influenced by solvents like DMSO [3].

Kost et al. have proven the formation of pentacoor-
dinate alkylsiliconium cations with bidentate 〈N,O〉-
donor ligands (Scheme 2) [4].

Scheme 2.

Such cationic complexes show interesting tempera-
ture-dependent dissociation characteristics in solution.
Furthermore they reveal unexpected reactivities. Refer-
ring to these results, we suppose that our pentacoor-
dinate silicon salen complexes should have a similar
cationic structure. This hypothesis led to the question
how a tetradentate chelating salen-type ligand could
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dominate the coordination sphere of such a cationic
complex.

Results and Discussion

The trimethylsilyl derivative 1 of the tetradentate
ligand ethylene-N,N ′-bis(2-hydroxy-4-methoxybenz-
ophenoneimine was reacted with methyltrichlorosi-
lane and 1,2-bis(trichlorosilyl)ethane, respectively, in
toluene (Scheme 3). Both reactions yielded products
involving a pentacoordinate silicon atom, in the solid
state as well as in chloroform solution. Fortunately,
compound 2a formed suitable crystals for X-ray struc-
ture analysis [5]. Its molecular structure, selected bond
lengths and angles are given in Fig. 1.

Scheme 3.

The pentacoordinate silicon atom of the siliconium
cation has a trigonal bipyramidal coordination sphere
with one nitrogen and one oxygen atom in axial po-
sitions. The axial Si-N bond is significantly longer
(1.937 Å) than the equatorial one (1.846 Å). This is
a typical situation arising from axial and equatorial
bonds to atoms of the same kind of donor within a
trigonal bipyramidal coordination polyhedron. The dif-
ferent Si-N bond lengths remarkably influence the dis-
tances of the imine C=N bonds: the imine C=N bond at
the axially situated nitrogen atom represents a typical
CN double bond (N1-C7: 1.298 Å), but at the equato-
rially situated nitrogen atom, it is remarkably stretched
(N2-C22: 1.327 Å). Owing to the tetradentate ligand’s
restricted flexibility, equal Si-O as well as Si-N bonds
are not achieved within the trigonal bipyramidal coor-
dination sphere in the solid state. However in CDCl3
solution NMR spectra, we found only one set of 1H
and 13C NMR signals, respectively, corresponding to
chemical identity of both half-sides of the salen-type
ligand. Thus, we have to conclude that there is either
only a small activation barrier regarding the configu-
rational inversion process of the trigonal bipyramid or
we have to take into account that a square planar co-
ordination of the silicon atom is preferred in solution.
Referring to the nearly identical 29Si chemical shifts
in the solid state of 2a·3 CHCl3 (−103.6 ppm) and in

Fig. 1. Molecular structure of 2a in the crystal (ORTEP plot
with 50% probability ellipsoids, hydrogen atoms and chloro-
form molecules omitted for clarity). The phenyl group C23 -
C28 is disordered, only one position is shown in the figure.
Selected bond lengths [Å] and angles [◦]: Si1-N1 1.937(2),
Si1-N2 1.846(2), Si1-O1 1.664(2), Si1-O2 1.730(2), Si1-
C31 1.848(3), N1-C7 1.298(3), N2-C22 1.327(3), N1-Si1-
O2 172.7(1), O1-Si1-N2 115.8(1), C31-Si1-N2 121.6(1),
O1-Si1-C31 122.4(1).

Fig. 2. 29Si CP/MAS NMR spectrum (79.5 MHz) of 2a·3
CHCl3 at νspin = 1500 Hz. The isotropic shift signal (δav =
−103.6 ppm, section top left) as well as the spinning side
bands are subdivided due to different 29Si chemical envi-
ronments caused by disorder of solvent molecules and one
phenyl group of molecule 2a.

chloroform solution (−103.9 ppm), we assume that the
trigonal bipyramidal coordination sphere is realized in
solution, too. The complex should have an easily fluc-
tuating configuration. In the solid state the chloride ion
is surrounded by three chloroform molecules which
are heavily rotationally disordered around the Cl−-H-
C axes. This disorder influences the 29Si NMR spectro-
scopic behavior of 2a·3 CHCl3 in solid state. The 29Si
CP/MAS NMR spectrum of the chloroform solvate is
given in Fig. 2. The isotropic shift peak as well as the
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Table 1. Results of the variable temperature 29Si NMR study
of the solvation of 2a+ by DMSO.

