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Introduction

Zeolites and related materials such as alumino- or gallo-
phosphates[1] and periodic mesoporous silicas (PMSs),[2]

mesoporous organosilicas (PMOs)[3] and mesoporous metal
oxides[4] are ubiquitous inorganic porous high-surface-area
materials that are widely used as catalyst supports both in
industry and academic research. Zeolites and zeotypes are
microporous materials (pore diameter < 2 nm), whereas
PMSs and PMOs exhibit pore diameters in the range of 2 to
50 nm. Zeolites are crystalline substances with an atomic
scale periodic ordering. In contrast, PMSs are considered
semicrystalline with a periodic pore arrangement but with
amorphous pore walls. Size- or shape-selective reactions,
that is the preferred or exclusive transformation of a mole-
cule that fits into the porous framework, are a unique and
formidable phenomenon occurring in zeolitic materials.[5–7]

A similar behavior of mesoporous materials has scarcely
been observed until now. Among the few reports about
shape selectivity dealing with non-zeolitic materials are cata-
lytic reactions or adsorption experiments with pillared

clays,[8] metal–organic frameworks,[9] or supramolecular as-
semblies.[10] Kishna et al. demonstrated the shape-selective
synthesis of calix[4]pyrrols over a Lewis acidic MCM-41 cat-
alyst.[11] The tailoring of mesoporous materials for size-selec-
tive adsorption and drug delivery has found widespread in-
terest.[12] Some mesoporous materials (e.g. SBA-16) have
pores too small to accommodate enzymes and display size
selectivity in this respect.[13]

The PMS family includes materials with various pore con-
figurations such as one-dimensional linear (MCM-41[2] and
SBA-15[16]) or three-dimensional interconnected channel sys-
tems (MCM-48)[2] as well as cagelike pore structures. SBA-
1,[17] SBA-2,[18] and SBA-16[19] are prominent examples for
the latter type of materials being composed of nanosized
cages, which are interconnected by smaller windows. These
structural features resemble very much the structure of zeo-
lites such as faujasite (dsupercage=1.3 nm), but on a larger
length scale, as the cages in SBA-1 and SBA-2 are typically
3–4 nm[20] in diameter and 4.5–9 nm in SBA-16.[21] The diam-
eter of the interconnecting windows, however, can reach
molecular dimensions, which is known from adsorption ex-
periments with differently sized hydrocarbons[22] and from
surface silylation reactions.[23] The detailed pore structure of
these cagelike mesoporous materials has been elucidated by
using electron crystallography and HRTEM techniques.
SBA-2[24] and SBA-16[25] display a hexagonal close packing
and a body-centered cubic array of supercages, respectively.
SBA-1 and the isostructural organosilica PMO ACHTUNGTRENNUNG[SBA-1] fea-
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ture a more complicated pore topology consisting of two dif-
ferently sized ellipsoidal cages A and B which form an A2B
framework.[20] A cages are slightly larger than B cages (dA/
dB � 1.1) and therefore different types of interconnecting
windows (between two neighboring A cages and between A
and B cages) are present in the structure. Owing to the
amorphous pore walls, a pore-size distribution both of cages
and windows has to be taken into account.[26]

Herein, we present a method for the preparation of size-
selective mesoporous organic–inorganic hybrid catalysts.
Our approach allows the rational design of selective cata-
lysts following a simple building blocks principle, which
comprises a mesoporous silica with a cagelike pore struc-
ture, a silylating reagent, and a catalytically active compo-
nent, which can be a metal compound or an organic group,
that is grafted onto the pore walls of the silica. Size selectivi-
ty is demonstrated for the Meerwein–Ponndorf–Verley
(MPV) reduction of aromatic aldehydes to alcohols
(Scheme 1).[4,15]

The MPV hydride-transfer reaction is routinely employed
in organic synthesis and catalyzed by Lewis acidic alumi-
num,[15] magnesium,[27] or rare-earth metal isopropoxides.[28]

2-Propanol is used as solvent and as the reducing agent. The
MPV reduction is an equilibrium reaction and therefore
excess of 2-propanol is necessa-
ry to force the formation of the
desired alcohol. Though the
conversion is very selective and
tolerant towards most function-
al groups, the aldol and the
Tishchenko reaction may occur
as side reactions.[14] The forma-
tion of aldol products can be
suppressed if a metal alkoxide
with a low Brønsted basicity is
employed. In most cases alumi-
num isopropoxide is the cata-
lyst of choice. Several heteroge-
neously promoted versions of
the MPV reduction have been
developed, which exploit, for
example, magnesium oxide[29]

and hydrotalcite as catalysts.[30]

Grafting of aluminum isoprop-
oxide onto mesoporous silica
MCM-41 afforded a catalyst
that shows a great acceleration

of the reaction rate for the industrially important reduction
of 4-tert-butylcyclohexanone to 4-tert-butylcyclohexanol
compared to the homogeneous catalyst.[31]

