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The molecular structures of the species crystallizing from solutions
of alkoxytitanasilsesquioxanes in hydrocarbons upon reflux confirm
the partial release of solvating alcohol. They feature, however,
distinctly the formation of a dinuclear core with preserved
hexacoordination for the metal atoms. The active titanium
centers in the silica-titania epoxidation catalysts, lacking the
sterically demanding ligands, are thus quite probably also hexa-
coordinated.

The metallasilsesquioxanes, derivatives of polyhedral
oligosilsesquioxanes (POSS) with one or several metal
centers included in the silsesquioxane core, are considered
as attractive precursors of hybrid organic-inorganic mate-
rials1 and, in the case of titanium, are even recognized as
potent homogeneous epoxidations catalysts.2 They are
even considered as structural analogues and valuable
models of the heterogeneous silica-grafted titanium oxide
catalysts.3

The existing concepts describing the structure and reactiv-
ity of titanasilsesquioxanes are due to the works of Muerig
Thomas and Johnson,4 Crocker et al.,5 and Edelmann et al.6

dating to the late 1990s. It was then demonstrated that the
interaction of titanium alkoxides, Ti(OR)4, where R=Me,
Et, and iPr, with an incomplete polyhedral silsesquioxane,
R0

7Si7O9(OH)3, where R0=c-C5H9 and c-C6H11, results in
both ether and hydrocarbon solvents in the formation of
dimeric solvated molecules {[R0

7Si7O12Ti](ROH)(μ-OR)}2,
containing hexacoordinated titanium centers. Upon heating
in hydrocarbon solvents, these species were shown to
eliminate the solvating alcohol,4,5 and it was generally
assumed that they are then transformed into mononuclear
complexes with tetrahedral coordination for titanium atoms
(see Scheme 1). The idea about tetrahedrally coordinated
titanium atoms tripod-coordinated to the silica surface has
been broadly used for the theoretical description of the
mechanisms of catalysis in the course of epoxidation
reactions.3a,c,d Even structural examples involving this type
of coordination for the titanium centers have definitely
been reported. They have all, however, involved a bulky
terminal ligand such as tert-butoxide or trialkylsiloxide5 or a
half-sandwich fragment, incorporating an η-C5H5 or an
η-C5Me5 ligand.6,7 It is interesting to note that a com-
parison of experimentally determined activities for the
different titanasilsesquioxane catalysts demonstrates a rather
strongly nuanced view of the influence of titanium coordina-
tion on both the reaction constant and selectivity of the
process.
It could clearly be seen that the tetrahedral coordination in

itself was definitely not the major factor. A complex derived
from two bidentate (with one protected function each)
silsesquioxane ligands R0

7Si7O9(OH)2(OSiMe3) attached to
the same titanium atom had about 20 times lower activity
than that with a tripodal titanium coordination and one
bulky ligand, such as R0

7Si7O12Ti(OSiMe3), but the com-
plexes with much smaller ligands such as OCH2Ph or OiPr
(assumed to possess the same but less sterically hindered
coordination) displayed an activity several times higher than

*To whom correspondence should be addressed. E-mail: vadim.kessler@
kemi.slu.se. Tel.: +46(0)18671541.

(1) (a) Mori, H.; Miyamura, Y.; Endo, T. Mater. Chem. Phys. 2009, 115,
287. (b) Bonhomme, C.; Gervais, C.; DeMonredon, S.; Coelho, C. J. Coat. Tech.
Res. 2008, 5, 117. (c) Arenas, L. T.; Gay, D. S. F.; Moro, C. C.; Dias, S. L. P.;
Azambuja, D. S.; Costa, T. M. H.; Benvenutti, E. V.; Gushikem, Y.Microporous
Mesoporous Mater. 2008, 112, 273.

(2) Lorenz, V.; Fischer, A.; Giessmann, S.; Gilje, J. W.; Gun’ko, Y.;
Jacob, K.; Edelmann, F. T. Coord. Chem. Rev. 2000, 206, 321.

(3) (a) Kudo, T.; Gordon, M. S. J. Phys. Chem. A 2003, 107, 8756. (b)
Wada, K.; Hirabayashi, K.; Watanabe, N.; Yamamoto, S.; Kondo, T.; Mitsudo, T.;
Inoue,M.Top. Catal. 2009, 52, 693. (c)Meurig Thomas, J.; Sankar, G.; Klunduk,
M. C.; Attfield, M. F.; Maschmeyer, T.; Johnson, B. F. G.; Bell, R. G. J. Phys.
Chem. B 1999, 103, 8809. (d) Fraile, J. M.; García, J. I.; Mayoral, J. A.; Vispe, E.
J. Catal. 2005, 233, 90.

(4) Maschmeyer, T.; Klunduk, M. C.; Martin, C. M.; Shephard, D. S.;
Meurig Thomas, J.; Johnson, B. F. G. Chem. Commun. 1997, 1847.

(5) Crocker, M.; Herold, R. H. M.; Orpen, A. G.; Overgaag, M. T. A.
Dalton Trans. 1999, 3791.

(6) Edelmann, F. T.; Giessmann, S.; Fischer, A. J. Organomet. Chem.
2001, 620, 80.

(7) (a) Feher, F. J.; Budzichowski, T. A.; Rahimian, K.; Ziller, J. W.
J. Am. Chem. Soc. 1992, 114, 3859. (b) Buys, I. E.; Hambley, T. W.; Houlton,
D. J.; Maschmeyer, T.; Masters, A. F.; Smith, A. K. J. Mol. Catal. 1994, 86,
309.