T [K] δ 29Si [ppm] K
303 −114.0 0.1798
293 −116.6 0.2399
288 −118.3 0.2832
283 −120.3 0.3391
273 −123.9 0.4556

Scheme 4.

Fig. 3. Linearized plot of lnK versus T−1 for the solvation of
2a+ by DMSO. lnK = 2592 ·T−1 −10.265(R2 = 0.998).

spinning side bands are subdivided into more signals
and shoulders.

In DMSO solution the siliconium cation 2a+ is
solvated by one DMSO molecule. Hexacoordination
of the silicon atom in (2a·DMSO)+ is proven by
29Si NMR spectroscopy (δ 29Si = −159.3 ppm). But
2a+ is only weakly solvated by DMSO in chloroform
solution. The solvation equilibrium is temperature-de-
pendent. It was analyzed by 29Si NMR spectroscopy of
a solution of 0.095 mol·l−1 2a and 1.24 mol·l−1 DMSO
in CDCl3 (Table 1). Only one signal emerges in the
29Si NMR spectrum. Its chemical shift value depends
on the mole fractions ratio of the unsolvated (δ 29Si =
−103.9 ppm) to the solvated (δ 29Si = −159.3 ppm)
ion 2a+ in the equilibrium (Scheme 4). (The concen-
tration of free DMSO molecules remains nearly un-
changed in the covered temperature interval.) Thus, the
equilibrium constant was calculated for the tempera-
tures listed in Table 1. The plot of lnK versus T −1

gives the values of ∆H and ∆S of the solvation pro-
cess (Fig. 3).

This NMR study is practicable only down to 0 ◦C
owing to crystallization of DMSO at lower tem-
peratures. However, already in this small tempera-
ture interval our spectroscopic results clearly indi-
cate that the solvation of the siliconium cation 2a+

by DMSO represents an exothermic process (∆H =
−21.6 kJ·mol−1). The negative value of the solvation
entropy (∆S = −85.3 J·mol−1·K−1) monitors that the
hexacoordinate silicon complex (2a·DMSO)+ under-
goes a dissociation at higher temperature. Any com-
petitive complexation of 2a+ by the chloride ion may
be excluded since Kost et al. have proven that the ionic
dissociation of hypercoordinate siliconium chlorides in
chloroform is promoted at lower temperatures [4].

Complex 2b is easily soluble in chloroform, too. In
spite of being a dication, there is no significant inter-
action with the counterions in solution, as indicated
by 29Si NMR chemical shift (−104.5 ppm) similar to
that one of 2a. Even in this case of a more sterically
encumbered coordination sphere due to the short Si-
ethylene-Si bridge, only one set of 1H and 13C NMR
signals is observed, which should be related to spectro-
scopically identical half-sides of the chelating ligand.
The 13C NMR spectra of 2a and 2b show 12 signals
of aromatic carbon atoms. The rotation of the phenyl
groups at the imine C-atom causes diastereotopic ortho
and meta positions at these ring systems. Therefore,
16 instead of 14 13C NMR signals of these complexes
are observed. The same effect was reported to occur in
hexacoordinate silicon complexes with ligand 1 [6].

The donor strength of a chelating ligand applied to a
silicon center is expected to be the key in the formation
of such pentacoordinate siliconium cations [7]. There-
fore, we checked the reaction of two non-linked “half-
ligands” of the salen-type with methyltrichlorosilane
(Scheme 5). The replacement of the tetradentate lig-
and’s ethylene bridge by two benzyl groups gives rise
to a gain in flexibility of the ligand system. But this

Scheme 5.
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does not suppress the ionic dissociation of the result-
ing complex 4. Its 29Si NMR shift value (−100.1 ppm)
clearly indicates pentacoordination of the silicon atom.

