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Abstract

Cubic, trialkyl tin functionalized spherosilicates Si8O20(SnR3)8 (R = Me, nBu) and the pentagonal prismatic tin-spherosilicate
Si10O25(SnMe3)10 have been synthesized and characterized. Single crystal X-ray structures were obtained for Si8O20(SnMe3)8 (I),
Si8O20(SnMe3)8 Æ 4H2O (I Æ 4H2O), and Si10O25(SnMe3)10 Æ 4H2O (II). Structural metrics for the silicate cores observed in these struc-
tures were compared to other Si8O12 and Si10O25 cores reported in the CSD database. A pronounced tetragonal distortion of the
Si8O20 cage leads to Si–O–Si bond angles that are considerably distorted in I Æ 4H2O when compared to other analogous Si8O12 struc-
tures described in the literature. These octameric stannylated spherosilicates readily react with metal chlorides to produce mesocop-
ically interesting metal oxide and hybrid materials. An illustration of this is found in the reaction of the octameric anhydrous tin
compound I with titanocene dichloride to give the octatitanocene derivative Si8O20(Cp2TiCl)8 Æ 3CH2Cl2 (III). The single crystal struc-
ture of III is also described.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Spherosilicates are molecular cage compounds of the
general formula (XSiO1.5)n (X = inorganic or organic sub-
stituents, n = 6, 8, 10, 12, 14) comprised of Si–O–Si based
rings which result from oxygen shared XSiO3 tetrahedral
units [1]. These compounds are interesting from both appli-
cation and fundamental perspectives. They are useful in a
broad range of areas including atomic scavengers, cores
for branched dendritic macromolecules, molecular com-
posite materials, optical fibers and cosmetics [2–6]. They
are structurally important because the cubic Si8O12 and
the pentagonal prismatic Si10O15 cages contain double four
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ring (D4R) and double five ring (D5R) units, respectively.
Both D4R and D5R ring units are also found in many nat-
ural and synthetic zeolites and silicates [7,8]. Due to the
occurrence of such units in these interesting materials,
spherosilicate based compounds have been used as models
in several structural and vibrational model studies [7–11].

Materials scientists have also employed spherosilicates
as building blocks in developing new materials [1]. Sev-
eral schemes have been developed to attach synthetically
useful groups to the exocage positions [1,12–16]. Once
functionalized, these silicate building blocks can be used
as polyfunctional monomers that may be cross-linked
together to produce three-dimensional silicate polymers.
For example, high surface area materials have been made
from the sol–gel polymerization of (CH3O)8Si8O12 while
multicomponent, porous inorganic materials were synthe-
sized by reacting Si8O20[N(CH3)3(C2H4OH)]8 Æ nH2O with
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Zr(C5H7O2)4 [17–19]. Inorganic/organic hybrid porous
materials have been made by linking Si8O12 units
together with organic groups of various lengths via a
hydrosilylation reactions [20,21]. These cross-linked
hybrid materials have also been studied theoretically [22].

Cubic spherosilicates bearing exocage trialkyltin func-
tional groups are reactive towards many metal halides via
a metathesis reaction whereby novel metallosilicate materi-
als are produced [14,23,24]. It has recently been shown that
the nanometer size associated with Si8O12 units allows for
tailoring of the immediate chemical environment in such
metallosilicates [23]. Herein we describe the synthesis and
structures of several cubic and pentagonal prismatic stan-
nylated spherosilicates Si8O20(SnR3)8 (R = Me and nBu)
and Si10O25(SnMe3)10. Furthermore, Si8O20(SnMe3)8 has
been used to synthesize the octatitanocene derivative,
Si8O20(Cp2TiCl)8. Structural comparisons of these com-
pounds with related spherosilicates reveal new insights into
their properties as potential building blocks in the prepara-
tion of nanostructured silicate materials.

2. Experimental

Solution nuclear magnetic resonance (NMR) spectra
were recorded at 9.4 T on a broadband Bruker Avance
(400 MHz 1H) spectrometer. Chemical shifts were refer-
enced to the following: 1H NMR d (C6D5H) 7.15 ppm;
13C NMR d (C6D6) 128.39 ppm; 119Sn d (Me4Sn) 0 ppm;
and 29Si d (Me4Si) 0 ppm.

