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Summary: Treatment of [2-(dimethylamino)phenyl]-
silane (8) with 2 molar equivs of benzene-1,2-dithiol or
2-mercaptoacetic acid yields bis[benzene-1,2-dithiolato-
(2-)][2-(dimethylammonio)phenyl]silicate (6) and [2-(di-
methylammonio)phenyl]bis[2-mercaptoethanoato(2-)-
O,S]silicate (7), respectively. The zwitterionic λ5Si-
silicates were structurally characterized by solid-state
NMR spectroscopy (13C, 15N, 29Si) and single-crystal
X-ray diffraction. Compound 6 is the first zwitterionic
λ5Si-silicate with Si-S bonds that contains a square-
pyramidal Si-coordination polyhedron.

In almost all cases reported so far, pentacoordination
of silicon is accomplished by strongly electronegative
ligand atoms, such as fluorine, oxygen, nitrogen, and
chlorine atoms, as well as carbon atoms (for reviews
dealing with higher-coordinate silicon compounds, see
ref 1). We have recently reported on the synthesis of
the zwitterionic λ5Si-silicates 1,2 2,2 3‚CH3CN,3 4,4 and
5,4 demonstrating that sulfur atoms can also act as
ligand atoms in pentacoordinate silicon compounds. The

electronegativity of sulfur is similar to that of carbon
(Allred-Rochow values: S, 2.44; C, 2.50) but significantly
lower than those of fluorine (4.10), oxygen (3.50),
nitrogen (3.07), and chlorine (2.83). As shown by single-
crystal X-ray diffraction, the Si-coordination polyhedra
of 1, 2, 3‚CH3CN, and 4 are somewhat distorted trigonal
bipyramids, with the carbon atom and two sulfur atoms
in the three equatorial positions. In all cases, the carbon
ligand atoms are characterized by sp3-hybridization,
with Si-C bond distances ranging from 1.906(2) to
1.939(4) Å. We have now succeeded in synthesizing the
first pentacoordinate silicon compounds with SiS4C and
SiS2O2C skeletons that contain an sp2-hybridized carbon
ligand atom, the zwitterionic λ5Si-silicates 6 and 7. Both
compounds were characterized by solid-state NMR
spectroscopy and single-crystal X-ray diffraction.

The zwitterionic λ5Si-silicates 6 and 7 were synthe-
sized according to Scheme 1 by treatment of [2-(di-
methylamino)phenyl]silane (8) with 2 molar equivs of
benzene-1,2-dithiol or 2-mercaptoacetic acid at 20 °C in
acetonitrile. The products were isolated as crystalline
solids (yields: 6, 89%; 7, 62%), and their identities were
established by elemental analyses (C, H, N), solid-state
VACP/MAS NMR experiments (13C, 15N, 29Si), and
single-crystal X-ray diffraction.
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The solid-state 13C, 15N, and 29Si NMR data of
compounds 6 and 7 are compatible with their molecular
structures in the crystal (for details, see Experimental
Section). The isotropic chemical shift obtained in the 29Si
VACP/MAS NMR studies of 6 (δ ) -50.2) is similar to
those of compounds 1 (δ ) -53.0), 2 (δ ) -57.2), and
3‚CH3CN (δ ) -64.1), which all contain an SiS4C
skeleton. The isotropic 29Si chemical shift of 7 (δ )
-73.4) is similar to that of 5 (δ ) -69.8), but these
values differ significantly from that of 4 (δ ) -98.5),
although compounds 4, 5, and 7 contain an SiS2O2C
skeleton. These differences might be explained by the
different sizes of the five- (5, 7) and six-membered (4)
chelate rings of these zwitterions (in this context, see
ref 5).

The crystal data and the experimental parameters
used for the crystal structure analyses of 6 and 7
are given in Table 1. The molecular structures in the
crystal are shown in Figures 1 and 2; selected bond
distances and angles are given in the respective Figure
legends.