Results and Discussion

Synthesis of cagelike mesoporous silicas and organosilicas :
SBA-1,[32] SBA-2,[22] and SBA-16[21] were synthesized accord-
ing to literature procedures, by employing octadecyltriethyl-
ACHTUNGTRENNUNGammonium bromide, N-(3-trimethylammoniumpropyl)hexa-
ACHTUNGTRENNUNGdecyldimethylammonium bromide, and Pluronic F127
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) triblock copolymer (EO106PO70EO106) as structure-di-
recting agents (SDAs), respectively. Tetraethylorthosilicate
TEOS was used as a silica source. The as-synthesized mate-
rials were calcined at 540 8C and dehydrated in high vacuum
to remove the organic template and physisorbed water. This
treatment results in high-surface-area materials with specific
Brunauer–Emmett–Teller (BET) surfaces as in the range of
680 to 1520 m2g�1 and specific pore volumes Vp from 0.5
(SBA-16) to 0.81 cm3g�1 (SBA-1) as determined from nitro-
gen physisorption measurements (for complete textural
properties of parent and hybrid mesoporous silicas see
Table 1). The organosilica PMO ACHTUNGTRENNUNG[SBA-1] was synthesized
with octadecyltrimethylammonium bromide (C18TABr) and
N-(3-trimethylammoniumpropyl)octadecyldimethylammon-
ACHTUNGTRENNUNGium bromide (C18-3-1) as structure-directing agents and 1,2-
bis(triethoxysilyl)ethane (BTEE) as source of the organosili-
ca framework.[33] The SDA was removed from the as-synthe-
sized material by extensive Soxhlet extraction with hydro-
chloride-acidified ethanol, because the material can not
withstand a calcination. A lower limit for the diameter of in-
terconnecting channels and windows in the PMO ACHTUNGTRENNUNG[SBA-1]

Scheme 1. MPV reduction of 1-pyrenecarboxaldehyde and benzaldehyde.

Table 1. Textural properties and elemental analysis of pure silica materials and related hybrid materials.

Sample[a] as,BET
[b] Vp

[c] dp
[d] C H Al

ACHTUNGTRENNUNG[m2g�1] ACHTUNGTRENNUNG[cm3g�1] [nm] ACHTUNGTRENNUNG[wt%] ACHTUNGTRENNUNG[wt%] ACHTUNGTRENNUNG[wt%]

SBA-1 1390 0.81 2.2
PMO ACHTUNGTRENNUNG[SBA-1] 830 0.91 3.2 16.51 3.39
SBA-2 940 0.69 2.5
SBA-16 680 0.50 3.7
SiMe2C8H17@SBA-1 1200 0.52 1.5 18.98 4.30
SiMe2C18H37@SBA-1 < 10 < 0.01 22.40 4.46
SiMe2C8H17@SBA-16 360 0.27 3.6 9.43 2.28
SiMe2C18H37@SBA-16 10 0.01 13.2 2.57
AlEtx@PMO ACHTUNGTRENNUNG[SBA-1] 490 0.45 2.9 24.76 4.83 4.7
AlEtx@SBA-1 630 0.26 1.6 17.99 3.66 8.4
AlEtx@SBA-2 940 0.67 2.6 1.52 0.68 0.6
AlEtx@SBA-16 320 0.23 3.6 7.95 1.75 4.7
AlEtx@Aerosil380 9.44 1.98 5.2
AlEtx@SiMe2C8H17@SBA-1 490 0.20 1.4 21.28 4.29 5.6
AlEtx@SiMe2C18H37@SBA-1 <10 <0.01 24.99 4.81 1.6
AlEtx@SiMe2C8H17@SBA-16 170 0.14 3.5 10.2 2.37 3.1
AlEtx@SiMe2C18H37@SBA-16 10 0.01 14.1 2.65 0.3
AlEtx@SiMe2C8H17@Aerosil300 5.71 1.33 1.9
AlEtx@SiMe2C18H37@Aerosil300 7.72 1.72 2.0

[a] Pretreatment conditions: 250 8C (pure silica materials)/100 8C (silylated and metalated materials), 2.5 h,
10�3 Torr. [b] Specific BET surface area. [c] Total pore volume. [d] Pore diameter according to the maximum
of the BJH pore size distribution calculated from the desorption branch.
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structure is given by the kinetic diameter of the SDA mole-
cules which diffuse through the internal pore volume during
the extraction process. A BJH analysis of the nitrogen physi-
sorption data shows a significantly larger pore diameter of
PMO ACHTUNGTRENNUNG[SBA-1] (3.2 nm) compared with that of the pure silica
SBA-1 (2.2 nm). From a chemical point of view, replacing a
siloxane bridge in SBA-1 by a �Si ACHTUNGTRENNUNG(CH2CH2)Si� moiety (in
PMO ACHTUNGTRENNUNG[SBA-1]) renders the material more hydrophobic and
reduces the density of reactive surface silanol groups �Si-
OH.