Single crystal structures were determined using a Bruker
AXS Smart 1000 X-ray diffractometer equipped with a
CCD area detector with a graphite monochromated Mo
source (Ka radiation, k = 0.71073 Å). The instrument
was fitted with an upgraded model LT-2 low-temperature
controller. Crystals coated with paratone oil (Exxon) were
mounted on a ‘‘hair loop’’ under a nitrogen stream at
�100 �C. Global refinement of unit cell and orientation
matrix data and data reductions were performed using
SAINT 6.02 [25]. All calculations were performed using the
SHELXTL 5.1 proprietary software package [25]. The SADABS

program was used to make empirical adsorption correc-
tions [26]. Listings of atom coordinates, bond distances,
angles, atomic displacement factors, and H-atom coordi-
nates may be found in Supplementary information to the
manuscript.

Elemental analyses were performed by Desert Analytics
(Tucson, AZ) unless otherwise noted. Thermal gravimetric
analysis (TGA) was performed on a TA Instruments Q50
TGA equipped with platinum pans. Nitrogen was used as
the purge gas for both the balance and in the furnace.
Infrared experiments were performed on a Biorad FTS-
60A FTIR spectrometer.

Structural parameters from single crystal X-ray data for
compounds containing the cubic Si8O12 and pentagonal
prismatic Si10O15 spherosilicate fragments were obtained
from the Cambridge Structural Database (CSD) [27]. Sev-
enty structures containing the Si8O12 cubic spherosilicate
fragment were found in the CSD database. Structural
information was available for 36 compounds, 18 of which
were molecules containing the Si8O20 core [2,15,28–58].
Four compounds containing the Si10O15 core were found
in the CSD database [2,51,59].

2.1. Synthesis of Si8O20(SnMe3)8 Æ 4H2O

Compound I Æ 4H2O was synthesized according to the
procedures of Feher and Waller with minor modifications
[14]. Octahydridosilsesquioxane, H8Si8O12 was added por-
tion wise to a solution of bis(trimethyltin)oxide, (Me3Sn)2O
in toluene under nitrogen [14,60,61]. The reaction was
monitored via 1H NMR. After stirring overnight, removal
of the volatiles resulted in a white powder which was
recrystallized from hexanes in air to give white, needle
shaped crystals upon cooling to 5 �C overnight (6.77 g,
3.65 mmol, 91% based on H8Si8O12). X-ray quality crystals
of the tetrahydrate were obtained from benzene solution
via evaporation. 1H NMR d 0.36 (s) 2J(117SnH, 119SnH) =
56.1, 59.4 Hz, 1J(CH) = 130.9 Hz; 13C: d �2.92 (s)
1J(117SnC, 119SnC) = 387.5, 405.4 Hz; 119Sn: d 118.67 (s);
and 29Si: d �101.144 (s) 2J(SiSn) = 12.4 Hz.

The overall molecular structure was verified by its single
crystal X-ray structure. Four H2O molecules per
Si8O20(SnMe3)8 were found in the crystal. TGA analysis
of the crystals showed approximately a 4% weight loss at
100 �C in air, consistent with the loss of four water mole-
cules (3.74% theoretical weight loss). TGA also shows that
the compound melts at 180 �C and begins to decompose in
air around 250 �C.

Compound I Æ 4H2O was heated to 100 �C under vac-
uum overnight and recrystallized from dry hexanes at
5 �C under nitrogen to produce anhydrous I suitable for
X-ray analysis.

2.2. Synthesis of Si8O20(SnnBu3)8

Bis(tri-n-butyltin)oxide, OðSnBun
3Þ2 (Gelest, Inc.) was

distilled and degassed prior to use. 2.00 g (4.71 mmol) of
H8Si8O12, was added to a magnetically stirred round-bot-
tomed flask containing a 5% stoichiometric excess of the
tin ether, OðSnBun

3Þ2 at 0 �C under a nitrogen atmosphere.
The reaction was allowed to proceed for one hour. After
warming to room temperature, the reaction flask was fitted
with a short path distillation head. Both tri-n-butyltinhy-
dride and excess OðSnBun

3Þ2 were removed via vacuum
distillation.

