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The chemistry of higher-coordinate silicon compounds is
currently one of the main areas of research in silicon
chemistry.[1] We have contributed to this field by systematic
studies on zwitterionic l5Si-silicates that contain a pentacoor-
dinate (formally negatively charged) silicon atom and a
tetracoordinate (formally positively charged) nitrogen
atom.[1d] The zwitterions 1,[2] 2,[3] 3,[4] 4,[5] 5,[6] 6,[7] 7,[8] 8,[9]

and 9[10] are examples of this type of compound. Generally,

these zwitterionic l5Si-silicates are quite sensitive to water
and easily undergo hydrolytic Si�OC, Si�SC, and Si�NC
bond cleavage. We have now succeeded in synthesizing a
zwitterionic l5Si-silicate, namely, bis[meso-oxolane-3,4-diol-
ato(2�)][(morpholinio)methyl]silicate (10), that shows

remarkable stability in water.[11] Surprisingly, this pentacoor-
dinate silicon compound could even be prepared in aqueous
solution by Si�C bond cleavage. We report herein on the
synthesis of 10 and its hydrate 10·H2O and their structural
characterization in the solid state and in solution.

Compound 10 was synthesized according to Scheme 1,
either through cleavage of three Si�O bonds (method a) or
through cleavage of two Si�O bonds and one Si�C bond

(method b), starting with trimethoxy[(morpholino)methyl]-
silane (11)[12] (yield 87%) and dimethoxy[(morpholino)-
methyl]phenylsilane (12)[12] (yield 53%), respectively. As
the synthesis according to method b involves a relatively slow
Si�C cleavage reaction as the rate-determining step,[13]

product formation was significantly slower than with meth-
od a (see Experimental Section). The hydrate 10·H2O was
synthesized analogously to 10 (Scheme 1, method a) by using
water instead of acetonitrile as the solvent and was isolated,
after crystallization from water, in 93% yield as a colorless
crystalline solid.

The chiral l5Si-silicates crystallize in the space groups P21/
c (10) and Cc (10·H2O), with one zwitterion (10) or with one
zwitterion and one water molecule (10·H2O) in the asym-
metric unit.[14] As can be observed in Figure 1, the Si
coordination polyhedra of 10 and 10·H2O in the crystal are
strongly distorted trigonal bipyramids, in which each biden-
tate ligand spans one axial (O1, O3) and one equatorial site
(O2, O4). The Si�O distances of the SiO4C skeletons of 10
and 10·H2O range from 1.682(2) to 1.758(2) 9, and the axial
Si�O bonds (1.7333(12)–1.758(2) 9) are significantly longer
than the equatorial ones (1.682(2)–1.7114(11) 9). The Si�C
distances are 1.913(3) (10) and 1.9168(14) 9 (10·H2O).
Generally, the respective Si�O and Si�C bond lengths of 10
and 10·H2O are quite similar, whereas the distortions of the Si
coordination polyhedra differ significantly (transition trigonal
bipyramid!square pyramid: 10, 26.8%; 10·H2O, 49.0%).[15]

Taking into account the different possible orientations of
the two oxolane rings relative to the (morpholinio)methyl
group, syn/syn, anti/syn, and anti/anti isomers must be
considered for 10 (Figure 2). As can be seen in Figure 1, the
anti/syn geometry is observed in the crystals of 10 and 10·H2O.

Hydrogen-bonding systems were observed in crystals of
10 and 10·H2O.[16] Compound 10 forms a trifurcate N�H···O1/
O2/O3 hydrogen bond (intramolecular N�H···O1 and inter-

Scheme 1. Syntheses of the zwitterionic l5Si-silicate 10. For details see
Experimental Section.
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molecular N�H···O2/O3 interactions), and the zwitterion of
10·H2O forms a bifurcate intermolecular N�H···O2/O3 hydro-
gen bond, which lead to infinite one-dimensional chains along
the [001] base vector in both crystal structures. In the case of
10·H2O, two additional intermolecular O�H···O hydrogen
bonds between the water molecule (proton donor) and the
zwitterion (proton acceptor) are observed.

Compounds 10 and 10·H2O were characterized by solu-
tion (1H, 13C, 29Si) and solid-state (13C, 15N, 29Si) NMR
spectroscopy.[17] The solid-state NMR spectra were compat-
ible with the crystal structures of the compounds. The
isotropic 29Si chemical shifts obtained in the solid-state
NMR experiments (sharp resonance signals; full width at
half height ca. 7.5–20 Hz) are very similar to those determined
in aqueous solution (D2O) and thus clearly demonstrate that
the l5Si-silicate 10 exists in solution as well.

