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We report an efficient synthetic approach for well-designed organic-bridged alkoxysilanes, which allow
the formation of highly functional organosilica hybrids under mild sol—gel conditions. A series of mo-
lecular building blocks containing a triisopropoxysilyl group were synthesized and used in cross-
coupling reactions. The triisopropoxysilyl group showed a good tolerance for various organic trans-
formations. 1,4-Diketo-3,6-dithienylpyrrolo[3,4-c]pyrrole-bridged triisopropoxysilane was successfully
prepared, allowing rapid formation of organosilica hybrid without loss of functionality under mildly

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Organosilica hybrid materials, such as periodic mesoporous
organosilicas (PMOs)!? and polysilsesquioxanes (PSQs)>* have re-
ceived considerable attention in the fields of catalysis, adsorbents,
and optical devices.’~” These materials are typically prepared by
acid- or base-catalyzed hydrolysis and polycondensation (sol—gel
polymerization) of organic-bridged alkoxysilanes (R[Si(OR’)s],
n>2, R: organic group, R’: Me, Et). The —Si(OMe)3; and —Si(OEt);3
groups are most frequently used for alkoxysilane precursors be-
cause they are readily hydrolyzed and condensed under mildly
acidic or basic conditions to form stable siloxane networks. How-
ever, the high reactivity of Sil(OMe)3 and Si(OEt); has limited the
design and synthesis of alkoxysilane precursors with highly func-
tional organic groups (R) and caused formidable problems during
work-up and purification using silica gel chromatography.8~10

Recently, Shimada et al. found that allylsilyl (R[Si(CH,CH=
CH)m(OEt)=3_;m]n; m=1-3) groups behaved as the synthetic
equivalent of alkoxysilyl groups, and were stable enough to allow
purification using silica gel chromatography.!2 They also reported
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the synthesis of a series of molecular building blocks containing
allylsilyl groups for synthesis of sol—gel precursors with highly
functional organic groups via palladium-catalyzed coupling reac-
tions.>~1> However, the allylsilyl groups were hydrolyzed and
condensed under harsher conditions, such as high temperatures or
high concentrations of acid or base, or in the presence of expensive
Lewis acids, which sometimes damaged the functional organic
groups and/or caused undesired Si—C bond cleavage in the
organosilane.'6-18

Organosilanes with bulky alkoxysilyl groups, such as iso-
propoxysilyl [—Si(Oi-Pr)s3] have been used only to a limited extent
to date, but have potential as ideal sol—gel precursors because of
their medium stability and reactivity due to the steric bulk of the
alkoxy group on the silicon atom.’®~2! However, synthetic meth-
odologies have been limited to alkoxy exchange reactions of un-
stable chlorosilanes and/or less bulky alkoxysilanes.?? Here, we
report the preparation of a series of molecular building blocks
containing triisopropoxysilyl groups and the synthesis of highly
functional organosilica precursors via cross-coupling reaction of
the building blocks (Scheme 1). The isopropoxysilyl group was
found to show a good tolerance for various organic trans-
formations. The resulting organosilica precursor was successfully
hydrolyzed and condensed to form an organosilica hybrid without
loss of functionality under mildly acidic conditions.
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Scheme 1. Synthetic method for functional organic-bridged triisopropoxysilanes using
molecular building blocks.

2. Results and discussion

First, we sought a suitable bulky alkoxysilyl group for the
building blocks. 2-Methoxyethoxysilyl and tert-butoxysilyl groups,
in addition to the isopropoxysilyl group, were introduced by
hydrosilylation of allylbromobenzene with trichlorosilane in the
presence of [PtCly(CoHyg)], followed by alkoxylation using appro-
priate alcohols in the presence of pyridine in CH,Cl, (Scheme 2).23
The triisopropoxysilyl group was efficiently introduced and showed
sufficient stability during general work-up and silica gel chroma-
tography. The bulkier linear tris(2-methoxyethoxy)silyl group was
not retained during the reaction and purification, giving a complex
mixture that contained none of the target compound. The in-
troduction of the bulkier branched tri(tert-butoxy)silyl group failed
due to steric hindrance during the alkoxylation reaction.

Br.
1. [PICIo(CoH,)2, HSICl \©W8i<OR)s

2. ROH, pyridine / CH,Cl,
1a: 86%(R = i-Pr)

1b: 0%(R = -(CH,),0CHy)
1c: 0%(R = t-Bu)

Br\@\/\
X

Scheme 2. Synthesis of bromobenzene-based molecular building blocks containing
various bulky alkoxysilyl groups.