The resulting product, Si8O20ðSnBun
3Þ2, is a sticky, white

solid. Recovered yields are 95–98%. No clear melting point
could be observed upon heating. 1H NMR: d 1.09 (t, 72H),
d 1.38 (t, 48H) d 1.54 (m, 48H), d 1.84 (m, 48H); 13C: d 14.2
(s), d 16.4 (s) 1J(SnC) = 356, 373 Hz, d 27.7 (s) 3J(SnC) =
60.3, 63.1 Hz, d 28.4 (s) 2J(SnC) = 17.8 Hz; 119Sn:
(149.18 MHz, C6D6) d 85.9 (s); and 29Si: d �101.0 (s). Ele-
mental analysis: found 40.40% C and 7.57% H, calculated
for Si8Sn8O20C96H216: 40.24% C and 7.60% H.
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2.3. Synthesis of Si10O25(SnMe3)10 Æ 4H2O (II)

The procedure for the preparation of Si10O25(SnMe3)10

is similar to that of Si8O20(SnMe3)8. To a solution of
(Me3Sn)2O in toluene, a mixture of (1:1) H8Si8O12 and
H10Si10O15 was added stepwise until all (Me3Sn)2O had
reacted as indicated by 1H NMR [60]. The resulting mix-
ture of Si10O25(SnMe3)10 and Si8O12(SnMe3)8 was sepa-
rated by fractional crystallization from hexanes. The first
crop of crystals grown at 5 �C was found to be pure
Si8O12(SnMe3)8 according to 1H NMR and the second
crop was 93% Si10O25(SnMe3)10 and 3% Si8O20(SnMe3)8.
The crystalline product was analyzed using multinuclear
NMR as follows: 1H NMR d 0.42 (s) 2J(117SnH,
119SnH) = 56.7, 59.4 Hz, 1J(CH) = 130.3 Hz; 13C: d �2.80
(s) 1J(117SnC, 119SnC) = 386.8, 404.6 Hz; 119Sn: d 116.21
(s); and 29Si: d �101.9 (s) 2J(SiSn) = 12.5 Hz.

The overall molecular structure of the tetrahydrate
Si10O25(SnMe3)10 Æ 4H2O was verified by single crystal
X-ray analysis. Four H2O molecules per Si10O25-
(SnMe3)10 were found in the crystal before heating under
vacuum. TGA analysis of the crystals showed approxi-
mately a 3% weight change between 35 and 90 �C. This
is consistent with the loss of four water molecules
(3.01% theoretical weight loss). The compound melts at
166 �C and begins to decompose in air around 250 �C
(TGA). Elemental analysis: found 15.08% C and 4.26%
H, calculated for Si10Sn10O25C30H90 Æ 4H2O: 15.07% C
and 4.13% H.
2.4. Synthesis of Si8O20(Cp2TiCl)8 Æ 3CH2Cl2 (III)

Si8O20(SnMe3)8 (0.47 g, 0.25 mmol, 2.0 mmol SnMe3

reaction site) was weighed into one side of a double well
Schlenk vessel separated by a frit while Cp2TiCl2 (1.04 g,
4.1 mmol, 2.1 eq/SnMe3) was weighed into the other side.
Methylene chloride was vapor transferred under vacuum
onto both reactants. The reaction was started when the
Si8O20(SnMe3)8 solution was poured through the medium
frit and mixed with the Cp2TiCl2 solution. At 50 �C, yel-
low microcrystals gradually precipitated out from the
deep red solution. The reaction was stopped by removing
all volatiles after 2.5 h. The golden yellow microcrystal-
line Si8O20(Cp2TiCl)8 was washed with methylene
chloride several times until the orange-red color of
Cp2TiCl2 was not observed in the wash solution. After
the removal of methylene chloride, pure Si8O20(Cp2TiCl)8

was obtained (0.470 g, 0.21 mmol, 84% yield).
The multinuclear NMR was as follows: 1H NMR d 6.24

(s); 13C NMR d �118.50 (s); 29Si NMR d �106.34 (s). The
overall molecular structure was verified by single crystal X-
ray analysis. Three CH2Cl2 solvate molecules per
Si8O20(Cp2TiCl)8 were found in the crystal. Elemental
analysis (Robertson Microlit Laboratories, Inc.): found:
44.2% C and 4.30% H, calculated for Si8O20Ti8Cl8C80H80:
44.09% C and 4.04% H.
3. Results and discussion

The general approach to the synthesis of trialkyl tin
substituted spherosilicates was first described by Feher
and Weller [14]. Reaction of tin ethers R3Sn–O–SnR3 with
Si–H functionalities to produce mixed silicon–tin ethers
(„Si–O–Sn„) proceeds smoothly and in high yield. In
the case of the decatin cage complex, Si10O25(SnMe3)10,
the silicon hydride precursor can only be isolated as a mix-
ture with the octamer, Si8O12H8. Titration of the mixture
with the trimethyl tin ether gave the corresponding tin
products cleanly. Fractional crystallization gave pure sam-
ples of the decatin compound II, for characterization.