Upon dissolution of 10 and 10·H2O in D2O, an equilibrium
mixture of the syn/syn, anti/syn, and anti/anti isomers of the
zwitterionic l5Si-silicate was observed. Whereas compounds
1–9 are hydrolytically sensitive, no tetracoordinate silicon
species could be detected upon dissolution of 10 in water, that
is, no hydrolytic decomposition occurred. This remarkable

hydrolytic stability of 10 is emphasized by its direct synthesis
in water in an NMR tube: upon addition of silane 11 to a
solution of two molar equivalents ofmeso-oxolane-3,4-diol in
D2O, 1H, 13C, and 29Si NMR measurements, performed 4 h
after combining the reactants, afforded NMR spectra that
were identical with those obtained upon dissolution of 10 and
10·H2O in water. A representative partial NMR spectrum
resulting from a 29Si,1H HMQC experiment with a solution of
10 synthesized directly in an NMR tube is depicted in
Figure 3.

To obtain more information on the stability of 10 in water,
1H, 13C, and 29Si NMR experiments with a 475 mm solution in
D2O were carried out at various pH values. Upon dissolution
of 10 in D2O, a value of pH 8.0 was measured. This pH value
was decreased stepwise by addition of small amounts of
concentrated hydrochloric acid, and 1H, 13C, and 29Si NMR
experiments were performed at pH 7.4 and pH 7.0. As can be
seen from Figure 4, the resulting partial 29Si NMR spectra

Figure 1. Molecular structure of 10 (D enantiomer, left) and the zwit-
terion of 10·H2O (D enantiomer, right) in the crystal (probability level
of displacement ellipsoids 50%; morpholinio groups represented as
stick model for clarity).[13] Selected bond lengths [D] and angles [8] of
10 and 10·H2O (in parentheses): Si-O1 1.739(2) (1.7333(12)), Si-O2
1.702(2) (1.7114(11)), Si-O3 1.758(2) (1.7528(11)), Si-O4 1.682(2)
(1.7007(11)), Si-C1 1.913(3) (1.9168(14)); O1-Si-O2 89.05(10)
(89.01(5)), O1-Si-O3 172.98(10) (166.88(5)), O1-Si-O4 90.63(11)
(87.96(5)), O1-Si-C1 95.17(13) (99.27(6)), O2-Si-O3 85.51(10)
(84.85(5)), O2-Si-O4 130.78(10) (137.66(5)), O2-Si-C1 116.84(13)
(111.59(6)), O3-Si-O4 89.57(10) (88.79(5)), O3-Si-C1 91.26(13)
(93.78(6)), O4-Si-C1 112.20(12) (110.58(6)).

Figure 2. The three possible isomeric structures of the l5Si-silicate
skeleton of 10 (syn/syn, anti/syn, anti/anti).

Figure 3. Partial spectrum obtained in a 29Si,1H HMQC experiment
(23 8C, 300.1 MHz) with a 475 mm solution of 10 (pH 8.0�0.1) syn-
thesized directly in D2O. The spectrum was measured 4 h after com-
bining the reactants in an NMR tube. Top: 1H NMR resonance signals
of the SiCH2N protons of the three isomers of 10. Left: 29Si NMR sig-
nals of the three isomers of 10.

Figure 4. Partial spectra obtained in 29Si NMR experiments (23 8C,
400.1 MHz) with 475 mm solutions of 10 (synthesized according to
Scheme 1, method a) in D2O at a) pH 8.0�0.1, b) pH 7.4�0.1, and
c) pH 7.0�0.1. The 29Si NMR spectrum obtained for a 475 mm aque-
ous solution (D2O) of 10 synthesized directly in the NMR tube was
identical with spectrum a.
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indicate the existence of the three isomers of 10 in aqueous
solution at all pH values studied (no tetracoordinate silicon
species could be detected), and clearly demonstrate the
stability of l5Si-silicate 10 in the range pH 7.0–8.0. The
integrals extracted from the 1H NMR spectra indicated that
the ratio of the three isomers of 10 does not significantly
depend on the pH value. Upon further acidification to pH 6,
partial hydrolysis of 10 was observed (formation of tetra-
coordinate silicon species), and at pH 5, no 29Si resonance
signals for 10 could be detected at all (complete hydrolytic
decomposition of 10).