Synthesis of organic–inorganic hybrid catalysts : The cagelike
mesoporous silicas were allowed to react with solutions of
excess triethylaluminum [{Al ACHTUNGTRENNUNG(CH2CH3)3}2] in hexane to form
a set of aluminum-grafted hybrid materials. The reactions
were conducted overnight at ambient temperature and
monitored by FTIR spectroscopy. The peculiar band of the
OH stretching vibration at 3695 cm�1 disappeared, indicating
a complete consumption of all surface silanol groups �Si-
OH in SBA-1, SBA-16, and PMOACHTUNGTRENNUNG[SBA-1] by the highly re-
active aluminum alkyl. The resulting grafted materials are
denoted AlEtx@SBA-1, AlEtx@SBA-16, and AlEtx@PMO-
ACHTUNGTRENNUNG[SBA-1]. The transformation liberates ethane and estab-
lishes stable Al-O-Si linkages. The grafted aluminum centers
exhibit a highly distorted and unsaturated coordination
sphere, which imparts strong Lewis acidity and remarkable
activity in catalytic MPV reductions. For SBA-2 the grafting
reaction does not proceed to completeness. A significant
number of nonreacted �Si-OH groups are still visible in the
IR spectrum. The amount of aluminum found in AlEtx@
SBA-2 is as low as 0.6 wt% compared to 8.4 and 4.7 wt% in
completely grafted AlEtx@SBA-1/16 (Table 1). We assume
that the triethylaluminum cannot pass the small windows of
the porous structure of SBA-2, indicating the feasibility of
size-selective reactions with this kind of cagelike mesopo-
rous materials. Nitrogen physisorption measurements re-
vealed the expected decrease of pore volume, specific sur-
face area, and pore diameter for the grafted materials
(Figure 1, Table 1).

While the maximum of the BJH pore-size distribution of
AlEtx@SBA-16 is still clearly in the range of mesopores
(3.6 nm), the pores of AlEtx@SBA-1 are confined to the mi-
croporous range (1.6 nm). SBA-1 features a type IV iso-
therm, typical for mesoporous materials, with a steep capil-
lary condensation step at a relative pressure P/P0=0.2.
Upon the grafting procedure this isotherm developed into a
type I isotherm indicative of a microporous material.

As organic fine chemicals are usually smaller than 1.6 nm,
and the BJH method tends to underestimate the true pore
extensions, we rationalized that size-selective catalysis might
require materials with even smaller pore diameters. These
materials could be obtained by immobilizing bulky organic
groups onto the materials surface. Therefore, a two-step
consecutive grafting procedure was established, which con-
sists of a silylation experiment and a subsequent metalation
step. Dimethylaminosilanes (Me2NSiMe2R) with differently
sized alkyl chains, dimethyl(dimethylamido)octylsilane, and

dimethyl(dimethylamido)octadecylsilane were employed in
the silylation experiment.[34] These monosilazane compounds
are known to react rapidly with dehydrated silica surfaces at
ambient temperature and are in this respect advantageous
compared to the routinely used chloro- or alkoxysilanes,
which require elevated temperatures or basic auxiliaries.[35]

The amount of the silylating reagent was chosen to be 30%
of the chemically accessible SiOH groups. Thus, the majority
of the reactive surface functionalities remain unchanged by
the silylation procedure. Owing to the high reactivity of the
dimethylaminosilanes, the silylation proceeds rapidly and it
is likely that mainly silanol groups located at the external
surface of the silica particles and the pore openings are de-
rivatized. Accordingly, the pre-functionalization ensures pas-
sivation of the external particle surface and concomitant tai-
loring of the free diameter of the pore openings dependent
on the length of the grafted alkyl chain.

This methodology is based on work of Kruk et al. , which
was concerned with the functionalization of SBA-16 materi-

Figure 1. Nitrogen phyisisorption isotherms (A) and corresponding BJH
pore-size distributions (B) of SBA-1 (a) and hybrid materials
SiMe2C8H17@SBA-1 (b), AlEtx@SBA-1 (c), AlEtx@ SiMe2C8H17@SBA-1
(d), and SiMe2C18H37@SBA-1 (e).
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als with chlorosilanes.[36] For SBA-1-derived hybrid materi-
als, we achieved a gradual decrease of the pore diameter
from 2.2 nm (SBA-1) over 1.5 nm (SiMe2C8H17@SBA-1) to
complete blocking of the pore entrances (SiMe2C18H37@
SBA-1, Table 1 and Figure 1). Consequently, the detectable
specific pore volume decreases in the same direction and
vanishes (<0.01 cm3g�1) for SiMe2C18H37@SBA-1. For the si-
lylated SBA-16 materials, a similar development of their
textural properties was observed (Table 1, Supporting Infor-
mation).

In a second preparation step, aluminum centers were
grafted onto the intrapore silica surface by reacting the re-
maining silanol groups with triethylaluminum [{Al-
ACHTUNGTRENNUNG(CH2CH3)3}2]. The resulting materials AlEtx@SiMe2C8H17@
SBA-1/16 and AlEtx@SiMe2C18H37@SBA-1/16 show a lower
amount of grafted aluminium centers compared to the non-
silylated AlEtx@SBA-1/16. This finding is in accordance
with the reduced number of SiOH groups of the silylated
materials. Interestingly, the surface silanol moieties of
SiMe2C18H37@SBA-1 and SiMe2C18H37@SBA-16 are not fully
accessible to triethylaluminum as indicated by FTIR spec-
troscopy (for representative IR spectra see Supporting In-
formation). The more open porous structures of
SiMe2C8H17@SBA-1/16 react completely with [{Al-
ACHTUNGTRENNUNG(CH2CH3)3}2]. Accordingly, size-selective behavior of these
materials is already proposed by these distinct surface func-
tionalizations.