9064 Inorganic Chemistry, Vol. 48, No. 19, 2009 Viotti et al.

that of the structurally characterized species with proven
tripodal coordination.5 It appeared then extremely interest-
ing to identify the true molecular geometry for these most
active species. In the view of the trend of titanium alkoxide
complexes to aggregation,8 and of the generally easily
observed clustering of titanium oxide on the silica surface,9

it seemed, at least, peculiar that the tripodal tetrahedral
coordination could be adopted by the species in question.
The structural characterization of the metallasilsesquio-
xane complexes by means of single-crystal X-ray techniques
is usually very difficult because of the lack of long
distance order and the structural imperfections caused by
the possible defectual packing of the molecules and the
rotation of the substituents at the silsesquioxane core,10

which explains probably why such a study has not been
successful so far.
In the present work, we aimed to study the coordination

equilibria in solutions of {[Cy7Si7O12Ti](ROH)(μ-OR)}2,
where Cy=c-C6H11 and R=iPr and iBu. The solubility of
the complexes prepared in situ by the reaction of Ti(OR)4
with 1 equiv of Cy7Si7O9(OH)3 was very high. After evapora-
tion to dryness in a vacuum and subsequent redissolution in
n-hexane, the complexes displayed a clear negative tempera-
ture dependence for solubility: while at room temperature it
was about 0.15 g/mL, it decreased clearly upon heating,
resulting in mass crystallization upon reflux. Upon cooling
to room temperature, the precipitate redissolved again,
leaving a clear solution. The solution was removed from

refluxing reaction mixtures by syringe, and the crystal-
line residues were investigated by a single-crystal X-ray
method.11

The noncentrosymmetric structures of the isolated com-
plexes [Cy7Si7O12Ti]2(μ-ROH)(μ-OR)2, where Cy=c-C6H11

and R=iPr (1) and iBu (2), are completely analogous to each
other and feature a so far unprecedented metallasiloxane
“fusion” of the two titanium atom coordination polyhedra
(seeFigures 1 and2).The titaniumapexes of the siloxane cubes
turn out to be connected via three bridging ligands, two
alkoxide groups, and one solvating alcohol molecule. The
coordination polyhedra of the titaniumatoms are then reason-
ablywell-shaped octahedra sharing a common face (Figure 2).
The positions of the solvating alcohol and one of the

bridging alkoxide functions are statistically disordered,
which is represented by symmetrically duplicated atoms
O14 and O14A with relatively longer and asymmetric dis-
tances to the titanium atoms. The bonds to the silsesquioxane
core are shorter, corresponding in their function as terminal
alkoxidemoieties in the structures of titanium alkoxides.8 An
important feature of complexes 1 and 2 is a considerably
shorter Ti-Ti distance compared with that for the alcohol-
solvated low-temperature forms: 3.189(8) and 3.183(5) Å,
respectively, compared to 3.252(4) Å in {[Cy7Si7O12Ti]-
(MeOH)(μ-OMe)}2.

4 This indicates a relatively denser pack-
ing of the cations and ligands in the cores of 1 and 2,
compared to the more solvated species. The desolvation of
silsesquioxane complexes with smaller alcohol ligands has
not been studied in detail,4 most probably because of the
difficulties in the characterization of the products. An ap-
parent alternative to solvation can be coordination of a
different ligand, for example, a peroxide. The structures
resulting from this will definitely adopt again a more open
geometry. The readsorption of the solvating alcohol is a
dynamic and quick process, which correlates with the general
observation that metal alkoxides are kinetically unhindered
species, instantaneously achieving coordination equilibria.12

This explains why complex 1 and its analogues display the

Scheme 1. Formation and Thermal Behavior of Alkoxytitanasilses-
quioxanes
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highest known catalytic activity in epoxidation reactions
according to ref 5. It has been demonstrated by numerous
successful attempts for encapsulation of the titanasilses-
quioxane complexes inmicro- andmesoporous matrixes that
this approach provides more efficient catalysts than simply
deposition of titanium oxide onto silica matrixes from solu-
tions or the sol-gel synthesis of mixed silica-titania materi-
als.13 Recent studies of Carniato et al.14 have demonstrated
that the grafting ofTi-POSS in silicamatrixes can be achieved
through anchoring via a silicon-attached aminopropyl

ligand, an otherwise quite traditional approach to the func-
tionalization of silica surfaces.15The secret of the efficiencyof
the hybrid-grafted catalysts lies rather probably in the isola-
tion of a reactive oligotitanium core of the same type as that
discovered in1 and 2 andhindering of the formation of bigger
particles of titania, where the metal atoms are no longer so
easily accessible for the coordination and release of peroxide
ligands. The structural analogy between the homo- and
heterogeneous epoxidation catalysts earlier demonstrated
in the literature3c,d speaks strongly in favor of this supposi-
tion.
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Figure 1. Ball-and-stick representation of the molecular structure of [Cy7Si7O12Ti]2(μ-
iBuOH)(μ-OiBu)2, where Cy = c-C6H11 (2): Ti1-O11 1.796(9),

Ti1-O13 1.794(9), Ti1-O8 1.824(9), Ti1-O1 2.008(8), Ti1-O14 2.096(14), Ti1-O14A 2.334(12), Ti1-Ti1 3.183(5) Å.

Figure 2. Polyhedral presentation of the metallasilsesquioxane core in
molecules 1 and 2.
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