The tin-substituted spherosilicates react with many high
valent transition metal and main group chlorides (e.g.
AlCl3, SiCl4, TiCl4, VOCl3) to cleanly metathesize the trial-
kyl tin group for the metal chloride (Eq. (1)) [23,24]. The
reaction of titanocene dichloride Cp2TiCl2, with I illus-
trates the utility of this reaction. At room temperature,
Cp2TiCl2 reacts with Si8O20(SnMe3)8 in a variety of
organic solvents to produce the titanocene substituted
spherosilicate, Si8O12(OCp2TiCl)8 (III).

ð1Þ

Under the conditions used, only one of the two chloride
ligands on titanocene dichloride reacts. In this case and for
other polychlorides, adjusting of the conditions of the reac-
tion and stoichiometric ratios of reactants leads to a gen-
eral methodology for the designed preparation of tailored
mixed metal–silicate building block materials [23,24]. Com-
plete structural, elemental and spectroscopic characteriza-
tion data for compounds I–III are given in Section 2 and
following discussion.
3.1. Structural characterization of Si8O20(SnMe3)8 Æ 4H2O
(I Æ 4H2O)

Si8O20(SnMe3)8 Æ 4H2O crystallizes in the P�1 space
group. Structure and refinement data are given in Table
1. The structure of the octakis trimethyltin silicate tetrahy-
drate (I Æ 4H2O) in the crystal may be described as a dis-
torted, cubic Si8O12 cage surrounded by eight trimethyl
tin groups bound to the eight oxygen atoms external to
the silicate cage (Fig. 1). Only one half of the molecule is
unique by virtue of crystallographically imposed inversion
symmetry at the center of the Si8O12 cage. The crystal also
contains four water molecules (two unique) present as
Lewis base adducts coordinated to tin in two of the unique
trimethyltin groups.

The Si8O12 core exhibits a significant tetragonal distor-
tion from ideal cubic symmetry by having two opposite
Si4O4 faces of the cube pulled away from each other. The
four Si–O–Si cage edges parallel to the distortion axis
accommodate this elongation by opening up the Si–O–Si
angles around oxygen until they are close to linear (average



Table 1
Crystal data and structure refinement for compounds I–III

Identification code I I Æ 4H2O II III

Molecular formula Si8O20(SnMe3)8 Si8O20(SnMe3)8 Æ 4H2O Si10O25(SnMe3)10 Æ 4H2O Si8O20(TiClCp2)8 Æ 2CH3Cl
Formula weight 1855.06 1927.12 2390.88 2507.74
Temperature (K) 173(2) 293(2) 173(2) 198(2)
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Orthorhombic Triclinic
Space group P�1 P�1 Pbca P�1
a (Å) 11.339(3) 11.2046(6) 21.834(5) 13.6919(5)
b (Å) 11.569(3) 12.0644(6) 26.567(7) 14.1160(5)
c (Å) 13.258(3) 12.3545(6) 28.037(7) 14.2380(5)
a (�) 68.973(4) 86.6650(10) 90 101.9820(10)
b (�) 76.426(4) 81.8930(10) 90 99.8590(10)
c (�) 71.264(4) 85.4890(10) 90 107.7540(10)
Volume (Å3) 1523.2(7) 1646.35(14) 1626.4(7) 2481.12(15)
Z 1 1 8 1
Dcalc (Mg/m3) 2.022 1.944 1.953 1.678
Absorption coefficient (mm�1) 3.436 3.187 3.224 1.149
F(000) 888 928 9200 1270
Crystal size (mm3) 0.5 · .05 · 0.5 0.5 · 0.4 · 0.4 0.20 · 0.15 · 0.10 0.2 · 0.2 · 0.05
h Range for data collection (�) 1.91–23.32 1.67–28.28 1.41–23.27 1.51–27.65
Index ranges �12 6 h 6 12,

�12 6 k 6 12,
�14 6 l 6 14

�14 6 h 6 14,
�15 6 k 6 16,
�15 6 l 6 16

�23 6 h 6 24,
�29 6 k 6 29,
1�31 6 l 6 31

�17 6 h 6 17,
�18 6 k 6 18,
�18 6 l 6 18

Reflections collected 11644 17832 120540 27306
Independent reflections (Rint) 4387 (0.0182) 7705 (0.0240) 11673 (0.0641) 27306
Completeness to h 23.32�: 99.4% 28.28�: 94.4% 23.27�: 99.7% 27.65�: 96.4%
Absorption correction Semi-empirical

from equivalents
Semi-empirical
from equivalents

Semi-empirical
from equivalents

Semi-empirical from
equivalents

Refinement method Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Full-matrix least-squares
on F2