NMR investigation of hybrid catalysts : 13C MAS NMR spec-
tra of the materials SiMe2C8H17@SBA-1 and AlEtx@
SiMe2C8H17@SBA-1 were recorded (Figure 2A,B).
SiMe2C8H17@SBA-1 displays seven distinct signals for the
octyldimethylsilyloxy groups.[35] Upon grafting of triethylalu-
minum, an additional signal appeared at about 8 ppm, which
can be assigned to CH3 moieties of aluminum-bound ethyl
ligands. The signal of the methylene carbon atom of the
CH2CH3 groups overlaps with the methyl signal of
SiMe2C8H17 units.[37] The catalytic MPV reduction is con-
ducted in 2-propanol as a solvent, and therefore we stirred
the precatalyst AlEtx@SiMe2C8H17@SBA-1 for 4 h in 2-
propanol at ambient temperature. Under these conditions a
ligand-exchange reaction occurs and ethyl ligands are re-
placed by isopropoxy moieties (Scheme 2). The resulting
material AlACHTUNGTRENNUNG(OiPr)x@SiMe2C8H17@SBA-1 was filtered off,
dried under vacuum, and a 13C MAS NMR spectrum was re-
corded (Figure 2C). Signals at d=68 and 63 ppm (secondary
carbon atoms) as well as d=27 and 22 ppm (primary carbon
atoms) document the presence of aluminum isopropoxide
surface complexes.[38] Albeit showing a markedly decreased
relative intensity, the 13C resonance at about d=8 ppm
might be indicative of nonreacted AlCH2CH3 moieties or
SiCH2CH3 groups formed by siloxane cleavage during the
AlEt3-grafting.

[39]

Catalytic MPV reduction : Table 2 lists the metalated and/or
silylated mesoporous materials that were tested in the cata-
lytic MPV reduction of aromatic aldehydes. In addition, we

synthesized the nonporous materials AlEtx@SiMe2C8H17@
Aerosil300, AlEtx@SiMe2C18H37@Aerosil300, and AlEtx@
Aerosil380. Aerosil300 and Aerosil380 are amorphous silica

Figure 2. 13C MAS NMR spectra of A) SiMe2C8H17@SBA-1, B) AlEtx@
SiMe2C8H17@SBA-1, and C) Al ACHTUNGTRENNUNG(OiPr)x@SiMe2C8H17@SBA-1 and sche-
matic drawings of proposed surface species.

Scheme 2. Schematic representation of the cagelike pore structure of
hybrid catalysts Al ACHTUNGTRENNUNG(OiPr)x@SBA-1 (A), Al ACHTUNGTRENNUNG(OiPr)x@SiMe2C8H17@SBA-1
(B), and Al ACHTUNGTRENNUNG(OiPr)x@SiMe2C18H37@SBA-1 (C).
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materials with a BET surface area of about 300 and
380 m2g�1, respectively.

Two differently sized aromatic aldehydes, benzaldehyde
and 1-pyrenecarboxaldehyde, were used as substrates in the
catalytic MPV reduction (Scheme 1). The reactions were
conducted at ambient temperature and the conversion of al-
dehyde was monitored by GC analysis versus dodecane as
an internal standard. Aryl methanols were the sole detecta-
ble reaction products under these conditions. In each cata-
lytic run, both aldehydes were added to the reaction mixture
to probe the competition between a small and a large sub-
strate molecule for access to the catalytically active metal
centers.

Owing to their chemical similarity, benzaldehyde (1
�0.92 nm=van-der-Waals distance between carbonyl
oxygen and the farthest hydrogen) and 1-pyrenecarboxalde-
hyde (1�1.29 nm) showed similar reactivity toward nonpo-
rous AlEtx@Aerosil380, AlEtx@SiMe2C8H17@Aerosil300,
and AlEtx@SiMe2C18H37@Aerosil300 (Table 2, Figure 3A).
These results clearly indicate that no preferred adsorption
or molecular recognition of one of the substrates at the dif-
ferent catalyst surfaces occurs. Whereas the large-pore ma-
terial AlEtx@PMO ACHTUNGTRENNUNG[SBA-1] revealed also no substrate dis-
crimination (Table 2 and Supporting Information), smaller
pore sized AlEtx@SBA-1 gave slightly different reaction
rates with benzaldehyde being 4–6 times more reactive than
1-pyrenecarboxaldehyde (Table 2, Figure 3B). The hybrid
catalyst AlEtx@SiMe2C8H17@SBA-1 revealed a slightly
lower activity than the non-silylated materials, however, the
relative reaction rate increased to 17:1 in favor of the small-
er benzaldehyde. After 2 h, 65% of the benzaldehyde and
only 4% of the 1-pyrenecarboxaldehyde were converted
into the corresponding alcohols (Figure 3C). The activity of
the hybrid catalyst is markedly reduced when the SBA-1
material is derivatized with a C18H37 alkyl chain. AlEtx@
SiMe2C18H37@SBA-1 gave only 15% conversion of benzal-
dehyde after 5 h. However, the size selectivity increased to a
relative reaction rate of 20:1, resulting in quantitative for-