At first glance, the pH value of 8 measured for a 475 mm

solution of 10 in water is quite surprising, because the
ammonium moiety of the zwitterion should lead to an acidic
milieu. The basic reaction of 10 in water might be explained
by hydrolytic Si�OC cleavage to give the tetracoordinate
silicon species 10’ and a hydroxide ion (Scheme 2); thus, one

could speculate on an equilibrium of the type 10Ð10’. As can
be observed from the measured pH value (8), this equilibrium
should lie far to the left, and hence it should be very difficult
(or even impossible) to detect the tetracoordinate silicon
species 10’ by NMR spectroscopy.

Interestingly, aqueous solutions of 10 did not undergo gel
formation at room temperature over a period of six months.
Indeed, the hydrolytic stability of 10 in the pH range studied
(pH 7.0–8.0) is quite remarkable, but cannot be satisfactorily
explained so far. As the related l5Si-silicates 1–9 (including
those with an SiO4C skeleton) undergo spontaneous hydrol-
ysis upon dissolution in water, special structural and/or
electronic features of the meso-oxolane-3,4-diolato(2�)
ligand must be considered to explain the hydrolytic stability
of 10. This particular ligand and related ligands derived from
carbohydrates with cis-furanoidic diol moieties have already
been reported to form anionic pentacoordinate silicon species
in aqueous solution;[18,19] however, these anionic l5Si-silicates
are only stable in strongly alkaline solution. Thus, it is likely
that the zwitterionic nature of 10 (i.e., the presence of the
(morpholinio)methyl group) also explains its hydrolytic
stability. Future studies must elucidate whether this stability
is a general feature of bis[meso-oxolane-3,4-diolato(2�)]-
[(ammonio)organyl]silicates and if so, whether the chemistry
of pentacoordinate silicon compounds in aqueous solution
can be developed on the basis of this hydrolytic stability.

Experimental Section
10 : Method a: 11[12] (500 mg, 2.26 mmol) was added at 20 8C to a
stirred solution of meso-oxolane-3,4-diol (471 mg, 4.52 mmol) in

acetonitrile (10 mL), and the resulting mixture was transferred to a
beaker (1 10 cm) and kept undisturbed at 20 8C for several hours
(complete evaporation of the solvent). The solid residue was
recrystallized from acetonitrile (40 mL) by cooling a boiling solution
of 10 to 20 8C. After slow, complete evaporation of the solvent over a
period of several hours, the solid product was washed with diethyl
ether (3 D 20 mL) and recrystallized from dichloromethane/diethyl
ether/n-pentane (1/1/1) at 20 8C (dissolution of 10 in dichloromethane
(40 mL), subsequent addition of diethyl ether (40 mL) and n-pentane
(40 mL), and slow evaporation of the solvent over 2 d). The resulting
solid was washed with diethyl ether (3 D 20 mL) and dried in vacuo
(0.01 Torr, 20 8C, 4 h) to give 10 in 87% yield as a colorless crystalline
solid (657 mg, 1.97 mmol); m.p. 180 8C; 13C VACP/MAS NMR (nrot=

5 kHz; VACP: variable amplitude cross polarization): d= 52.2
(SiCH2N), 55.1 (NCH2C), 59.8 (NCH2C), 64.4 (2C, NCH2CH2O),
72.7 (OCHC2), 73.2 (OCHC2), 73.4 (OCHC2), 74.0 (OCHC2), 76.2
(2C, CHCH2O), 76.5 (CHCH2O), 77.3 ppm (CHCH2O); 15N VACP/
MAS NMR (nrot= 5 kHz): d=�327.7 ppm; 29Si VACP/MAS NMR
(nrot= 5.0 kHz): d=�87.3 ppm; upon dissolution of 10 in D2O (c=
475 mmolL�1), the existence of three isomers was observed, with a
molar equilibrium ratio 10a :10b :10c of 0.65:0.24:0.11; NMR data for
10a : 1H NMR (D2O, 400.1 MHz): d= 1.81–2.06 (m, 2H, NCH2C),
2.37 (s, 2H, SiCH2N), 2.45–2.66 (m, 2H, NCH2C), 3.40–3.48 (m, 4H,
CHCH2O), 3.45–3.64 (m, 4H, NCH2CH2O), 3.67–3.77 (m, 4H,
CHCH2O), 4.03–4.11 ppm (m, 4H, OCHC2);

