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Selectively functionalized mesoporous silica may considerably
advance heterogeneous catalysis through the controlled immo-
bilization of highly selective complex catalysts inside the
mesopores. However, spatially controlled functionalization and
the precise analytical verification are still a challenge. In this
publication, we report a method, which ensures a selective
functionalization of the mesopore surface with a clickable linker
and thus makes it possible to study confinement effects during
catalyzed reactions. First, we passivate the silanol groups on the

particle surface and in the pore entrances of the mesoporous
silica material SBA-15 with 1,1,1-trimethyl-N-(trimethylsilyl)
silanamine. Then we remove the template by solvent extraction
and functionalize the pore walls with 3-azidopropyltrieth-
oxysilane before we click the catalyst. In initial experiments of
asymmetric Rh-catalyzed 1,2-addition, we investigate the per-
formance of a catalyst clicked selectively in the mesopores and
compare it to the dissolved catalyst as well as to the catalyst
immobilized exclusively on the external surface of SBA-15.

Introduction

Since their discovery in 1992,[1] ordered mesoporous silica
materials (MSMs) have received substantial scientific interest
and set the benchmark for all mesoporous materials. In general,
the production of most inorganic mesoporous materials is
based on the use of organic template molecules. They are
brought into solution before the inorganic precursor molecules
are added. The precursor molecules deposit around the micelle-
like structure of the template and condense into a mesoporous
material whose pores are filled with the template.[2] After the
mesoporous material is produced, the pores are closed and
must be opened after the synthesis.[3] MSMs can easily be
synthesized with adjustable pore diameter, a narrow pore size

distribution, surfaces of more than 700 m2g� 1 and a high
thermal stability. As a result, they became indispensable in
present applications. MSMs are mainly used in heterogeneous
catalysis,[4] in separation processes,[5] as sensors,[5] or in
biomedicine, for example, as drug delivery system.[6] A method
to even increase the application range of MSMs is to modify
their surface, e.g., by grafting, immobilization and ion
exchange.[7,8] During grafting, the functional groups of the
reagent are bound to the surface silanol groups by a
condensation reaction after the synthesis of the MSMs.
However, it cannot be controlled if the functionalization takes
place on the particle surface or the internal surface.[7] Therefore,
it must be taken into account that MSMs have two different
surfaces. Firstly, there is the particle surface, which is typically
smaller, but easily accessible. Secondly, there is the internal
surface, which represents the larger proportion, but is more
difficult to access.[7] Regarding the application of silica, it is
often necessary to functionalize the different surfaces selec-
tively in order to determine the location of the modification
and to use confinement effects. For the selective functionaliza-
tion of the particle surface and the internal surface of the
MSMs, two methods are feasible – the diffusion-controlled
method and the pore protection process.[7] During the
diffusion-controlled method, the particle surface of calcined or
extracted MSMs is functionalized in the first step. Afterwards,
the pore walls are modified. The diffusion-controlled method is
only suitable for porous materials with small pores (2–3 nm).
The reason for this is that very large, bulky organosilanes, which
are not able to enter the pores, must be employed to
functionalize the particle surface.[5,9,10] By contrast, the pore
protection process is suitable for functionalizing porous materi-
als for all pore diameters.[9,11] The pore protection process uses
either as-synthesized silica, the pores of which are blocked by
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template used during the synthesis,[7,12] or calcined silica, whose
pores are refilled with template or another polymer (e.g.,
methyl methacrylates).[13] Thus, only the silanol groups of the
particle surface are accessible for the functionalization reagent.
It should be noted that the modification does not only
functionalize the particle surface of the as-synthesized silica,
but also parts of the pore walls. This is due to the fact that a
small proportion of pores in the as-synthesized SBA-15 is not
blocked with template. As a result, the functionalizing reagent
can also penetrate into these pores and functionalize the silanol
groups there.[11] Furthermore, previous work shows that organo-
silanes with chloro or ethoxy groups extract template from the
pore entrances due to the amphiphilic character of the triblock
copolymer P123, which is used as template.[7,13–16] Nevertheless,
chloro-, methoxy- or ethoxysilanes are often used to function-
alize the particle surface.[13] After functionalizing the particle
surface and removing the template from the pores by
extraction or calcination, the internal surface can be
modified.[7,12]

The functionalization of the porous materials is of great
importance to obtain catalysts for further applications. Many
different reactions have been described, which are performed
on metal-supported silica. For example, Dixit et al. investigated
the dehydrogenation of benzyl alcohol on silica-supported
copper catalysts.[17] Another field of application is the catalytic
reduction of NO on copper oxide supported on silica done by
Patel et al.[18] In addition, the literature is very much concerned
with cross-coupling reactions performed on palladium-sup-
ported silica.[19] Furthermore, oxidation reactions were per-
formed on supported silica, e.g., the selective oxidation of
alcohols[20] or sulfides[21] on mesoporous silica with grafted oxo-
vanadium Schiff bases.