mation of benzaldehyde but only 17% conversion of 1-pyre-
necarboxaldehyde after four days (Figure 3D). As a result
of these experiments we can state that the substrate selectiv-
ity of the heterogeneously performed MPV reduction can
be efficiently tuned by selecting an appropriate support ma-
terial; cagelike SBA-1 is superior to nonporous amorphous
silica. Moreover, the same SBA-1 materials corroborate a
beneficial effect of pore-size engineering by partial surface
silylation with a monosilazane coupling reagent of suitable
size.

AlEtx@SBA-2 showed only very low activity in MPV re-
ductions, in accordance with the low aluminum content of
this material. At elevated temperature (80 8C), good conver-
sion could be also achieved for the SBA-2 catalyst, albeit
without selectivity (Table 2). We assume that most of the
grafted aluminum species are located at the external surface
of the SBA-2 particles and therefore cannot provide size se-
lectivity. Significant size selectivity could also not be ob-
served for the SBA-16 materials. Regardless the size of the
silylating agent, the benzaldehyde and 1-pyrenecarboxalde-
hyde discrimination did not exceed a relative reaction rate
of about 2.5:1 (Table 2 and Supporting Information). This
discrepancy can certainly be rationalized on the basis of
larger cage-interconnecting windows; however, clearly more
knowledge has to be acquired about the nature of the pore
openings and interconnecting channels in different cagelike
PMSs.

Table 2. MPV reduction of benzaldehyde and 1-pyrenecarboxaldehyde
over various hybrid catalysts.[a]

Catalyst precursor Conversion
benzaldehyde

Conversion
1-pyrenecarbox-
aldehyde

[%] [%]

AlEtx@Aerosil 380[b] 91(5) 87 (5)
AlEtx@SiMe2C8H17@Aerosil 300[b] 46 (7) 27 (7)
AlEtx@SiMe2C18H37@Aerosil 300[b] 43 (7) 36 (7)
AlEtx@PMO ACHTUNGTRENNUNG[SBA-1][b] 56 (5) 60 (5)
AlEtx@SBA-1[b] 92 (5) 38 (5)
AlEtx@SiMe2C8H17@SBA-1[b] 91 (5) 11 (5)
AlEtx@SiMe2C18H37@SBA-1[b] 62 (28) 3 (28)
AlEtx@SiMe2C8H17@SBA-16[c] 95 (5) 61 (5)
AlEtx@SBA-2[c] 4 (24) 2 (24)
AlEtx@SBA-2[b,d] 73 (24) 62 (24)

[a] Values in parenthesis give the time [h] after which the conversion was
obtained. [b] The amount of catalyst was adjusted to 6.6P10�2 mmol Al.
[c] 50 mg catalyst used. [d] Experiment conducted at 80 8C.

Figure 3. Conversion of benzaldehyde (&) and 1-pyrenecarboxaldehyde
(&) in MPV reductions over various hybrid catalysts. A) AlEtx@Aerosil
380, B) AlEtx@SBA-1, C) AlEtx@SiMe2C8H17@ SBA-1, D) AlEtx@
SiMe2C18H37@ SBA-1.
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Conclusion

We have established a new concept for accomplishing size
selectivity in heterogeneous catalysis based on mesoporous
silicas. Size-selective organic–inorganic hybrid catalysts can
be obtained in a two-step consecutive grafting procedure.
First, a mesoporous silica with a cagelike pore structure and
a sufficiently small pore diameter (i.e. SBA-1) is selected
and the pore size is tailored by grafting a bulky silylating re-
agent (i.e. , dimethyl(dimethylamido)octylsilane) onto the
silica surface. Second, a catalytically active metal compound
is immobilized on the porous structure of the silica. The alu-
minum-grafted catalysts AlEtx@SiMe2C8H17@SBA-1 and
AlEtx@SiMe2C18H37@SBA-1 exhibit good selectivity in dis-
criminating between differently sized aldehydes, benzalde-
hyde and 1-pyrenecarboxaldehyde, in the Meerwein–Ponn-
dorf–Verley reduction to alcohols. PMS SBA-1 seems to be
a superior host material for the design of size-selective cata-
lysts. There are virtually no restrictions for choosing a suita-
ble metal compound and a silylating reagent from the large
pool of already known grafting precursors. We synthesized a
titanium-containing hybrid catalyst TiACHTUNGTRENNUNG(NMe2)x@SiMe2Ph@
SBA-1 following the procedure outlined above for the alu-
minum catalysts, by employing (SiMe2Ph)2NH as a silylating
reagent and tetrakis(dimethylamido)titanium [Ti ACHTUNGTRENNUNG(NMe2)4] as
a metal precursor. Preliminary investigations of an amino-
propyl(triethoxy)silane (APS)-functionalized SBA-1 in the
Knoevenagel condensation reaction of the above-mentioned
aldehydes with ethylcyanoacetate show that this newly de-
veloped concept can be also applied in organocatalysis.
These simple qualitative relations between the size of the si-
lylating reagent and the selectivity observed for the resulting
catalyst open up new possibilities for the rational design of
shape-selective catalysts and adsorbents. We believe that
this approach will broaden the scope of shape-selective reac-
tions in fine chemical synthesis, and that functionalized
cagelike mesoporous catalysts will prolifically complement
the long-known zeolitic materials.

