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Mesoporous Silica for Triphase
Nucleophilic Substitution Reactions
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Abstract: Mesoporous silica SBA-15 is shown to be a very efficient alternative to phase transfer catalyst salts for
two-phase nucleophilic substitutions. The two-phase reaction can efficiently take place in the absence of PTCs.
The high catalytic activity and reaction rates can be attributed to the amphiphilic and negatively charged surface
of SBA-15 as well as the rapid ingress of the reactants and egress of the products.
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Introduction

Phase transfer catalysis in two-phase
systems is an elegant method for a wide
range of organic reactions/!?l including
nucleophilic substitutions.[3! Phase trans-
fer catalysts (PTCs) are generally qua-
ternary ammonium salts, which might be
immobilized on a polymeric matrix!4! to
be recycled for cost effective and envi-
ronmental purposes. More recently, keti-
minium saltsB! have also been applied as
PTCs for asymmetric synthesis. Although
effective PTCs can successfully facilitate
the reaction between water-insoluble reac-
tants in the organic phase and hydrophilic
ionic species in the aqueous phase, many
of these catalysts are hazardous. Moreover,
the use of harmful solvents such as tolu-
ene or methylene chloride involved in
conventional two-phase reactionsl¢! is not
environmentally friendly and novel green
methods are desired.l7:81 Eckert et al.]
have demonstrated that room temperature
ionic liquids can be used as alternative cat-
alytic phases for cyanide displacement of
benzyl chloride.
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Besides PTCs, other heterogeneous
catalytic strategies have been developed
with various nanoparticles or nanoporous
materials such as zeolites and mesopo-
rous silica molecular sieves as matrices.
Mesoporous silica materials have recently
attracted lots of interest in many catalytic
reactions including acid/base catalysis,
hydrogenation, desulfuration, oxidation,
asymmetric synthesis and enzyme ca-
talysis.l'1 The surface of the mesoporous
silica can be grafted with different groups,
which can greatly modify the surface
functionality and textural properties,[!!]
and consequently affect the correspond-
ing catalytic behavior. Since the amphi-
philic surface of the mesoporous silica is
a suitable host for both hydrophilic and
hydrophobic molecules, the concept of
liquid-liquid—solid ~‘triphasic catalysis’
has been investigated.l'?l Furthermore,
the submicrometer channels in silica of-
fer advantages such as easy accessibility,
rapid diffusion, and favorable mass trans-
fer for substrates/products into and out of
the mesopores.[!3 Shiju and co-workers!!4]
combined acidic and basic functions on
periodic mesoporous silica to obtain an
efficient and robust bifunctional catalyst
for two tandem reactions. Lectka and his
colleagues!!>! reported a mechanistically
based study of homogeneous bifunctional
catalyst systems for the asymmetric syn-
thesis of B-lactams in high chemical yield,
diastereoselectivity, and enantioselectivity.

Here, we demonstrate the use of or-
dered mesoporous silica (SBA-15) with-
out any modification as a low-cost and
powerful nanoreactor for liquid-liquid nu-
cleophilic substitution reactions. The two-
phase reaction can efficiently take place
in the absence of PTCs (Fig. 1). The high
catalytic activity and reaction rates can be
attributed to the amphiphilic and negative-
ly charged surface of SBA-15 as well as the
rapid ingress of the reactants and egress of
the products.

Experimental

Reagents, Standards and Samples

Tetramethoxysilane (TMOS), EO20-
PO70EO20 [denoted P123, where
EO is poly(ethylene oxide) and PO
isopoly(propylene oxide)], aluminum iso-
propoxide, ammonium bicarbonate, cet-
yltrimethylammonium bromide (CTAB),
3-aminopropyl, 3-aminopropyltrimethoxy-
silane  (APTMS), methyltriethoxysilane
(MTES) were purchased from Aldrich.
All reagents were used as received without
further purification. Deionized water (18.4
MWcm) used for all experiments was ob-
tained from a Milli-Q system (Millipore,
Bedford, MA,USA).

Synthesis of Nanomaterials
Mesoporous silica

SBA-15 was prepared by using triblock
copolymer Pluronic P123 (EO020-PO70-
EO020) as a structure directing agent under
acidic condition according to the litera-
tures.[1%] For the same batch, hydrothermal
treatments with different temperatures and
times resulted in various pore sizes. MCM-
41 was prepared by using cationic surfactant
cetyltrimethylammonium bromide (CTAB)
as a structure-directing agent under basic
conditions. The calcinations were carried
out at 550 °C in air for 5 h to fully remove
the template from the mesoporous silica.