Unfortunately, we did not succeed in growing suit-
able crystals of 4. However, the comparison with simi-
lar complexes, which also contain two bidentate chelat-
ing ligands [4, 8] allows the conclusion that 4 should
be featured with two similarly coordinating bidentate
ligands having their Si-N bonds preferably situated in
axial position of a trigonal bipyramidal coordination
sphere. The 13C NMR spectrum of 4 has 16 signals in
the aromatic region. The rotation of the phenyl groups
at the imine C-atom causes diastereotopic ortho and
meta positions at these ring systems, too. Therefore,
20 instead of 18 13C NMR signals of 4 are observed.

Singh et al. [9] published a route to synthesize
hypercoordinate methylsilicon complexes with salen-
type ligands, e.g. (salen)SiMeCl with hexacoordinate
silicon atoms, even in chloroform solution. But they
did not give any X-ray structural evidence concerning
the isolated products. Our results are in strong con-
trast to the structural proposals of these authors. Even
the doubtful use of isopropanol for the handling of
chlorosilanes by Singh et al. does not go along with
our observations. The siliconium chlorides presented
herein are very sensitive towards alcoholysis.

Conclusion

We presented the first example of a pentacoordinate
siliconium cation with a tetradentate salen-type ligand,
structurally confirmed by X-ray analysis. In spite of
the NMR-spectroscopic identity of both half-sides of
the ligand in solution different Si-N dative bonds are
formed in the solid state to give a trigonal bipyrami-
dal coordination sphere around the silicon atom. Start-
ing from two bidentate 〈O,N〉 ligands plus methyl-
trichlorosilane, a siliconium complex with similar co-
ordination sphere can be synthesized.

Experimental Section

All chemicals were commercially available. 1 and 3 were
prepared according to a previously published method [10].
All following manipulations were carried out under an in-
ert atmosphere of dry argon. Toluene and THF were dis-
tilled from sodium/benzophenone prior to use. Triethylamine
was distilled from calcium hydride and stored over molecular
sieve 3 Å. Chloroform (stabilized with amylene) was dried
over molecular sieve 3 Å. NMR spectra were recorded on
a BRUKER DPX 400 (CDCl3 solution with TMS as inter-

nal standard) and a BRUKER Avance 400WB spectrometer
(solid state). Elemental analyses were carried out on a Foss
Heraeus CHN-O-Rapid.

2a: A Schlenk-flask was charged with THF (150 ml),
ligand 1 (11.4 g, 23.8 mmol) and triethylamine (5.7 g,
56 mmol). The mixture was stirred at room temperature and
trimethylchlorosilane (5.37 g, 49.5 mmol) was added drop-
wise. The resulting colorless suspension was stirred for fur-
ther 15 minutes. The precipitated triethylamine hydrochlo-
ride was filtered off and washed with THF. Removal of the
solvents from the filtrate under reduced pressure yielded
a slightly yellowish colored oil, which was dissolved in
toluene (150 ml) to give a clear solution. Methyltrichlorosi-
lane (3.6 g, 24 mmol) was added at room temperature and the
mixture was heated afterwards. Soon, a white solid precipi-
tated. The suspension was refluxed for 2 h and stored at room
temperature for 3 days. The precipitated product was filtered
off, washed with toluene as well as pentane and dried in
vacuum. Yield: 11.90 g (90%) white powder. It decomposes
without melting. C31H29N2O4SiCl (557.12): calcd. C 66.83,
H 5.25, N 5.03; found C 66.51, H 5.51, N 4.98.

The chloroform solvate 2a·3 CHCl3 (colorless crystals)
was obtained by recrystallization from chloroform.