Experimental Section

Materials and methods : Tetraethylorthosilicate (TEOS) from Fluka was
used as a silica precursor. Tetramethylammonium hydroxide (25 wt% so-
lution in water, TMAOH), octadecyl bromide, hexadecyldimethylamine,
triethylamine, 1,2-bis(triethoxysilyl)ethane, octadecyldimethylamine, oc-
tadecyltrimethylammonium bromide (C18TABr), dimethyloctylchloro-
ACHTUNGTRENNUNGsilane, dimethyldodecylchlorosilane, dimethyloctadecylchlorosilane, tri-
ACHTUNGTRENNUNGethylaluminum, dodecane, and (3-bromopropyl)trimethylammonium bro-
mide were purchased from Aldrich. 1,1,3,3-Tetramethyldisilazane was ob-
tained from Gelest, and Pluronic F127 poly(ethylene oxide)-poly(propy-
lene oxide)-poly(ethylene oxide) triblock copolymer (EO106PO70EO106)
from Sigma. The reagents were used as received without further purifica-
tion. Octadecyltriethylammonium bromide [CH3 ACHTUNGTRENNUNG(CH2)17NEt3]

+Br�

(C18TEABr), N-(3-trimethylammoniumpropyl)hexadecylammonium di-
bromide [CH3 ACHTUNGTRENNUNG(CH2)15NMe2ACHTUNGTRENNUNG(CH2)3NMe3]

2+2Br� (C16-3-1) and N-(3-trime-
thylammoniumpropyl)hexadecylammonium dibromide [CH3-
ACHTUNGTRENNUNG(CH2)17NMe2 ACHTUNGTRENNUNG(CH2)3NMe3]

2+2Br� (C18-3-1) were synthesized according to
literature procedures by reacting octadecyl bromide with triethylamine
and hexadecyldimethylamine and octadecyldimethylamine with (3-bro-

mopropyl)trimethylammonium bromide, respectively.[40] Aerosil300 and
Aerosil380 were donated by Degussa AG. The PMS and PMO materials
were synthesized according to slightly modified literature procedures.
Grafting experiments and Meerwein–Ponndorf–Verley reductions were
performed with rigorous exclusion of air and water, using high-vacuum
and glovebox techniques (MBraun MB150B-G; <1 ppm O2, <1 ppm
H2O). Solvents were purified by using Grubbs columns (MBraun SPS,
solvent purification system). Calcined mesoporous silicas were dehydrat-
ed under high vacuum for 4 h at 270 8C. The catalytic reactions were
monitored by gas chromatography, using a Hewlett Packard 5890 FID in-
strument equipped with an hp Ultra 1 column (crosslinked methyl silox-
ane, 25 mP0.2 mmP0.3 mm film thickness) versus dodecane as internal
standard (temperature program: 50 8C initial temperature for 4 min;
heating rate 15 8Cmin�1; final temperature 220 8C for 15 min.

Powder X-ray diffraction (PXRD) patterns were recorded on a Philips
X’pert PRO instrument in the step/scan mode (step width, 0.034; accu-
mulation time, 30 s per step; range (2V), 0.31–9.968) using monochromat-
ic CuKa radiation (l = 1.5418 R). IR spectra of the parent and function-
alized materials were recorded on a Perkin-Elmer Fourier transform in-
frared (FTIR) spectrometer 1760X using Nujol mulls sandwiched be-
tween CsI plates. The 13C MAS NMR spectra were obtained at
125.76 MHz on a Bruker-BIOSPIN-AV500 instrument (5 mm BBO)
equipped with magic angle spinning (MAS) hardware and using ZrO2

rotors with a diameter of 4 mm. Experiments were done at a sample tem-
perature of 298 K with a sample spinning rate of 10 kHz. The 13C MAS
NMR experiments on all three samples were carried out with high-power
proton decoupling during the acquisition, that is without nuclear Over-
hauser effect (NOE) and a relaxation delay of 15 s between a total of
3800 transients for sample SiMe2C8H17@SBA-1 and 4400 transients for
samples AlEtx@SiMe2C8H17@SBA-1 and Al ACHTUNGTRENNUNG(OiPr)x@SiMe2C8H17@SBA-1.
The fids were multiplied with an exponential window function increasing
the line-width by 10 Hz to reduce noise prior to Fourier transformation.
13C NMR chemical shifts were referred to adamantane. Nitrogen adsorp-
tion–desorption isotherms were measured with an ASAP 2020 volumetric
adsorption apparatus (Micromeritics) at 77.4 K for relative pressures
from 10�2 to 0.99 [am ACHTUNGTRENNUNG(N2, 77 K) ) 0.162 nm2]. Prior to analysis, the sam-
ples were outgassed in the degas port of the adsorption analyzer at 523 K
for 3 h. The BET specific surface area was obtained from the nitrogen
adsorption data in the relative pressure range from 0.04 to 0.20. The
pore-size distributions were derived from the desorption branch using
the Barrett–Joyner–Halenda (BJH) method.[41] Elemental analyses were
performed on an Elementar VarioEL/Perkin-Elmer instrument. The sur-
face silanol population was obtained from the surface coverage a ACHTUNGTRENNUNG(SiR3)
of activated silylated samples as described previously.[35]