Surface Modification

3-Aminopropyl functionalized SBA-
15 (denoted as SBA-15-NH,) was ob-
tained via a refluxing process of 0.221
g (1.0 mmol) of 3-aminopropyltrime-
thoxysilane (APTMS) and 1.0 g of SBA-
15 with pore size of 12 nm in dried tolu-
ene at 120 °C for 12 h. Methyl modified
SBA-15 (denoted as SBA-15-CH,) was
prepared via a refluxing process of 0.1 g
of methyltriethoxysilane (MTES) and 1.0
g of SBA-15 with pore size of 12 nm in
toluene at 120 °C for 12 h.
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Characterization

The TEM images were recorded by a
JEOL 2011 microscope operated at 200
kV. A zeta ({) potential meter (Malvern
Zetasizer Nano) was used to measure the
zeta potentials at 298 K in water. X-ray
diffraction (XRD) patterns were recorded
on a German Bruker D8 advanced X-ray
diffractometer with Ni-filtered Cu Ko ra-
diation (wavelength of 0.154 nm) at a volt-
age of 40 mV and a current of 40 mA. The
powdery samples were pressed and loaded
onto the sample plate. The XRD patterns
were recorded and analyzed by the Bruker
software DIFFRAC-XRD Commander.

Nucleophilic Displacement
Reactions

A 1.0 mL of aqueous solution contain-
ing 10.0 mmol of NaOH and 7.5 mmol of
phenol or p-cresol was added to 5 mmol
of benzyl halide with vigorous stirring.
For SBA-15 catalyzed reaction, 100 mL
of SBA-15 solution (20 mg/mL, dispersed
in water) was also added into the mixture
described above. For traditional PTC cata-
lyzed reaction, 0.15 mmol of TBABr was
added instead of SBA-15. After the reac-
tion was completed, the mixture was ex-
tracted with diethyl ether and filtered (if
SBA-15 is used). The combined organic
phases were dried over anhydrous MgSO,
followed by filtration. The solvent was
removed under vacuum and the residue
was dissolved in CH,CN and analyzed by
HPLC (Agilent 1100). For HPLC analy-
sis, the separation was carried out on a HP
Stable Bond-C18 (4.6 mm x 250 mm, 5
wm) column using a mobile phase of 15%
water and 85% CH,CN at a flow rate of
0.8 mL/min.

Results and Discussion

SBA-15 mesoporous silica materials
(as shown in Fig. 1, Fig. 2a) were prepared
according to the literature.l'®! The pore di-
ameter is about 12 nm. Powder X-ray dif-
fraction (XRD) patterns in Fig. 2c¢ show
three diffraction peaks that can be indexed
to highly ordered hexagonal mesostruc-
tures. Transmission electron microscopy
(TEM) images of SBA-15 also show good
mesostructural regularity in large domains.
The synthesis of benzyl phenyl ether was
chosen as a model liquid-liquid nucleo-
philic substitution to evaluate the catalytic
efficiency. The reactions were carried out
without any organic solvent. For a typical
experiment, 1.0 mL of aqueous solution
containing 10.0 mmol of NaOH and 7.5
mmol of phenol was added at room tem-
perature to 5 mmol (approximately 0.6
mL) of benzyl halide in the presence of
various catalysts under vigorous stirring.
The reaction products were monitored by

HPLC and the corresponding reaction pro-
files are shown in Fig. 3.

For a conventional biphasic reaction
without catalyst, it was reported that the
product conversion would be only 3% after
3 h of stirring.[8] A much higher conversion
of 87% can be obtained within two hours of
reaction if TBABr was employed as PTC
(Fig. 3). Comparatively, when SBA-15 was
used as an interfacial catalyst, an even high-
er conversion of 93% was achieved within

the same period of time in the absence of
any PTC reagent. The difference shown in
catalytic efficiency between SBA-15 and
TBABET is also obvious for shorter reaction
time (i.e. 1 h). Assuming a simple second-
order reaction model, the rate constants for
the nucleophilic substitution catalyzed by
SBA-15 and TBABr were found to be 0.17
and 0.07%' min™!, respectively, using a
linear regression method. The fitted kinet-
ics curves are shown in Fig. 3.

Fig. 1. The concep-
tual diagram showing
the nucleophilic reac-
tion in the SBA-15
nanoreactors.
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Fig. 2. TEM images of mesoporous silica SBA-15 along the [001] direction a) before and b) after

reaction. c) XRD patterns of SBA-15.
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The accessibility of the two immiscible
reactants to the solid catalyst is a key fac-
tor for the present reaction process. Indeed,
the mesochannels of SBA-15 are amphi-
philic due to the abundant hydrophilic
Si-OH groups and hydrophobic Si-O-Si
groups on the silica surface. The SBA-15
materials are observed to be at the inter-
face between the organic and the aque-
ous phases to catalyze the biphasic reac-
tions. Consequently, the nanomaterial can
host both hydrophobic benzyl halide and
hydrophilic phenoxide within the pores,
where the nucleophilic substitution can
occur. This result is quite similar to the
‘triphasic catalysis’ reaction reported by
Zhao and co-workers!!!l in which SBA-15-
WO* was used as a solid phase transfer
reagent. To further confirm the importance
of the amphiphilic properties, SBA-15
surface was modified with hydrophobic
methyl groups (SBA-15-CH,) by using
methyltriethoxysilane.!!!] With the surface
modification, a remarkable decrease in the
catalytic reaction rate was observed for
SBA-15-CH, in Fig. 3, implying that the
more hydrophobic and uncharged environ-
ment is unfavorable for the reaction. The
result indicates that less phenoxide can be
loaded into the hydrophobic mesochannels
thereby reducing the conversion rate.