Data/restraints/parameters 4387/0/283 7705/5/317 11673/16/806 27306/3718/1022
Goodness-of-fit on F2 1.026 1.135 1.216 1.021
Final R indices [I > 2r(I)] R1 = 0.0261, wR2 = 0.00733 R1 = 0.0243, wR2 = 0.0634 R1 = 0.0323, wR2 = 0.0790 R1 = 0.0670, wR2 = 0.1694
R indices (all data) R1 = 0.0292, wR2 = 0.0760 R1 = 0.0267, wR2 = 0.0647 R1 = 0.0637, wR2 = 0.1137 R1 = 0.0884, wR2 = 0.1860
Largest difference in peak

and hole (e Å�3)
2.059 and �0.411 0.363 and �1.802 2.547 and �0.888 0.876 and �0.948
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Fig. 1. Single crystal X-ray structure of Si8O20(SnMe3)8 Æ 4H2O. The crstallographically unique part of the molecule is shown along with interaction
between two Si8O20(SnMe3)8 and two H2O molecules.
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angle 172�). The Si–O bond lengths along these edges and
along other Si4O4 edges of the cube are not lengthened
appreciably over average bond distances observed in simi-
lar silicate cage structures (vide infra).

The oxygen atoms of the two water molecules in the crys-
tal are within bonding distance (Sn(3)–O(12) 2.645 Å;
Sn(2)–O(11) 2.799 Å) to two tin atoms of trimethyl tin
groups in the crystal and positioned trans to the terminal
oxygens of the cage (Fig. 1) [62–71]. The three methyl groups
are almost coplanar with the tin atom in each case produc-
ing a trigonal bipyramidal coordination geometry around
tin. The other two unique trimethyl tin groups in the struc-
ture have overall tetrahedral arrangements of the three
methyl groups and one terminal oxygen atom bound to tin.

The hydrogen atoms of the water molecules in the crystal
are directed away from the trimethyltin group to which the
oxygen is interacting and form hydrogen bonds to two exoc-
age oxygen atoms of a neighboring silicate cube in the lat-
tice (Fig. 1). It is interesting to note that in both cases two
hydrogen bonds from one water molecule (O(12)) bracket
an elongated edge (Si(1)–O(8)–Si(2)) of the Si8O12 core.

The combination of Sn� � �Owater Lewis base interactions
and hydrogen bonding described above produces a two-
dimensional ordering of Si8O20(SnMe3)8 molecules in the
solid state. Planes of Si8O20(SnMe3)8 molecules in the crys-
tal, linked through water can clearly be seen in molecular
packing diagrams (Fig. 2). No unusual or strong intermo-
lecular contacts are observed between planes in the lattice.

3.2. Structural characterization of anhydrous
Si8O20(SnMe3)8 (I)

Si8O20(SnMe3)8 crystallizes in the P�1 space group. Struc-
ture and refinement data are given in Table 1. While the
overall structure of anhydrous Si8O20(SnMe3)8 (I) in the
solid state is similar to that of the tetrahydrate, significant
Fig. 2. Packing diagram of Si8O20(SnMe3)8 Æ 4H2O. Hydrogen bonding
and Lewis base interactions of the two water molecules with the
Si8O20(SnMe3)8 molecules results in two-dimensional sheets.
differences exist (Fig. 3). In contrast to the tetrahydrate
structure, the substituent geometry around all tin atoms
is tetrahedral. Also, the distortion of the cubic silicate cage
is not nearly as pronounced. The largest Si–O–Si cage
angles in this structure are 159.8(2)� and 161.2(2)� which
is �11� less than what is observed in the structure of the
hydrate. No ordering of Si8O20(SnMe3)8 molecules into
sheets is observed in the crystal of anhydrous I.

3.3. Structural characterization of

Si8O20(Cp2TiCl)8 Æ 3CH2Cl2 (III)

Data were collected on a nonmerohedrally twinned crys-
tal of Si8O20(Cp2TiCl)8 Æ 3CH2Cl2 having two domains
related by a 180� rotation along the �110 axis in real
space. The reflection file was sorted between the two twin
components which are estimated to occur at a 20:80 split
in the crystal. Reflections fell into three groups: completely
resolved, partially overlapping and completely overlap-
ping. SAINT (version 6.02) successfully derived integrated
intensities for all but a few reflections from both twin com-
ponents in all categories using a single BASF scale factor of
0.21. Both independent data sets from the two twin compo-
nents were used in the refinement of the model. Structure
and refinement data are summarized in Table 1.