The Si-coordination polyhedron of 6 can be described
as a slightly distorted square pyramid (Berry distortion,
96.2%),6 with each of the two benzene-1,2-dithiolato(2-)
ligands spanning two of the four basal sites and the
carbon atom of the aryl group occupying the apical site.
To the best of our knowledge, this is the first penta-
coordinate silicon compound with Si-S bonds that has
been reported to have a square-pyramidal Si-coordina-
tion polyhedron. The Si-S bond lengths of 6 range from
2.2251(7) to 2.2558(6) Å. These Si-S distances are
longer than the equatorial (2.1588(9)-2.1728(9) Å) and
shorter than the axial (2.2871(7)-2.3475(8) Å) Si-S
bonds in compounds 1-4, which all contain a trigonal-
bipyramidal Si-coordination polyhedron. The Si-coordi-
nation polyhedron of 7 is also best described as a
distorted trigonal bipyramid (Berry distortion, 25.6%),6
with each of the two 2-mercaptoethanoato(2-) ligands
spanning one axial (O1, O2) and one equatorial (S1, S2)

site. The Si-S distances amount to 2.1474(6) and
2.1632(6) Å, and the Si-O distances range from
1.7821(11) to 1.8074(11) Å. The Si-C distances of
compounds 6 and 7 (sp2-hybridization of the carbon
ligand atom) amount to 1.9032(15) and 1.8938(14) Å,
respectively, indicating a shortening compared to the
Si-C distances of 1, 2, 3‚CH3CN, and 4 (1.906(2)-
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Scheme 1 Table 1. Crystal Data and Experimental
Parameters for the Crystal Structure Analyses of 6

and 7
6 7

empirical formula C20H19NS4Si C12H15NO4S2Si
formula mass, g mol-1 429.69 329.46
collection T, K 173(2) 173(2)
λ(Mo KR), Å 0.71073 0.71073
cryst syst monoclinic monoclinic
space group (No.) P21/c (14) P21/n (14)
a, Å 10.0162(15) 12.8836(19)
b, Å 13.5118(17) 7.3143(9)
c, Å 15.4322(19) 16.792(2)
â, deg 105.046(16) 108.268(16)
V, Å3 2016.9(5) 1502.6(4)
Z 4 4
D(calc), g cm-3 1.415 1.456
µ, mm-1 0.535 0.445
F(000) 896 688
cryst dimens, mm 0.5 × 0.5 × 0.1 0.5 × 0.4 × 0.3
2θ range, deg 5.18-53.94 6.12-52.80
index ranges -12 e h e 12,

-17 e k e 17,
-19 e l e 19

-16 e h e 16,
-9 e k e 9,
-20 e l e 20

no. of collected reflns 21 992 21 546
no. of indep reflns 4341 3059
Rint 0.0872 0.0502
no. of reflns used 4341 3059
no. of params 240 186
Sa 1.063 1.051
weight params a/bb 0.0567/0.3816 0.0522/0.1908
R1c [I > 2σ(I)] 0.0359 0.0298
wR2d (all data) 0.0974 0.0815
max./min. residual

electron density, e Å-3
+0.429/-0.373 +0.299/-0.235

a S ) {∑[w(Fo
2 - Fc

2)2]/(n - p)}0.5; n ) no. of reflections; p )
no. of parameters. b w-1 ) σ2(Fo

2) + (aP)2 + bP, with P )
[max(Fo

2,0) + 2Fc
2]/3. c R1 ) ∑||Fo| - |Fc||/∑|Fo|. d wR2 ) {∑[w(Fo

2

- Fc
2)2]/∑[w(Fo

2)2]}0.5.

Figure 1. Molecular structure of 6 in the crystal (prob-
ability level of displacement ellipsoids 50%). Selected
bond lengths (Å) and angles (deg): Si-S1 2.2558(6), Si-
S2 2.2251(6), Si-S3 2.2374(6), Si-S4 2.2343(6), Si-C1
1.9032(15); S1-Si-S2 88.84(2), S1-Si-S3 82.41(2),
S1-Si-S4 152.24(2), S1-Si-C1 103.52(5), S2-Si-S3
150.08(2), S2-Si-S4 85.42(2), S2-Si-C1 103.96(5), S3-
Si-S4 89.15(2), S3-Si-C1 105.89(5), S4-Si-C1 104.23(5).
The dashed lines indicate the presence of an intramolecular
bifurcate N-H‚‚‚S1/S3 hydrogen bond: N-H 0.91(2),
H‚‚‚S1 2.58(2), N‚‚‚S1 3.3142(15), H‚‚‚S3 2.48(2), N‚‚‚S3
3.2474(15); N-H‚‚‚S1 138.7(17), N-H‚‚‚S3 142.2(17),
S1‚‚‚H‚‚‚S3 71.7(6).7
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1.939(4) Å, sp3-hybridization of the carbon ligand
atoms).