13C NMR (D2O,
100.6 MHz): d= 45.8 (NCH2C), 49.7 (SiCH2N), 55.4 (NCH2C), 65.8
(2C, NCH2CH2O), 70.8 (4C, OCHC2), 71.3 ppm (4C, CHCH2O);
29Si NMR (D2O, 79.5 MHz): d=�89.2 ppm; NMR data for 10b :
1H NMR (D2O, 400.1 MHz): d= 2.30 (SiCH2N), 2.80–2.95 (m, 2H,
NCH2C), 3.22–3.35 (m, 2H, NCH2C), 3.22–3.35 (m, 4H, CHCH2O),
3.45–3.66 (m, 4H, CHCH2O), 3.45–3.66 and 3.78–3.90 (m, 4H,
NCH2CH2O), 4.2 ppm (brs, 4H, OCHC2);

13C NMR (D2O,
100.6 MHz): d= 49.4 (SiCH2N), 55.5 (2C, NCH2C), 64.1
(NCH2CH2O), 64.3 (NCH2CH2O), 72.5 (4C, OCHC2), 75.6 ppm
(4C, CHCH2O); 29Si NMR (D2O, 79.5 MHz): d=�88.7 ppm; NMR
data for 10c : 1H NMR (D2O, 400.1 MHz): d= 2.23 (SiCH2N), 2.36–
2.42 (m, 4H, NCH2C), 3.22–3.35 (m, 4H, CHCH2O), 3.45–3.66 (m,
4H, CHCH2O), 3.45–3.66 and 3.78–3.90 (m, 4H, NCH2CH2O), 4.10–
4.15 ppm (m, 4H, OCHC2);

13C NMR (D2O, 100.6 MHz): d= 48.9
(SiCH2N), 53.8 (2C, NCH2C), 63.8 (2C, NCH2CH2O), 72.4 (4C,
OCHC2), 75.1 ppm (4C, CHCH2O); 29Si NMR (D2O, 79.5 MHz): d=
�87.9 ppm; elemental analysis (%) calcd for C13H23NO7Si (Mr=

333.41): C 46.83, H 6.95, N 4.20; found: C 46.6, H 6.8, N 4.2.
10 : Method b: The synthesis was performed in a beaker

(1 10 cm). Compound 12[12] (500 mg, 1.87 mmol) was added at
20 8C to a stirred solution of meso-oxolane-3,4-diol (389 mg,
3.74 mmol) in water (6 mL), and an oily precipitate formed. The
resulting mixture was kept undisturbed at 20 8C for 4 d (partial
evaporation of water (ca. 3 mL)). The resulting oily residue was
purified by crystallization from acetonitrile and then recrystallized
from dichloromethane/diethyl ether/n-pentane as described for
method a to give 10 in 53% yield as a colorless crystalline solid
(330 mg, 990 mmol); m.p. 180 8C; the NMR data of the product were
identical with those obtained for the product prepared according to
method a; elemental analysis (%) calcd for C13H23NO7Si (Mr=

333.41): C 46.83, H 6.95, N 4.20; found: C 46.4, H 6.8, N 4.1.
10·H2O: The synthesis was performed in a beaker (1 10 cm).

Compound 11[12] (1.00 g, 4.52 mmol) was added at 20 8C to a stirred
solution of meso-oxolane-3,4-diol (941 mg, 9.04 mmol) in water
(2 mL), and the resulting mixture was stirred for 10 min (exothermic
reaction) and then kept undisturbed at 20 8C for 2 d. The resulting
precipitate was washed with water (3 D 0.3 mL) and dried in vacuo
(0.01 Torr, 20 8C, 5 h) to give 10·H2O in 93% yield as a colorless
crystalline solid (1.48 g, 4.21 mmol); m.p. 179 8C; 13C VACP/MAS
NMR (nrot= 6 kHz): d= 52.1 (SiCH2N), 55.1 (NCH2C), 59.8
(NCH2C), 64.3 (2C, NCH2CH2O), 72.6 (OCHC2), 73.2 (OCHC2),
73.4 (OCHC2), 74.0 (OCHC2), 76.1 (CHCH2O), 76.2 (CHCH2O), 76.5

Scheme 2. Equilibrium mixture of 10 and 10’ in aqueous solution.
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(CHCH2O), 77.3 ppm (CHCH2O); 15N VACP/MAS NMR (nrot=

5 kHz): d=�328.1 ppm; 29Si VACP/MAS NMR (nrot= 5.0 kHz): d=
�87.5 ppm; the solution NMR data of the product were identical with
those obtained for compound 10 ; elemental analysis (%) calcd for
C13H25NO8Si (Mr= 351.43): C 44.43, H 7.17, N 3.99; found: C 44.3, H
6.8, N 3.9.
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