The structural model developed for Si8O20(Cp2TiCl)8 Æ
3CH2Cl2 involves a combination of crystallographically
imposed symmetry and disorder. The disorder is found in
the titanocene groups and in the methylene chloride solvate
molecules. Because of the disorder in the titanocene frag-
ments of the molecule all Cp rings were restrained to be
planar and titanium atoms Ti(3) and Ti(4), along with their
respective disorder partners (Ti(3 0), Ti(4 0)) were modeled
with equivalent atomic displacement parameters. Fig. 4
shows the structure of Si8O20(Cp2TiCl)8 without the disor-
der in the titanocene groups.

Only half of the central Si8O20 core and its Cp2TiCl sub-
stituents are unique due to the presence of crystallograph-
ically imposed inversion symmetry at the center of the
cube. There is no disorder in the central Si8O20 core. The
disorder in the titanocene groups is illustrated in Fig. 5
and may be described as follows. In two cases, only the
Cp rings bound to Ti(1) and Ti(2) are disordered. In both,
two sets of overlapping Cp rings were found. Surprisingly,
only one refineable chlorine atom position could be identi-
fied. The thermal ellipsoid for this chlorine atom is larger
than usual which could indicate the presence of two Cl
atom positions that are close together and not resolved
with the data in hand. Attempts to model this as two dis-
tinct atoms were not successful. The occupation of the
two components in both cases was modeled by a standard
floating occupancy free variable and was found to be
approximately 1:1 for the case of Ti(1) and approximately
3:1 for the case of Ti(2).

The other two unique titanocene groups in the molecule
(Ti(3) and Ti(4)) exhibit almost identical disorder originat-
ing in two distinct positions of the titanium atoms (Fig. 5).
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Fig. 5. The two types of disorder around the titanium atoms in the single crystal X-ray structure of Si8O20(Cp2TiCl)8 Æ 3CH2Cl2.
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Ti(3) and Ti(4) constitute one set of adjacent titanium
atoms across an edge of the Si8O20 core (Part 1) while
Ti(4 0) and Ti(3 0) represent the second set of titanium posi-
tions (Part 2). The Cp2TiCl groups are also disordered
between two positions related by a 90� rotation around
the Ti–O bond. The occupation of the two components
was modeled by a standard floating occupancy free vari-
able and was found to be approximately 1.5:1 for both
titanocene groups (Ti(3)/TI(4 0) and Ti(4)/Ti(3 0)).

One methylene chloride solvate molecule is nondisor-
dered but only occurs as one half of an equivalent per cube
in the crystal. The other solvate molecule occurs as a full
equivalent but is disordered roughly equally between two
orientations that share the same central carbon position.
The two orientations are related to one another by rotation
of the Cl–C–Cl plane around the C2 axis through the cen-
tral carbon.

3.4. Structural characterization of

Si10O25(SnMe3)10 Æ 4H2O (II)

Si10O25(SnMe3)10 Æ 4H2O crystallizes in the Pcba space
group. Structural and refinement data are given in Table
1. The structure of the decakis trimethyl tin silicate (II) tet-
rahydrate in the crystal may be described as a highly dis-
Sn(7)
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Sn(5)

O(27)

O(

Si(20
O(21) O(10)

O(2)

O(22)
Si(12)
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O(4)

O(2
O(1)

Oxygen from H2O 
molecules present at 
Lewis base adducts 

in the crystal

Fig. 6. Single crystal X-ray structure of Si10O25(SnMe3)10 Æ 4H2O. The two oxy
Lewis base adducts with the tin atoms are shown.
torted, pentagonal prism of five Si4O4 rings each sharing
two edges (Fig. 6). The ten trimethyltin groups are bound
to ten oxygen atoms external to the silicate cage. Four
water molecules are also present in the crystal. Three of
the four molecules are Lewis base adducts with tin and
the fourth water is hydrogen bonded to an exocage oxygen
belonging to the silicate molecule. The two pentagonal
faces making up the spherosilicate cage are not symmetri-
cal due to ‘‘puckering’’ of corresponding Si–O–Si edges
of the two opposite faces, similar to what is observed in
other Si10O15 containing structures [2,51,59].