The zwitterion 6 forms an intramolecular bifurcate
N-H‚‚‚S1/S3 hydrogen bond in the crystal,7 resulting
in slightly longer Si-S1/S3 distances compared to the
Si-S2/S4 distances. Compound 7 forms an intra-
molecular bifurcate N-H‚‚‚S2/O1 hydrogen bond,7 re-
sulting in an elongation of the Si-S2 and Si-O1 bonds
compared to the Si-S1 and Si-O2 bonds.

The Berry pseudorotation process is a major feature
in the stereodynamics of pentacoordinate silicon com-
pounds (in this context, see for example refs 1d,o and
the relevant literature cited therein). Almost nothing
is known about the dynamic behavior of λ5Si-silicates
with SiS4C skeletons in solution, due to solubility and/
or stability problems with the compounds of this type
known so far.2,3 The Si-coordination polyhedra of 1-3
in the crystal are best described as trigonal bipyramids,
suggesting that this particular structure is the energeti-
cally most stable one. However, the existence of the
square-pyramidal Si-coordination polyhedron of 6 in the
crystal clearly indicates that the energy difference
between the trigonal-bipyramidal and square-pyramidal
structure must be rather small. Thus, it is likely that
the stereodynamics of λ5Si-silicates with SiS4C frame-
works in solution can also be described in terms of a
Berry-type process (with the square-pyramidal structure
as the transition state), as it is well established for
structurally related pentacoordinate silicon compounds
with SiO4C skeletons. However, further investigations
are necessary to confirm this hypothesis, whereby the
synthesis of compounds with an SiS4C framework that
are suitable for solution NMR studies remains the major
goal.

Experimental Section

General Procedures. The syntheses were carried out
under dry nitrogen. The organic solvents used were dried and
purified according to standard procedures and stored under
nitrogen. Melting points were determined with a Büchi Melt-
ing Point B-540 apparatus using samples in sealed capillaries.
The 1H, 13C, and 29Si solution NMR spectra were recorded at
23 °C on a Bruker DRX-300 NMR spectrometer (1H, 300.1
MHz; 13C, 75.5 MHz; 29Si, 59.6 MHz) using C6D6 as the solvent.
Chemical shifts (ppm) were determined relative to internal
C6HD5 (1H, δ 7.28), internal C6D6 (13C, δ 128.0), or external
TMS (29Si, δ 0). Assignment of the 13C NMR data was
supported by DEPT 135 experiments. Solid-state 13C, 15N, and
29Si VACP/MAS NMR spectra were recorded at 22 °C on a
Bruker DSX-400 NMR spectrometer with bottom layer rotors
of ZrO2 (diameter, 7 mm) containing ca. 300 mg of sample (13C,
100.6 MHz; 15N, 40.6 MHz; 29Si, 79.5 MHz; external standard,
TMS (13C, 29Si; δ 0) or glycine (15N, δ -342.0); spinning rate,
5-6 kHz; contact time, 1 ms (13C), 3 ms (15N), or 5 ms (29Si);
90° 1H transmitter pulse length, 3.6 µs; repetition time, 4 s).

Preparation of Bis[benzene-1,2-dithiolato(2-)][2-(di-
methylammonio)phenyl]silicate (6). Compound 8 (200 mg,
1.32 mmol) was added at 20 °C to a stirred solution of benzene-
1,2-dithiol (376 mg, 2.64 mmol) in acetonitrile (10 mL), and
the mixture was stirred at 20 °C for 30 min (evolution of
hydrogen) and then kept undisturbed at 20 °C for 16 h. The
resulting precipitate was isolated by filtration, washed with
n-pentane (10 mL), and dried in vacuo (0.01 mbar, 20 °C, 2 h)
to give 6 in 89% yield as a colorless crystalline solid (504 mg,
1.17 mmol); mp 210 °C. 13C VACP/MAS NMR: δ 49.8 (2 C,
NCH3), 120.5-146.5 (18 C, C6H4). 15N VACP/MAS NMR: δ
-324.3. 29Si VACP/MAS NMR: δ -50.2. Anal. Calcd for C20H19-
NS4Si (429.7): C, 55.90; H, 4.46; N, 3.26. Found: C, 56.01; H,
4.56; N, 3.24.

