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Organic functionalization of a silica surface has been realized by employing arylsilanes. Grafting reactions
of aryl(3-chloropropyl)dimethylsilanes (aryl = p-anisyl, p-tolyl, phenyl) with silica were carried out in
heptane at 80 °C for 24 h. The 2Si and 13C CP/MAS spectra of the obtained silica materials clearly showed
that the 3-chloropropyldimethylsilyl moieties were cleanly grafted onto silica via a siloxane (Si—O—Si)
bond accompanied by the release of the aryl groups. The loading amounts on FSM-type mesoporous

silica (TMPS-4) with aryl(3-chloropropyl)dimethylsilanes were comparable to those with 2-propenylsi-
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lane and the most commonly used methoxysilane.
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1. Introduction

Organic—Inorganic hybrid materials have attracted increasing
attention because the combination is expected to provide excellent
and unique properties [1—3]. In particular, hybrid materials
obtained by modifying the surface of inorganic oxides such as silica
with organic functional groups are valuable, and utilized or
expected to be applied in various fields, including packing materials
for chromatography, chiral selectors, adsorbents, chemical sensors,
immobilized catalysts, etc [4—6]. A general method for organic
functionalization of a silica surface is based on the reaction
between silanol groups on silica and “silane coupling reagents”,
which are organosilanes containing alkoxy, halo, acyloxy, or amino
groups on silicon atoms as leaving groups [7]. However, silane
coupling reagents are occasionally difficult to handle under
hydrolytic conditions and are hard to purify by chromatography in
air because they are easily hydrolyzed and subsequently condensed
to the corresponding siloxane compound.

Recently, a method that modifies the silica surface utilizing
deallylation of 2-propenylsilane derivatives has been reported
[8—10]. 2-Propenylsilanes are less sensitive to moisture than
conventional silane coupling reagents. Although they can be
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purified easily, they are still chemically unstable. Thus, a synthetic
strategy for constructing organic functional moieties is limited due
to the high reactivity of the propenyl leaving groups. Moreover, an
acid catalyst like scandium triflate is necessary to modify silica with
methallylsilanes [10]. In this paper, we report the organic modifi-
cation of a silica surface with less reactive arylsilanes. To date,
employing arylsilanes to graft organic functional groups on silica
has yet to be reported.

2. Results and discussion

Grafting reactions of aryl(3-chloropropyl)dimethylsilanes
1a—1d with amorphous silica (CARIACT Q-3, hereafter abbre-
viated as “Q-3") and ordered mesoporous silica (TMPS-4) were
carried out in heptane at 80 °C for 24 h (Scheme 1). For com-
parison, the reactions of general silane coupling reagents,
(3-chloropropyl)-2-propenyldimethylsilane 2, (3-chloropropyl)
dimethylmethoxysilane 3, and chloro(3-chloropropyl)dime-
thylsilane 4 with Q-3 and TMPS-4 were also conducted.

Fig. 1 shows the 3C and 2°Si CP/MAS spectra of the material
obtained by reacting 1a with Q-3. The >C CP/MAS spectrum
exhibited four signals, which were assigned to the carbons of the
propyl moiety (6 47.4, 26.3, and 14.5 ppm) and the methyl groups
on the silicon atom (6 — 1.5 ppm) [8]. Surprisingly, signals due to
the p-anisyl group were not present in the aromatic region. In
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Scheme 1. Grafting of arylsilanes on silica.

addition to the silica peaks in the 2°Si CP/MAS spectrum, one signal
corresponding to the silicon attached to silica (6 14.4 ppm) was
observed. The chemical shifts in the 13C and 2°Si CP/MAS spectra
were essentially the same as those for the materials obtained using
2—4. These data clearly show that the 3-chloropropyldimethylsilyl
moiety in 1a was cleanly grafted onto Q-3 via a siloxane (Si—0—Si)
bond accompanied by the release of the p-anisyl group. Actually,
anisole was detected on the GC—MS analysis of the reaction solu-
tion of 1a and Q-3. The materials obtained by reacting 1b or 1c with
Q-3 also gave 3C and 2°Si CP/MAS spectra similar to Fig. 1 (see
Supplementary Data, Figs S1 and S2), but grafting of the 3-chlor-
opropyldimethylsilyl group in 1d was negligible.