Clearly as shown in Fig. 3, the nu-
cleophilic substitution reaction rate with
SBA-15 is at least as fast as that with
TBABr and the complete conversion to
benzylphenyl ether is obtained within two
hours. The good performance of SBA-15
as a catalyst may be attributed to two im-
portant factors. First, the submicrometer
structure of SBA-15 plays a significant
role in improving the reaction efficiency.
Due to the high amphiphilic surface area
and the appropriate pore size, reactants (or
products) can easily move into (or out of)
SBA-15 mesochannels and have more in-
teractions on the surface to react quickly.
To test whether the pore size can affect the
reaction rate, mesoporous MCM-41 with
a smaller pore size (2.5 nm)['7l was also
used. Although MCM-41 possesses higher
surface area, Fig. 3 shows that the corre-
sponding nucleophilic reaction proceeds
slightly slower as mass transfer into the
pores is hindered, indicating that the reac-
tion occurs inside the pores of SBA-15 and
not only on the outer surface of the silica.

To study the influence of the surface
charge, the zeta potential of SBA-15 was
measured to be negative (—12.8 mV). As
shown in Fig. 1, when benzyl halide is
close to the surface of SBA-15 via inter-
action with hydrophobic Si-O-Si groups,
the negatively charged surface could also
further polarize the CH,-X bond, making
it easier for the benzylic carbon atom to be
attacked by phenoxide. Consequently, the
nucleophilic reaction is enhanced. To test

this hypothesis, the SBA-15 was surface-
modified with amino functional groups
and tested as catalyst (SBA-15-NH,). Fig.
3 illustrates that the rate of conversion to
benzyl phenyl ether is lower with SBA-
15-NH, than with SBA-15, for a given
reaction time. When functionalized with
amino groups, the zeta potential of SBA-
15 increases to 10.9 mV and the surface
becomes positively charged, thus resulting
a slower nucleophilic reaction rate.

Given the general nature of nucleophilic
substitutions, the catalysis can be extended
to similar two-phase reactions. Some other
examples are presented in Table 1 by using
SBA-15 or TBABT as the catalyst for com-
parison. As observed, a higher percent con-
version to ether can be achieved in the SBA-
15 nanoreactor. Compared with traditional
PTCs, the SBA-15 catalyst is much more
cost effective and environmental friendly. It
is easy to recover the catalyst for facilitat-
ing the post-reaction processing. Moreover,
the SBA-15 catalyst was easily recovered
by filtration and washing with ethanol for
removal of the organic phase. The TEM
of the regenerated material was shown in
Fig. 2b, and the structures were well pre-
served, which indicated the fine circulation.
The regenerated material shows decrease in
catalytic capacity down to ~68 % after the
fifth regeneration. The decreases may be
due to loss of the catalysts with washing.

Overall, this material shows good regenera-
tion properties.

Conclusions

In summary, we demonstrated that lig-
uid-liquid nucleophilic substitutions can be
effectively carried out in the nanochannels
of unmodified mesoporous silica (SBA-15)
without phase transfer catalyst. The amphi-
philic SBA-15, acting as a ‘solid interfa-
cial reactor’, can host both hydrophilic and
hydrophobic species in the mesochannels
where a highly efficient nanoreaction can
occur rapidly due to the confinement effect.
High product conversion and reaction rates
are achieved with a low catalyst loading
for the synthesis of benzyl phenyl ether,
which can be attributed to the enrichment
effect of the mesochannels, the rapid diffu-
sion and mass transfer with the appropriate
submicrometer pores, and the further polar-
ization of substrate molecules induced by
the negatively charged SBA-15 surface for
easier S 2 reaction. This ‘green’ method is
economical compared to the expensive use
of PTCs. Moreover, the product purifica-
tion process is also simple as the separation
of PTCs is not required. It is expected that
the mesoporous silica materials would have
potential industrial applications in other
two-phase nucleophilic reactions.
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Fig. 3. Reaction
profiles of the ex-
perimental data with
fitted second-order
kinetics reaction be-
tween benzyl bromide
(5 mmol) and 1.0 mL
of aqueous phen-
oxide solution (10.0
mmol of NaOH and
7.5 mmol of phenol).
The reactions were
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Table 1. The nucleophilic substitution reaction catalyzed by SBA-15 or TBABr.

Entry PhCH, X PhOH Time [min] T [°C] Conversion [%]°
12 X=Cl CH,OH 240 60 94
2° X=Cl C,H.OH 240 60 89
32 X=Br p-Cresol 300 75 45
40 X=Br p-Cresol 300 75 39

The two-phase reaction is catalysed by 28SBA-15 or ®TBABYr. °Products were determined by HPLC.
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