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A new class of cage-like oligomers were selectively formed by
hydrolysis and polycondensation of a methylene-bridged
bistrialkoxysilane = precursor in  the presence of
tetramethylammonium hydroxide, which led to the creation
of novel silica-based hybrid materials.

Hybrid inorganic-organic materials with well-defined architectures
have received increasing scientific and technological interests.
Hydrolysis and polycondensation of organoalkoxysilanes
R[-Si(OR’)3], is a convenient way to prepare silica-based hybrid
materials, however, the difficulty in regulating the polycondensa-
tion often results in the formation of amorphous solids. Great
efforts have therefore been made to control the structures of the
hybrids at various length scales,"® which is very important as a
bottom-up approach of nanomaterials design.

The oligomers with cage-like frameworks are of particular
significance because of their well-defined geometries that are useful
for scaffolds or building blocks to create new materials. Several
types of siloxane cages with various organic groups attached to the
cage corners have been prepared by the controlled hydrolysis and
polycondensation of trifunctional organosilanes.® However, their
yields are usually low, and possible framework structures are still
limited. On the other hand, it is well-known that silicate anions with
cage structures such as double-three- and double-four-membered
siloxane rings (D3R and D4R) are predominantly formed in
aqueous solutions containing quaternary ammonium hydroxides.”
This is a highly efficient route to cage-like silicates, inspiring us to
explore whether organosilane precursors can form cage-like species
in a similar way. Until now, such a route has not been realized,
though partial replacement of SiO,4 units in D4R cages by CH3SiO3
units was reported.®

Here we report the selective formation of novel cage-like hybrids
(2a and 2b) by hydrolysis and polycondensation of bis(triethox-
ysily)methane [(EtO);Si-CH,-Si(OEt);] (1) in the presence of
tetramethylammonium hydroxide (TMAOH) (Scheme 1). Bis-
trialkoxysilane precursors, (R’0);Si-R-Si(OR’);, have been used
to prepare hybrid materials whose frameworks consist of both
Si-O and Si-C bonds,” but the products are generally obtained as
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Scheme 1 Formation of cage-like oligomers (2a and 2b) from 1, and
silylation of 2a with organochlorosilanes.

+ Electronic supplementary information (ESI) available: Experimental
section, spectroscopic data for 3a and 3b, crystallographic data for 3a, and
Figs. S1-S6. See http://www.rsc.org/suppdata/cc/b4/b411794h/
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highly cross-linked xerogels. To the best of our knowledge, this is
the first example of the formation of well-defined cage-like
oligomers. They can be a unique analogue of the silicate cage
anions, leading to new chemistry and application. Moreover, the
presence of Si-O~ sites at the cage corners will allow further
reactions to design a diverse class of hybrid materials.

The reaction in the 1-EtOH-H,O-TMAOH (1:20:20:3) system
afforded a homogeneous solution, and gelation never occurred
under this condition.t The *’Si NMR spectrum of the solution
exhibits two signals at —56.0 and —59.1 ppm with the relative
intensity ratio of 1:2 (Fig. 1(a)). The signals are shifted upfield from
that of 1 (=46 ppm), and are assigned to the T units
[CSi(OSi)>,(OH or O7)]. The quantitative analysis revealed the
formation of a very high amount (>95%) of specific oligomers
from 1. Note that no signals corresponding to the Q units [Q",
Si(OSi) (OH),— ], indicative of the cleavage of Si—-CH,-Si linkages,
are observable in the range of —70 to —115 ppm. The '*C NMR
spectrum of this solution (Fig. S1, ESIT) displays two signals (3.9,
4.3 ppm) assigned to the bridging methylene groups (Si—-CH,-Si).

Further characterization was carried out after trimethylsilylation
of the T? units to stabilize against further condensation. The
crystals of the silylated-derivative were isolated in high yield.t The
#Si NMR spectrum shows two T° signals [(CSi(OSi);), —61.1,
—65.0 ppm] along with two M signals [C3Si(OSi), 10.1, 10.6 ppm]
due to trimethylsilyl groups with the intensity ratio of 1:2:1:2
(Fig. 1(b)), indicating the complete silylation without the degrada-
tion of the original siloxane structure. The FAB mass spectrum
gave several peaks at around mi/z 842 corresponding to the isotope
pattern of C5;Hg; 01,511, accompanied by the lower m/z peaks due
to the Si-Me and SiO-SiMe; fragmentations (Fig. S2, ESIt). These
results indicate the formation of 1-derived trimeric species where six
Si atoms are capped by six trimethylsilyl groups.