The grafted (3-chloropropyl)dimethylsilyl groups on silica were
quantified using elemental analysis of chlorine. Table 1 summarizes
the results. The loading amounts of 1a—1c on Q-3 and TMPS-4 were
0.51 to 0.54 and 0.9 to 1.4 mmol/g, respectively (entries 1—3 and
8—10). The elemental analysis results were supported by quantita-
tive solid-state 2°Si dipolar decoupling/magic angle spinning (DD/
MAS) NMR spectroscopy. In the 2°Si DD/MAS spectrum of the
material from 1a and TMPS-4, the loading amount of the organic
moieties calculated from the integrated intensity ratio between the
silicon due to 1a and the silicon due to silica was 1.06 mmol/g, which
agreed well with the value from chlorine analysis (see Supplemen-
tary Data, Fig. S3). Interestingly, the loading amounts on TMPS-4
with 1a—1c were comparable to those with 2-propenylsilane and
the most commonly used methoxysilane (entries 12 and 13).

Next, the applicability of the present grafting method onto other
silica supports was examined. Using 1a—1c, the 3-chloro-
propyldimethylsilyl group was grafted onto familiar mesoporous
silica, MCM-41 (0.48—1.1 mmol/g) (entries 15—17). On the other
hand, the loading amount on another type of mesoporous silica,
SBA-15, was smaller than those on TMPS-4 and MCM-41 (entries
19—21). The grafting of organic groups on Q-3 with arylsilanes gave
a moderate amount, whereas grafting onto another commercial
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Fig. 1. (A) '*C and (B) 2°Si CP/MAS spectra of modified silica obtained by the reaction of
1a with Q-3.

Table 1
Grafting of (3-chloropropyl)dimethylsilanes on silica.

Entry Silane Silica Solvent Loading® (mmol/g)
1 1a Q-3 heptane 0.51
2 1b Q-3 heptane 0.54
3 1c Q-3 heptane 0.52
4 1d Q-3 heptane trace
5 2 Q-3 heptane 0.95
6 3 Q-3 heptane 0.74
7 4 Q-3 heptane 1.10
8 1a TMPS-4 heptane 1.04
9 1b TMPS-4 heptane 0.90
10 1c TMPS-4 heptane 1.40
11 1d TMPS-4 heptane trace
12 2 TMPS-4 heptane 1.40
13 3 TMPS-4 heptane 1.00
14 4 TMPS-4 heptane 1.86
15 1a MCM-41 heptane 1.11
16 1b MCM-41 heptane 0.48
17 1c MCM-41 heptane 0.80
18 1d MCM-41 heptane trace
19 1a SBA-15 heptane 0.17
20 1b SBA-15 heptane 0.17
21 1c SBA-15 heptane 0.07
22 1d SBA-15 heptane trace
23 1a Aerosil 200  heptane 0.17
24 1a TMPS-4 toluene 1.09
25 1a TMPS-4 n-Bu,0 0.50

2 Determined by elemental analysis of chlorine.

amorphous silica, Aerosil 200, was scarce (entry 23). Table 2
compares the density of the surface silanol groups on the silica
supports estimated by TG-DTA [11] and the percentage of utiliza-
tion of the silanol groups in the grafting with 1a. Silanol utilization
varied among the supports; MCM-41 and TMPS-4 showed higher
percentages. Therefore, the loading amount is not simply influ-
enced by the surface silanol density. Although the most predomi-
nant factor of silica that determines the reactivity of arylsilanes is
not clear at present, the local environment around the silanol
groups and/or the acidity of silanol may play an important role [12].

Additionally, solvent choice is important for grafting organic
functional groups with arylsilanes. For the reaction of 1a and TMPS-
4, toluene (80 °C) was as effective as heptane, but di-n-butyl ether
(80 °C) reduced the loading by about half that of heptane (Table 1,
entries 24 and 25).

Aryl groups in arylsilanes are removed from silicon with strong
Brensted acid such as hydrochloric acid, trifluoromethanesulfonic
acid, and supercritical water [13—16]. The cleavage of the
carbon—silicon bond in arylsilanes using solid acids like montmo-
rillonite KSF has also been reported [17]. In the present grafting
reaction with arylsilanes, we hypothesized that the acidic silanol
groups on the silica surface promote dearylation. That is, the
hydrogen of a silanol group acts as a proton to add electrophilically
to the arylsilane and accompanies the nucleophilic attack on silicon
in arylsilane by the oxygen of silica, resulting in the elimination of
the aryl group from silicon (Scheme 2). The protonation of the
olefinic carbon—carbon double bonds with the silanol groups on

Table 2
Utilization of silanol groups in grafting with 1a.

