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Binding of an organic functional group to a silica surface via a
covalent bond is the most reliable method of modification and
functionalization of the silica surfaceThe covalent bond used for
the binding is mostly the SiO—Si bond, where one of the silicon
atoms is on the silica surface and the other comes from organo-
silicon compounds, and the -SD—Si bond is formed by the
reaction of an SrOH group on the silica gel surface with
organosilicon compounds containing a leaving group of high
reactivity on the silicon atom. The organosilicon compounds most
commonly used are those containing an alkoxy leaving group (R
SiX4—n: X = OR).2 Halides, acyloxy, and amino groups on the
silicon atom (X= halide, OCOR and NR; in R,SiXs-,) have
been also used for the -SD—Si bond formatiort¢ Unfortunately,
these functional groups are so reactive toward hydrolysis that the
silicon compounds cannot be handled under hydrolytic conditions
or cannot be purified by silica gel chromatography. Here we wish
to report a new method of functionalizing a silica surface, which

is realized by use of (allyl)organosilanes (Scheme 1). They are stable

under regular hydrolytic conditions but undergo deallylation forming
an Si-O—Si bond on the silica under certain conditions.

We chose 2-propenyl(3-chloropropyl)dimethylsilarig¢ s an
organo-functionalized allylsilanewhich is stable enough to be
purified by silica gel column chromatography at room temperature
(40 °C or lower), and we examined its reactivity toward silica gel
at higher temperature. It was found that the-6i~Si bond
formation on the silica surface takes place efficiently with the
allylsilane 1 at the temperature of refluxing toluene. The results
obtained for the reaction of allylsilangé with FSM-16" and
amorphous silicaare summarized in Table 1, which also contains
the data obtained with alkoxysilane, methoxy(3-chloropropyl)-
dimethylsilane 2),6 for comparison. As a typical experimental
procedure (entry 2), 1.0 g of FSM-16 was treated with 0.89 g (5.0
mmol, 1.0 equiv of SiOH on the silica gel) of allylsilariein 30
mL of refluxing toluene for 15 h. Filtration and Soxhlet extraction
with methanol for 24 h and with benzene for 48 h followed by
drying at 120°C for 15 h under 0.2 mmHg gave 1.14 g of the
functionalized FSM-16. Introduction of the 3-chloropropyldimeth-
ylsilyl group onto the silica gel was confirmed B§Si and13C
NMR spectra (vide infra), and its amount was determined to be
1.3 mmol per 1.0 g of the starting FSM-16 by elemental analysis
of the chlorine atom. The use of a greater amount of the allylsilane
1 under otherwise the same conditions gave the silica gel containing
a greater amount of the 3-chloropropyldimethylsilyl group, 1.7
mmol per 1.0 g of the FSM-16 being obtained with 15 mmolLof
(entry 4). It should be noted that the present method using the
allylsilanel is more efficient than that using methoxysiléavhich
has been often used for the functionalization. With a smaller amount

T Kyoto University.
* Toyota Central R&D Laboratories, Inc.

4688 m J. AM. CHEM. SOC. 2003, 125, 4688—4689

thayashi@kuchem.kyoto-u.ac.jp

Scheme 1
M? }Vle
/\/Si\/\/CI E—— Me Me
1 . \S'
/jl\ o— I\/\/C
i-OH
e
MeQ' Si_~_-Cl
2 silica gel
Table 1. Loadings of (3-Chloropropyl)silanes 1 and 2 on Silicas?
organosilane time loading®
entry (mmol) silica gel (h) (mmol g%
1 1(3) FSM-16 15 11
2 1(5) FSM-16 15 13
3 1(10) FSM-16 15 1.6
4 1(15) FSM-16 15 1.7
5 1(10) FSM-16 0.5 11
6 1(10) FSM-16 48 1.6
7 2(3) FSM-16 15 0.8
8 2(5) FSM-16 15 0.8
9 2(10) FSM-16 15 12
10 2(15) FSM-16 15 1.3
11 2(10) FSM-16 0.5 0.6
12 2(10) FSM-16 48 1.6
13 1(10) amorphous silica 15 0.3
14 2(10) amorphous silica 15 0.5

a All reactions were carried out for 1.0 g of silica gel support in 30 mL
of refluxing toluene® Obtained by elemental analysis of Cl.