Mesoporous silicas and organosilicas

SBA-1: Surfactant (octadecyltriethylammonium bromide, C18TEABr:
5.0 g, 11.5 mmol), concentrated HCl (37%, 318 g, 2.8 mol), and distilled
water (525 g, 29.2 mol) were combined and the resulting mixture was vig-
orously stirred until a homogeneous solution formed. The solution was
cooled to 0 8C and TEOS (12.0 g, 57.6 mmol) was slowly added. Stirring
was continued for 4 h, then the reaction mixture was heated in a poly-
propylene bottle from 0 to 100 8C, and kept at this temperature for 1 h
without stirring. The solid product was recovered by filtration (without
washing) and dried at ambient temperature. The as-synthesized material
was calcined at 540 8C (air, 5 h) and dehydrated in vacuo (270 8C,
10�4 Torr, 4 h). The molar composition of the synthesis gel was 1
C18TEABr : 5TEOS : 280HCl : 3500H2O.

SBA-2 : Tetramethylammonium hydroxide (10.0 g, 27.4 mmol, 25 wt% in
water) and C16-3-1 (1.0 g, 2.7 mmol) were dissolved in water (140.0 g,
7.8 mol) and the mixture was stirred until a clear solution was formed
(ca. 30 min). TEOS (11.4 g, 54.9 mmol) was added over a period of 5 min
and the resulting synthesis mixture was stirred at 25 8C for 2 h. The mate-
rial was recovered by filtration, washed several times with distilled water,
dried overnight in air at ambient temperature, calcined at 540 8C, and fi-
nally dehydrated in vacuo (270 8C, 10�4 Torr, 4 h). The molar composition
of the synthesis gel was 1 C16-3-1 : 20TEOS : 10TMAOH : 3000H2O.

SBA-16 : Pluronic F127 copolymer (EO106PO70EO106, 3.0 g) and hydro-
chloric acid (22.1 g, 37%, 223.8 mmol) were dissolved in distilled water
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(117.0 g, 6.5 mol). The solution was warmed to 35 8C, TEOS (11.7 g,
56.0 mmol) was added and the resulting mixture was stirred for about
15 min at this temperature. The mixture was treated for 24 h under static
conditions at 35 8C and then heated to 100 8C and kept at this tempera-
ture for 24 h. The mesoporous silica was recovered by filtration without
washing, dried overnight in air at ambient temperature and then calcined
at 540 8C. The molar composition of the synthesis gel was 0.004Pluronic
F127 : 1TEOS : 4HCl : 130H2O.

PMO ACHTUNGTRENNUNG[SBA-1]: A mixture of C18TABr (5.84 g, 14.58 mmol), C18-3-1 (4.24 g,
7.59 mmol), NaOH (3.78 g, 94.50 mmol), and warm deionized water
(334 g, 18.6 mol) was stirred for 1 h to form a clear solution. Then 1,2-
bis(triethoxysilyl)ethane (BTEE, 14.64 g, 40.05 mmol) was added. Stirring
the resulting solution for 24 h at 25 8C and subsequent heating at 95 8C
for 6 h brought about precipitation. The final suspension was aged at
95 8C for 24 h. The warm precipitate was recovered by suction filtration
without water washing. The molar composition of the synthesis gel was
0.36C18TABr : 0.19C18-3-1 : 40.05BTEE : 2.36NaOH : 464H2O.

The surfactant was removed by a two-step procedure. The as-synthesized
mesoporous organosilica (2.0 g) was stirred in ethanol (250 mL) and hy-
drochloric acid (37%, 10 g) solution at 50–60 8C for 6 h, and afterwards
the solid separated by suction filtration and dried in air. Then the surfac-
tant was further extracted in hydrochloride-acidified ethanol solution for
24 h by using the Soxhlet technique. A weight loss of about 35–45% was
found after a complete solvent extraction. Elemental analysis for the de-
hydrated solvent-extracted PMO ACHTUNGTRENNUNG[SBA-1]: C: 16.51, H: 3.39, N: <0.01.

Silylated hybrid materials

General procedure for the synthesis of alkyl dimethylsilylated hybrid ma-
terials : In a glovebox, mesoporous silica (SBA-1: 4.01 mmol OH groups
per g, SBA-16: 3.03 mmol OH groups per g, calculated from carbon anal-
ysis of completely dimethylsilylated materials) was suspended in hexane
and a hexane solution of the alkyl dimethyl(dimethylamido)silane (0.30
equivalents relative to surface Si�OH groups) was added. The mixture
was stirred at ambient temperature overnight, washed several times with
hexane, and dried under vacuum until constant weight.