There are two types of trimeric units consisting of only T2 units
(2a and 2b), both of which have cage-like structures but the
arrangements of Si-CH,-Si units are different. Based on the NMR
data confirming the two environments of Si and C atoms, it is clear
that 2a was generated from 1. The single-crystal X-ray analysis of
the silylated-derivative also revealed the structure of 3a (Fig. S3,
ESI+).; The structure is analogous to the D3R silicate (SigO;s°),
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Fig. 1 Liquid-state >?Si NMR spectra of (a) solution after 5 days of the
reaction in the 1-EtOH (10% ethanol-d¢)-H,O-TMAOH (1:20:20:3)
system and (b) trimethylsilylated-derivative (3a) dissolved in CDCls.
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Fig. 2 Liquid-state 2°Si NMR spectra of (a) solution after 5 days of

the reaction in the 1-H,O (10% D-,O)-TMAOH (1:80:3) system and
(b) trimethylsilylated-derivatives dissolved in CDCl;.

whereas the framework is distorted as a result of the partial
replacement of bridging oxygen atoms by methylene groups. A
similar cage-like oligomer derived from tetrafunctional precursor
[(EtO),MeSi-CH,-SiMe(OEt),] was mentioned in the literature.'
The present result is unique in that cage-like oligomers are
selectively formed from hexafunctional precursors. Also, by
utilizing uncondensed Si-O~ sites, 2a can be functionalized by
silylation with a variety of organochlorosilanes. For example, we
obtained a silylated-derivative having vinyl groups (3b), which
provides further chemical reactivity.

Interestingly, the presence of isomeric species (2b) was also
confirmed when the reaction was performed in an aqueous solution
(1-H,O-TMAOH (1:80:3)). The *°Si NMR spectrum (Fig. 2(a))
clearly shows a new T? signal at —53.2 ppm (¥) which is observed
with difficulty in Fig. 1(a)."" The absence of T! units implies the
formation of a cage-like oligomer rather than linear or cyclic
species. After trimethylsilylation, the T> and M' signals appear with
the intensity ratio of 1:1 (Fig. 2(b)). Although we could not
separate this new species from the mixture of the silylated-
derivatives, no trace of larger species (such as tetrameric units) was
found by gel permeation chromatography (GPC) and FAB-MS
(Figs. S4 and S5, ESIf). These results strongly suggest the
coexistence of isomeric species (2b) consisting of six equivalent T
units. Attempt to obtain 2b as the predominant species has not
been achieved, which is possibly due to the lability of the relatively
strained trisiloxane rings.'?

Shea and Loy reported the formation of cyclic dimers at the
initial stage of the hydrolysis and condensation of 1 in an acidic
condition, but the reaction eventually led to gelation." In addition,
viscous polymers were formed by phase separation when NaOH
was used instead of TMAOH in our system. We varied the
TMAOH:1 molar ratios in the 1-EtOH-H,O-TMAOH system,
and found that 2a was formed almost quantitatively when
TMAOH:1 > 2:1 (TMAOH:Si > 1:1). However, the yield
considerably decreased as the ratio decreased to TMAOH:1 = 1:1,
and gelation occurred when TMAOH:1 = 0.5:1. The above
observations suggest that the interaction between TMA cations
and Si-O™ groups contributes to the formation and stabilization of
cage structures. Recently, tetraalkylammonium cations were used
as structure directing agents to prepare hybrid zeolite materials
from 1 under hydrothermal conditions.'* It appears that the role of
TMA ions in our system is different because 2a (or 2b) does not
exist as a building unit in the zeolite frameworks.

Earlier studies have shown that the D4R units (SigO»’ ) are the
predominant species in the silicate solution containing TMAOH.”
Actually, the D4R units were selectively formed in our system even
when hexaethoxydisiloxane [(EtO);Si-O-Si(OEt);], which is similar
to 1 but having a bridging oxygen atom, was used as the precursor.
The preferential formation of the trimeric units (2a and 2b)
rather than tetrameric units from 1 should arise from the smaller
Si-CH>-Si angle compared with Si-O-Si angle. Molecular
modeling with those angles of ca. 109 and 144°, respectively, and

the O-Si-O (O-Si-C) angle of ca. 109° illustrates that the cage-like
tetrameric units cannot be assembled without a large distortion of
the framework. It is noteworthy that 1 forms the trimeric units even
in the presence of tetraethyl-, tetrapropyl- or tetrabutyl-ammonium
hydroxide instead of TMAOH (Fig. S6, ESIT). This is in contrast
to the fact that the distribution of silicate species depends on the
kind of tetraalkylammonium cations present in the solution.”'?

We have also examined the use of other precursors having longer
alkylene bridges (-C,Hy~ and -CsHg-). However, cage-like
oligomers were not formed by the reaction in the presence of
TMA ions. This is presumably due to the flexibility of the bridging
organic groups, which allows the formation of various species,
including bicyclic dimers and cyclic monomers,"® by inter- and
intra-molecular condensation. Rigid organic groups seem to be
essential for the formation of specific oligomers.

In conclusion, we have demonstrated the selective formation of
novel cage-like oligomers, which are promising as versatile
precursors to construct silica-based hybrid materials. Further
work is underway to explore other types of hybrid cages with
different structures and bridging organic groups.
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