Three of the trimethyltin groups in Si10O25(SnMe3)10 are
disordered. Two have tin atoms occupying two sites
((Sn10) and Sn(11)) with one of the methyl groups
(C(25)) occupying the same position and the other four
methyls (C(30) and C(32) bound to Sn(10) and C(29) and
C(31) bound to Sn(11)) disordered between two positions
(see Supplementary information). In the third trimethyltin
group, the tin is disordered between two sites with occu-
pancies of 95% and 5%. The positions of all three methyl
group carbons associated with the more prevalent tin
position have been located. Due to the low occupancy of
the other tin site, none of the associated methyl groups
could be located. No disorder in the Si10O15 cage was
observed.
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26)

Sn(6)

)

O(23)

Si(18)

Si(13)

O(12)

O(11)

9)

O(14)

7) O(24)

O(6)

Si(16)

Si(11)

O(13)

Sn(10)

Sn(2)

Sn(1)

O(17)

O(18)
4)

Si(15)

O(3)

O(19)

5)

O(5)

O(15)

O(16)

gen atoms that have been assigned to water molecules which are present as
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The water molecules present in this structure are found
as either Lewis base adducts, hydrogen bounded, or a com-
bination of both as previously stated. The interactions
observed for one water molecule are quite similar to that
described in the tetrahydrate of Si8O12(SnMe3)8. For two
of the water molecules, a similar type of interaction is
observed where the oxygen from the water interacts with
a tin group, but only one hydrogen of the water molecule
interacts with a terminal oxygen bearing a trimethyltin
group of a neighboring Si10O25(SnMe3)10 molecule. The
last water does not show any specific interaction with tin.
One of the hydrogen atoms of this water molecule appears
to be hydrogen bonded to an oxygen bearing a trimethyltin
group.

Much like in the I Æ 4H2O structure, a consequence of
the combination of Sn� � �O interactions and hydrogen
bonding is the occurrence of two-dimensional planes of
Si10O25(SnMe3)10 molecules in the solid state.

3.5. Structural comparisons of the Si8O20 cage in I, I Æ 4H2O,

and III with other cubic silicates

Si8O20 cage units have been described as rigid SiO4 tet-
rahedra connected through Si–O–Si siloxy linkages [11].
The SiO4 tetrahedra in I, I Æ 4H2O, exhibit typical bond
lengths and O–Si–O angles quite close to ideal values.
However, the structures of I and I Æ 4H2O are unusual in
that the cubic Si8O20 unit is considerably elongated along
an axis perpendicular to a pair of opposite faces of the
cube. This pair of Si4O4 faces is also compressed with
respect to Si� � �Si separations along their Si–O–Si edges.
The observed elongation and compression are due to open-
ing and closing of the Si–O–Si angles parallel to the distor-
tion axis and within the faces, respectively (Fig. 7). Two
Si–O–Si angles approach linearity having observed angles
of 172.1(1)� and 171.1(1)� while corresponding angles
within the faces are quite small (136.3(1)� and 137.2(1)�)
(Fig. 7). Previous studies of silicate cage structures pre-
3.05 3.15 3.25

175

Si••••SiNon-bonding Distance (angstrom)

165

155

145

135

125

S
i—

O
—

S
i a

ng
le

 (
de

gr
ee

) Si8O20(SnMe3)8•4H2O

Si8O12 – from CSD

Si8O20(SnMe3)8

Si8O20(Cp2TiCl)8•3CH2Cl2

Fig. 7. Plot of Si–O–Si angles in Si8O20 containing compounds discussed
here as a function of non-bonding Si� � �Si distances. These data are
superimposed on to that of other structures containing Si8O12 cores
reported in the CSD.
sented analyses of average Si–O–Si and O–Si–O angles
within zeolite and silicate minerals [11]. In the present study
this approach would have masked the pronounced distor-
tion seen in the tetrahydrate I Æ 4H2O as the average of
the minimum and maximum values given above (154�) is
quite close to the average found in the CSD data. The indi-
vidual angles observed in I Æ 4H2O are among the largest
and smallest reported for any structure containing the
D4R fragment. The anhydrous trimethyl tin analogue I,
also shows a similar type of distortion in the cage, but
not nearly as pronounced.