of the organosilicon compounds and in a shorter reaction time, a
greater amount of the silyl group is introduced on the silica gel
(compare entries-16 with entries 7#12). The present method of
functionalization using the allylsilane is also applicable to amor-
phous silica gel, although the amount of the attached silyl group is
lower with allylsilanel than with methoxysilan& (entries 13 and
14).

The Si—0O—Si bond formation between the 3-chloropropyldim-
ethylsilyl group and the FSM-16 surface was demonstratedgiy
and3C CP-MAS NMR spectra. Figure 1 contains the NMR spectra
for allylsilane 1 (a and d), FSM-16 treated with allylsilarie(b
and e), and FSM-16 treated with methoxysiléhé and f). The
resonance of°Si at 1.7 ppm observed for allylsilarke (a) was
replaced by the resonance at 15.0 ppm by treatment with FSM-16
(b). This chemical shift is a typical value for trialkylsilyloxy groups
on the silica surfacd€” and is essentially the same as that in the
FSM-16 (c), which is obtained by a standard procedure for the
modification of a silica surface with a 3-chloropropyldimethylsilyl
group using methoxysilar8 Three!3C singlets at 23.11, 113.16,
and 134.56 ppm which are assigned to the allyl carbons on the
allylsilane 1 (d) disappeared by treatment with FSM-16 (e). The
other four singlets remained on the FSM-16, indicating that the
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Figure 1. 2°Si and 13C NMR spectra of 2-propenyl(3-chloropropyl)-
dimethylsilanel in CDCl; (a and d)2°Si and3C CP-MAS NMR spectra
of the reaction products df with FSM-16 (b and e), and those 2fwith
FSM-16 (c and f).

3-chloropropyldimethylsilyl group was attached to the silica surface
while the allyl group was lost from the allylsilarie® It is worth
noting that the allylsilanel is a better modifying reagent than
methoxysilane2 with respect to the chemical purity of the silica
surface. With methoxysilan® which releases the methanol at the
Si—O—Si bond formation, a considerable amount of methoxy group
on the silica gel is observed at 49.3 ppm%(fh the reaction with
allylsilane 1, the leaving molecule from the silicon atom is
propene? which is not reactive toward silica gel and is readily
removed from the reaction mixture. It is likely that the reaction
proceeds, as the protodesilylation of allylic siladeby way of a
p-silyl cation intermediate which is formed by the protonation of
the allyl group with silanol on the silica surface and undergoes
nucleophilic attack by the silanol oxygen leaving propene.

The present method makes it possible to modify the silica gel
surface with heavy organo-functional groups, which cannot be
purified by distillation due to their nonvolatility. For example, the
BINAP skeleton was attached to the FSM-16 surface by use of
allylsilane4, which was obtained by the amide bond formation of
BINAP-carboxylic acid3'? with 2-propenyl(3-aminopropyl)dim-
ethylsilane. The BINAP-allylsiland (3.96 g, 4.7 mmol), which
was purified by silica gel chromatography (hexane/ethyl acetate
2/1), was treated with FSM-16 (0.91 g) in refluxing toluene for 15
h to give the FSM-16 containing 0.3 mmol/g of the BINAP unit
(Scheme 2).

To summarize, we found a new method for the modification of
the silica gel surface by use of (allyl)organosilanes. In refluxing
toluene, deallylation on the allylsilane takes place to form the Si
O—Si bond with the silicon on the silica gel. The present method
will have broad applications in the surface-modifying technology
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on the silica gel as a reliable functionalization method. Immobiliza-
tion of a catalyst on a silica surface is one of the examfsles.
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