Entry  Silica Si—OH%(/nm?)  Loading®(/nm?)  Utilization (%)

1 MCM-41 1.6 0.67 43
2 TMPS-4 1.6 0.60 38
3 SBA-15 1.2 0.11 9
4 Q-3 49 0.43 9
5 Aerosil 200 4.1 0.51 12

2 Determined by TG-DTA.
b Determined by elemental analysis of chlorine.
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Scheme 2. Possible mechanism of grafting of arylsilanes on silica.

Table 3
Textural properties of silica.
Silica Surface area® (m?/g) Pore volume® (cm?/g) Pore diameter® (nm)
Q-3 713 0.52 2.4
Aerosil 200 199 — —
TMPS-4 1039 1.46 3.8
MCM-41 1056 1.06 2.9
SBA-15 947 1.01 7.0

2 BET surface area.
b pore volume (P/Py = 0.99).
¢ Average pore diameter by the BJH method.

silica has also been assumed in the organic functionalization with
2-propenylsilanes [8]. If one accepts the above mechanism, the less
reactivity of 1d can reasonably be explained by the difficulty of
protonation due to the electronegative p-CFs group on the aryl ring.
However, the order of the loading amounts on silica among 1a—1c
did not agree with the predicted tendency for protonation (p-
MeO > p-Me > H). This disagreement suggests that the efficiency of
dearylation might be decided not only by the protonation of the
aryl groups but also the steric effect and/or the electrophilicity on
the silicon atom of arylsilanes that could influence on the rate of the
nucleophilic attack by the oxygen of silica.

3. Conclusion

We have realized organic functionalization of a silica surface via
the reaction of silica with fairly stable arylsilanes without the aid of
a catalyst. We believe the present methodology has great potential
in the synthesis of versatile organic—inorganic hybrid materials.

4. Experimental
4.1. General remarks

All preparation of arylsilanes and organic functionalization of
silicas were performed under an inert gas using Schlenk tech-
niques. All solid-state NMR spectra were recorded on a Bruker
AVANCE 400WB spectrometer equipped with a 4 mm MAS pro-
behead. The surface area and the pore volume were measured by
nitrogen adsorption at — 196 °C using BEL Japan BELSORP-mini II.
The pore size distribution was calculated from the adsorption
branch of nitrogen isotherms using the Barrett—Joyner—Halenda
(BJH) method. The density of the surface silanol groups on the silica
supports was determined by the weight loss of silica powders over
a temperature range of 25—1000 °C which was monitored by TG-
DTA (Bruker AXS, TG-DTA200SA).

4.2. Materials

As silica supports, two types of amorphous silica (Fuji Silysia
Chemical Ltd., CARIACT Q-3 and Nippon Aerosil Co. Ltd., Aerosil
200) and three types of ordered mesoporous silica (Taiyo Kagaku
Co. Ltd., TMPS-4 (FSM-type mesoporous silica with a 2D hexagonal
structure), MCM-41, and SBA-15) were used in this work. MCM-41

[18] and SBA-15 [19] were prepared according to the literature. The
textural properties of silica are summarized in Table 3. All silicas
were dried at 80 °C under vacuum for 3 h prior to use. Aryl(3-
chloropropyl)dimethylsilanes 1a—1d were prepared according to
the reported procedures [20].

4.3. Grafting of 3-chloropropylsilanes on silica

A typical procedure is given for the reaction of p-anisyl(3-
chloropropyl)dimethylsilane (1a) with silica: To a suspension of
dried siica (0.25 g) in 5 mL of heptane was added p-anisyl(3-
chloropropyl)dimethylsilane (1a) (0.36 g, 1.5 mmol), and the
mixture was sitrred at 80 °C for 24 h. The resulting modified silica
was filtered and washed successively with ethyl acetate (10 ml) and
dichloromethane (10 ml). Then the modified silica was dried at
80 °C under a vacuum for 3 h.
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