SiMe2C8H17@SBA-1: SBA-1 (157 mg) and dimethyl(dimethylamido)octyl-
silane (40 mg, 0.19 mmol) yielded 168 mg of SiMe2C8H17@SBA-1.

SiMe2C18H37@SBA-1: SBA-1 (250 mg) and dimethyl(dimethylamido)octa-
decylsilane (100 mg, 0.28 mmol) yielded 249 mg of SiMe2C18H37@SBA-1.

SiMe2C8H17@SBA-16 : SBA-16 (300 mg) and dimethyl(dimethylamido)oc-
tylsilane (58 mg, 0.27 mmol) yielded 284 mg of SiMe2C8H17@SBA-16.

SiMe2C18H37@SBA-16 : SBA-16 (300 mg) and dimethyl(dimethylami-
do)octadecylsilane (96 mg, 0.27 mmol) yielded 343 mg of SiMe2C18H37@
SBA-16.

SiMe2C8H17@Aerosil300 : Aerosil300 (300 mg) and dimethyl(dimethyl-
ACHTUNGTRENNUNGamido)octylsilane (16 mg, 0.07 mmol) yielded 298 mg of SiMe2C8H17@
Aerosil300.

SiMe2C18H37@Aerosi300 : Aerosil300 (300 mg) and dimethyl(dimethyl-
ACHTUNGTRENNUNGamido)octadecylsilane (26 mg, 0.07 mmol) yielded 265 mg of
SiMe2C18H37@Aerosil300.

Aluminated hybrid materials

General procedure for the synthesis of aluminated hybrid materials : In
an argon-filled glovebox, the mesoporous silica or organosilica, the meso-
porous hybrid material, Aerosil380 or Aerosil300 were suspended in
hexane and excess of triethylaluminum was added. The mixture was stir-
red at ambient temperature overnight, thoroughly washed with hexane to
remove unreacted triethylaluminum, and dried under vacuum until con-
stant weight.

AlEtx@SBA-1: SBA-1 (150 mg) and triethylaluminum (100 mg,
0.88 mmol) yielded 214 mg of AlEtx@SBA-1.

AlEtx@SiMe2C8H17@SBA-1: SiMe2C8H17@SBA-1 (150 mg) and triethyl-
ACHTUNGTRENNUNGaluminum (100 mg, 0.88 mmol) yielded 124 mg of AlEtx@SiMe2C8H17@
SBA-1.

AlEtx@SiMe2C18H37@SBA-1: SiMe2C18H37@SBA-1 (200 mg) and triethyl-
ACHTUNGTRENNUNGaluminum (100 mg, 0.88 mmol) yielded 195 mg of AlEtx@SiMe2C18H37@
SBA-1.

AlEtx@PMO ACHTUNGTRENNUNG[SBA-1]: Following the procedure described above, PMO-
ACHTUNGTRENNUNG[SBA-1] (600 mg) and triethylaluminum (164 mg, 1.44 mmol) yielded
632 mg of AlEtx@PMO ACHTUNGTRENNUNG[SBA-1].

AlEtx@SiMe2C8H17@SBA-16 : SiMe2C8@SBA-16 (125 mg) and triethylalu-
minum (0.69 mg, 0.60 mmol) yielded 136 mg of AlEtx@SiMe2C8H17@
SBA-16.

AlEtx@SiMe2C18H37@SBA-16 : SiMe2C18H37@SBA-16 (125) mg and trie-
thylaluminum (69 mg, 0.60 mmol) yielded 128 mg of AlEtx@
SiMe2C18H37@SBA-16.

AlEtx@SBA-2 : SBA-2 (374 mg) and triethylaluminum (205 mg,
1.79 mmol) yielded 372 mg of AlEtx@SBA-2.

AlEtx@Aerosil380 : Aerosil380 (300 mg) and triethylaluminum (200 mg,
1.76 mmol) yielded 311 mg of AlEtx@Aerosil380.

AlEtx@SiMe2C8H17@Aerosil300 : SiMe2C8H17@Aerosil300 (280 mg) and
triethylaluminum (28 mg, 0.24 mmol) yielded 294 mg of AlEtx@
SiMe2C8H17@Aerosil300.

AlEtx@SiMe2C18H37@Aerosil300 : SiMe2C18H37@Aerosil300 (250 mg) and
triethylaluminum (28 mg, 0.24 mmol) yielded 233 mg of AlEtx@
SiMe2C18H37@Aerosil300.

MPV reductions

Reactions were conducted at ambient temperature under an argon at-
mosphere in a magnetically stirred flask. The flask was charged with an-
hydrous 2-propanol (4 mL), toluene (1.3 mL), benzaldehyde (66 mg,
0.625 mmol), 1-pyrenecarboxaldehyde (144 mg, 0.625 mmol), and the cat-
alyst (the amount of catalyst was adjusted to 6.6P10�2 mmol Al). Sam-
ples were taken periodically and analysed by GC, with dodecane as inter-
nal standard. Products were identified by NMR spectroscopy.
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