Preparation of [2-(Dimethylammonio)phenyl]bis[2-
mercaptoethanoato(2-)-O,S]silicate (7). Compound 8 (200
mg, 1.32 mmol) was added at 20 °C to a stirred solution of
2-mercaptoacetic acid (243 mg, 2.64 mmol) in acetonitrile (10
mL), and the mixture was stirred at 20 °C for 3 h (evolution
of hydrogen). The solution was then concentrated to a volume
of ca. 1 mL, and the resulting precipitate was isolated by
filtration, washed with n-pentane (10 mL), and dried in vacuo
(0.01 mbar, 20 °C, 2 h) to give 7 in 62% yield as a colorless
crystalline solid (268 mg, 813 µmol); mp 166 °C (dec). 13C
VACP/MAS NMR: δ 31.5 (CH2), 33.6 (CH2), 47.3 (NCH3), 47.8
(NCH3), 118.7, 130.0, 131.3, 136.3, 136.6, and 146.9 (C6H4),
169.4 (CdO), 170.9 (CdO). 15N VACP/MAS NMR: δ -322.7.
29Si VACP/MAS NMR: δ -73.4. Anal. Calcd for C12H15NO4S2Si
(329.5): C, 43.75; H, 4.59; N, 4.25. Found: C, 43.72; H, 4.61;
N, 4.55.

Preparation of [2-(Dimethylamino)phenyl]silane (8).
A solution of [2-(dimethylamino)phenyl]trimethoxysilane8 (5.00
g, 20.7 mmol) in diethyl ether (20 mL) was added dropwise at
0 °C over a period of 1 h to a stirred suspension of lithium
aluminum hydride (786 mg, 20.7 mmol) in diethyl ether (20
mL). The resulting mixture was stirred at 20 °C for 18 h and
then under reflux for a further 4 h. The remaining solid was
filtered off and washed with diethyl ether (15 mL) and was
then discarded. The filtrate and the wash solution were
combined, the solvent was removed at 40 °C under normal
pressure, and the residue was distilled under reduced pressure
to give 8 in 79% yield as a colorless liquid (2.48 g, 16.4 mmol);
bp 45-47 °C/6 mbar. 1H NMR (C6D6): δ 2.56 (s, 6 H, NCH3),
4.55 (s, 3 H, SiH), 6.98-7.71 (m, 4 H, C6H4). 13C NMR (C6D6):
δ 45.5 (NCH3), 119.7, 124.4, 126.9, 131.9, 138.3, and 161.2
(C6H4). 29Si NMR (C6D6): δ -63.9. Anal. Calcd for C8H13NSi
(151.3): C, 63.52; H, 8.66; N, 9.26. Found: C, 63.78; H, 8.33;
N, 9.01.
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Figure 2. Molecular structure of 7 in the crystal (prob-
ability level of displacement ellipsoids 50%). Selected bond
lengths (Å) and angles (deg): Si-S1 2.1474(6), Si-S2
2.1632(6), Si-O1 1.8074(11), Si-O2 1.7821(11), Si-C1
1.8938(14); S1-Si-S2 128.92(2), S1-Si-O1 89.96(4), S1-
Si-O2 87.46(4), S1-Si-C1 115.01(5), S2-Si-O1 85.34(4),
S2-Si-O2 90.37(4), S2-Si-C1 116.03(5), O1-Si-O2
171.97(5), O1-Si-C1 93.16(5), O2-Si-C1 94.83(6). The
dashed lines indicate the presence of an intramolecular
bifurcate N-H‚‚‚S2/O1 hydrogen bond: N-H 0.84(2),
H‚‚‚S2 2.62(2), N‚‚‚S2 3.4064(14), H‚‚‚O1 2.339(19), N‚‚‚O1
2.9069(18); N-H‚‚‚S2 156.1(18), N-H‚‚‚O1 125.4(13),
S2‚‚‚H‚‚‚O1 65.7(5).7
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Crystal Structure Analyses. Suitable single crystals of 6
and 7 were isolated directly from the respective reaction
mixtures. The crystals were mounted in inert oil (perfluoro-
alkyl ether, ABCR) on a glass fiber and then transferred to
the cold nitrogen gas stream of the diffractometer (Stoe IPDS
diffractometer; graphite-monochromated Mo KR radiation, λ
) 0.71073 Å). The structures were solved by direct methods.9
The non-hydrogen atoms were refined anisotropically.10 A
riding model was employed in the refinement of the CH
hydrogen atoms. The NH hydrogen atoms were localized in
difference Fourier syntheses and refined freely.

Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the

Cambridge Crystallographic Data Centre as supplementary
publications nos. CCDC-286582 (6) and CCDC-286583 (7).
Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44)
1223/336033; e-mail: deposit@ccdc.cam.ac.uk).
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