1H NMR (400 MHz, CDCl3): δ = 0.86 (s, 3, Si-CH3),
3.58, 4.37 (2 × m, 4, N-CH2CH2-N), 3.91 (s, 6, -OCH3),
6.48 (dd, 2, ar, 3J = 9.2 Hz, 4J = 2.4 Hz), 6.64 (d, 2, ar,
4J = 2.4 Hz), 6.84 (d, 2, ar, 3J = 9.2 Hz), 7.35 – 7.75 (m,
10, phenyl). – 13C NMR (101 MHz, CDCl3): δ = 4.3 (Si-
CH3), 48.1 (N-CH2CH2-N), 56.2 (-OCH3), 103.9, 111.0,
112.5, 127.2, 127.5, 129.2, 129.6, 130.9, 132.4, 135.2 (ar),
162.9, 168.3 (ar O-C), 177.4 (C=N). – 29Si NMR (79.5 MHz,
CDCl3): δ = −103.9; (79.5 MHz, DMSO-d6): δ = −159.3;
(79.5 MHz, solid state) δiso =−103.6. – C34H32N2O4SiCl10
(915.25): calcd. C 44.62, H 3.52, N 3.06; found C 45.28,
H 3.69, N 3.17.

2b: Analogous procedure as for the synthesis of 2a. Yield:
86%, pale yellow powder. It decomposes without melting.

1H NMR (400 MHz, CDCl3): δ = 1.53 (s, 4, Si-CH2-),
3.32, 4.57 (2×m, 8, N-CH2CH2-N), 3.90 (s, 12, -OCH3),
6.48 (dd, 4, ar, 3J = 9.2 Hz, 4J = 2.4 Hz), 6.64 (d, 4,
ar, 4J = 2.4 Hz), 6.77 (d, 4, ar, 3J = 9.2 Hz), 7.15 – 7.60
(m, 20, phenyl). – 13C NMR (101 MHz, CDCl3): δ =
14.5 (Si-CH2-), 49.0 (N-CH2CH2-N), 56.4 (-OCH3), 103.8,
111.0, 112.5, 127.0, 127.8, 129.1, 129.5, 131.0, 132.5, 135.1
(ar), 163.1, 168.4 (ar O-C), 177.8 (C=N). – 29Si NMR
(79.5 MHz, CDCl3): δ = −104.5. – C62H56N4O8Si2Cl2
(1112.22): calcd. C 66.95, H 5.07, N 5.04; found C 66.92,
H 5.21, N 4.82.

4: A Schlenk flask was charged with THF (100 ml),
3 (3.0 g, 16 mmol) and triethylamine (2.0 g, 17 mmol).
Chlorotrimethylsilane (1.8 g, 17 mmol) was added dropwise
to the stirred mixture at room temperature. After 2 h, the
precipitated hydrochloride was filtered off and washed with



1352 J. Wagler et al. · First X-Ray Structure of a Cationic Silicon Complex

THF (30 ml). The solvent of the filtrate was removed under
reduced pressure to give an oily liquid. This was dissolved in
toluene (100 ml), methyltrichlorosilane (1.20 g, 8.03 mmol)
was added and the mixture was refluxed for 1 h. The resulting
suspension was stored at room temperature overnight. The
precipitated product was filtered off, washed with toluene
(20 ml) and dried in vacuum. Yield: 2.50 g (45%) white pow-
der. M.p. 177 ◦C. – 1H NMR (400 MHz, CDCl3): δ = 1.00 (s,
3, Si-CH3), 4.82, 5.09 (2×d, 4, N-CH2-Ph, 2JHH = 15.6 Hz),
3.49 (s, 6, -OCH3), 5.49 (d, 2, ar, 4J = 2.4 Hz), 6.45 (dd, 2,
ar, 3J = 9.2 Hz, 4J = 2.4 Hz), 6.71 (d, 2, ar, 3J = 9.2 Hz),
6.70 – 7.65 (m, 20, phenyl). – 13C NMR (101 MHz, CDCl3):
δ = 4.6 (Si-CH3), 54.6 (N-CH2-Ph), 56.1 (-OCH3), 103.6,

111.5, 113.1, 125.9, 126.7, 126.9, 127.3, 128.4, 128.5, 129.2,
130.3, 132.2, 135.4, 137.6 (ar), 158.8, 167.3 (ar O-C), 178.4
(C=N). – 29Si NMR (79.5 MHz, CDCl3): δ = −100.1. –
C43H39N2O4SiCl (711.33): calcd. C 72.61, H 5.53, N 3.94;
found C 72.20, H 5.77, N 3.78.
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