3. silica gel chromatography

We then synthesized a variety of halogenated benzene-based
building blocks with triisopropoxysilyl groups attached, as shown
in Table 1. During this study, we found that allylhalobenzene was
readily prepared by halogen—magnesium exchange reaction of
bromobenzene derivatives with a mixture of i-PrMgCl and n-BuLi in
cyclopentyl methyl ether followed by allylation with allyl bromide in
the presence of CuCN.?* Both hydrosilylation and isopropoxylation
of p- and m-allylbromobenzene proceeded successfully to give the
corresponding building blocks 1a and 1d in high yields of 86% and
85%, respectively (Table 1, entries 1 and 2). The bis-silylated building
block 1e could be synthesized from diallylated bromobenzene
(Table 1, entry 3). In this case, hydrosilylation proceeded effectively
in the presence of (BusN),PtCls as a catalyst.>> A series of iodo-
benzene building blocks, 1f—h, were also obtained under same re-
action conditions (Table 1, entries 4—6).

Magnesium-containing building blocks were obtained from the
iodobenzene-based building blocks (Table 2, entries 1-3). A
Grignard exchange reaction of 1f with i-PrMgCl-LiCl in a mixture of
1,4-dioxane/tetrahydrofuran (THF) (1:10 v/v) proceeded effectively
at —40 °C for 4 h and gave the magnesium-containing building
block 2a quantitatively. It is notable that the triisopropoxysilyl
group was stable towards i-PrMgCl-LiCl and the resulting magne-
sium reagent, owing to its bulky structure. Interestingly, no reaction
occurred in the absence of 1,4-dioxane, and unreacted 1f was re-
covered. This may be attributed to the formation of a magnesium
complex between i-PrMgCl and the triisopropoxysilyl group. In-
deed, the use of excess i-PrMgCl in THF gave the corresponding 2a.
The addition of 1,4-dioxane affects the dissociation of the magne-
sium complex, as reported by Knochel’s group.?® m-Silylated (2b)
and bis-silylated (2c¢) Grignard reagents were also successfully
obtained from corresponding iodo-building blocks under the same
reaction conditions.

The magnesium-containing building blocks successfully un-
derwent transmetallation upon treatment with other metal

Table 1
Synthesis of halogen-substituted molecular building blocks containing one or two
triisopropoxysilyl groups®

Entry Substrate Product Yield %
Br. Br.
AN Si(Oi-Pr);
Br. = Br. .
2 \@/\/ \©/\/\SI(OI-PF)3 1d 85
y Si(0i-Pr),
3b Br Br 1e 83
N\ Si(0i-Pr),
| |
4 1f 86
N Si(0i-Pr),
| ¥ | L
5 \©/\/ \©/\/\SI(OI-PF)3 19 85
y Si(Oi-Pr),
6° 1h 84
A Si(0i-Pr)s

2 Reagents and conditions: (i) allylhalobenzene (1 equiv), HSiCl3 (3.3 equiv),
[PtCl(CoHy)l2 (0.25 mol % Pt), rt, overnight, (ii) i-PrOH (4.5 equiv), pyridine
(4.5 equiv), CH,Cly, 0 °C—rt, 6 h.

b [(BugN),PtClg] (0.1 mol % Pt) was used as a catalyst.

reagents. The transmetallation of 2a with 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane in a mixture of 1,4-dioxane/THF
(1:10 v/v) gave the borylated building block 2d in 93% yield (Table
2, entry 4). The reaction of 2a with trimethyltin chloride afforded
the trimethylstannylated building block 2e in a high yield of 87%
(Table 2, entry 5).

With key building blocks in hand, we then examined the utility
of the molecular building blocks as cross-coupling partners. The
halogen-substituted building blocks can be used as coupling re-
agents for Suzuki—Miyaura®’ and Sonogashira—Hagihara cross-
coupling reactions.?® Suzuki—Miyaura coupling between 1f and
2-thiophenboronic acid in the presence of Pd(PPhs)4 as a catalyst
gave the thiophene-substituted building block 2f in 71% yield
(Table 2, entry 6). Notably, in the reaction, the use of a basic
aqueous solution did not affect the hydrolysis of the triisopropox-
ysilyl group. The o-proton on thiophene ring in 2f was readily
brominated using N-bromosuccinimide (NBS) to afford the bro-
mothiophene building block 2g in 81% yield (Table 2, entry 7). The
resulting 2g is a useful coupling partner for the construction of -
conjugated thiophene bridging groups. Sonogashira—Hagihara
coupling between 1a and 2-methyl-3-butyn-2-ol in the presence of
PdCl,(PPhs)z/Cul as a catalyst gave the ethynylated compound 2h in
86% yield (Table 2, entry 8). The resulting 2h can easily be depro-
tected using NaH to afford the terminal ethyne-substituted building
block 2i in 71% yield without decomposition of the triisopropox-
ysilyl group (Table 2, entry 9). The obtained 2i can then be used as
a coupling partner for Sonogashira—Hagihara coupling and/or click
reactions with azide compounds.?®

Materials based on 1,4-diketo-3,6-dithienylpyrrolo[3,4-c]pyr-
role (DTDPP) have attracted tremendous attention in the fields of
solar cells and field effect transistors because of their promising
optical and electrical properties3%3! DTDPP-bridged silane
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