The unusually large and small angles observed in the
cage units of these two structures correlate with a splitting
of the symmetric and antisymmetric Si–O–Si stretches
observed in the IR for Si8O20 cages. When compared to
the titanocene analogue III, which has a more typical, sym-
metrical cage unit two resolvable signals corresponding to
mas(Si–O–Si) and ms(Si–O–Si) vibrational modes were
observed in I and I Æ 4H2O (Fig. 8) [10,72]. The dependence
of the Si–O–Si stretching frequencies has also been studied
in glasses and it has been shown that the smaller this angle,
the lower the value of the stretching frequency in the IR
[72].

3.6. Structural comparisons of Si10O25 cage unit in

Si10O25(SnMe3)10 with other pentagonal spherosilicates

The structure of the Si10O15 cage in II is unusual when
compared to analogous decasilicate cage units. The SiO4

tetrahedral subunits that make up this cage have a larger
distribution of observed non-bonding O� � �O distances
and O–Si–O angles around individual silicon atoms. This
is evident in the plot of this angle as a function of the
non-bonding O� � �O distance (see Supplementary informa-
tion). In one case, a SiO4 unit (Si(20)) in Si10O25(SnMe3)10

has an unusually small observed O–Si–O angle of
105.5(3)�. In fact all of the intracage O–Si–O angles associ-
ated with Si(20) are below that associated with a perfect
υas(Si—O—Si) υas(Si—O—Si)
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Fig. 8. IR spectra of I, I Æ 4H2O, and III where the symmetric and
asymmetric stretching Si–O–Si modes are highlighted.
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SiO4 tetrahedron (109.5�). As a consequence, the O–Si–O
angles involving the exocage oxygen are all quite large
(110.2(3)�, 113.2(4)�, and 112.2(3)�). The trimethyltin
group bound to this particular SiO4 unit has a water mol-
ecule coordinated to the tin. However, another SiO4 unit
(Si(18)) in the molecule that also has a water molecule
coordinated to tin does not exhibit the same type of distor-
tion. We are not sure what the causes of distortions in the
SiO4 units at this time.

The observed Si–O–Si angles and non-bonding distances
in Si10O25(SnMe3)10 also have a larger distribution of val-
ues than is observed in other structures containing
Si10O15 units. This is observed in both the square and pen-
tagonal faces. The Si–O–Si angles and distances found in
the pentagonal faces of Si10O25(SnMe3)10 exhibit non-
bonding Si� � �Si distances that are all slightly longer than
what is observed in other D5R containing structures. The
presence of the water molecules interacting both as Lewis
bases with tin and hydrogen bonding to exocage oxygen
atoms may contribute to these structural features.

4. Conclusions

The synthesis and structures of several members of a
family of trialkyltin derivatized spherosilicates have been
described. The trialkyltin functionality allows for further
reaction with metal chlorides as illustrated in the synthe-
sis of Si8O20(Cp2TiCl)8. Comparisons with structural data
for previous cubic and pentagonal prismatic containing
spherosilicates indicate that SiO4 tetrahedra in both
Si8O12 and Si10O15 spherosilicates are typically rather
rigid and do not vary significantly from ideal values.
Observed distortions in the cage units are mostly caused
by variations in Si–O–Si angles connecting SiO4 tetrahe-
dra. The large distribution of the observed angles seen
in the spherosilicates bearing trimethyltin groups may
be due to the presence of Lewis base and hydrogen-bond-
ing interactions between water in the crystal with tin
groups of stannylated spherosilicates and exocage oxygen
atoms.

The structural variations observed for spherosilicate
building units found in the compounds described herein
are important because they are the basic building units
present in many zeolites and silicates [11]. The molecular
dimensions of these silicate cage units fall into the nano-
scale size regime. Furthermore, they are both chemically
and thermally robust. These properties make them attrac-
tive candidates as building blocks for the construction of
mesoscopically designed solids [23]. Materials produced
from such methods could have a wide applicability in the
areas of catalysis and materials chemistry.
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Appendix A. Supplementary information

Plot of O–Si–O angle vs. O� � �O separation for II. Crys-
tallographic data (CIF files) for compounds I (CCDC
279729), I Æ 4H2O (CCDC 279730), II (CCDC 279728)
and III (CCDC 279731) have been deposited with the Cam-
bridge Crystallographic Data Center and copies of this
information is available free of charge at www.ccdc.cam.
ac.uk/data_request/cif, or by e-mailing data_request@
ccdc.cam.ac.uk, or by contacting The Cambridge Crystal-
lographic Data Center, 12 Union Road, Cambridge CB2
1ES, UK; fax: +44 1223 336 033. Supplementary data asso-
ciated with this article can be found, in the online version,
at doi:10.1016/j.jorganchem.2006.03.028.
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