The efficient and spatially controlled functionalization of
porous materials could also be of great importance for the
formation of stereoselective products similar to the functionality
of enzymes. The porous properties of the support should help
to form the desired configuration of the product. In order to
take advantage of the porous structure of the support for the
formation of stereoselective products, it is important to ensure
that the catalytically active sites are located exclusively in the
mesopores after the inertization of the particle surface of the
support. However, a proven method to achieve this goal is not
available yet. In the literature, several approaches for the
selective functionalization of silica have been reported. For
example, Yang et al. functionalized the micropores of mesopo-
rous SBA-15 with Pd and assumed that all accessible silanol
groups on the particle surface and the mesoporous walls are
not able to bind the metal.[22] Liu et al. functionalized MCM-41
via a stepwise procedure by treatment of the external surface
with mercaptopropyltrimethoxysilane, extraction of the tem-
plate with an acidic ethanol solution and functionalization of
the pore walls with 3-azidopropyltriethoxysilane.[23] Webb et al.
described the stepwise functionalization of SBA-15 and refilled
the pores before the functionalization procedure to be sure
that only the particle surface is functionalized and not the pore
entrances as well. After the refill step, they functionalized the
particle surface with hexamethyl disilazane, removed the

template with Soxhlet extraction and modified the pore walls
with mercaptopropyltrimethoxysilane.[24] However, these reports
did not unequivocally demonstrate that selective functionaliza-
tion of the inner pore walls was achieved while the particle
surface was left inert. In order to obtain unambiguously only
the functionalization of the inner mesopore walls, we imple-
mented a control step (see Results and Discussion). In addition,
by combining several characterization techniques, we could
prove that the final catalyst was immobilized exclusively on the
mesopore walls.

In greater detail, the selective functionalization of SBA-15
proposed in this work is based on the pore protection process
(Scheme 1). The functionalization of the particle surface of as-
synthesized SBA-15 is carried out with 1,1,1-trimethyl-N-
(trimethylsilyl)silanamine (HMDS) as a functionalization reagent
(Scheme 1, Step 1). The inertization of the external surface is
checked by a separate, independent control step (see Results
and Discussion). Afterwards, the structure-directing template is
removed by Soxhlet extraction after the complete functionaliza-
tion of the particle surface (Scheme 1, Step 2). The pore walls of
the mesopores are then functionalized with 3-azidopropyltrieth-
oxysilane (AzPTES) (Scheme 1, Step 3). Subsequent click anchor-

Scheme 1. Procedure for the controlled and selective functionalization of
mesoporous materials, followed by immobilization of the diene ligand and
final in situ Rh complexation to obtain the immobilized Rh catalyst.
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ing of the alkynyl-functionalized diene ligand via Cu-catalyzed
azide-alkyne cycloaddition (CuAAC) (Scheme 1, Step 4) gives
the immobilized ligand, followed by in situ complexation with
the Rh precursor complex [RhCl(C2H4)2]2 to give the immobilized
Rh catalyst (Scheme 1, Step 5). CuAAC has been successfully
employed for the immobilization of various complex
catalysts.[21,25,26] However, there are no examples for the
immobilization of Rh diene complexes on silica through CuAAC
in the literature. Finally, in order to probe confinement effects
of the functionalized SBA-15 on the enantioselective catalysis,
the asymmetric 1,2-addition of triphenylboroxine to N-tosyli-
mines catalyzed by chiral Rh diene complexes was chosen as a
model reaction. The corresponding homogeneously Rh-cata-
lyzed 1,2-addition has been extensively studied and various
diene ligands have been developed.[27–29] However, until now
the influence of a solid confinement provided by tailored
mesoporous silica on the catalytic activity and enantioselectivity
of Rh diene complexes has not been investigated. Thus, the aim
of the present study was to show that the chiral Rh-containing
complexes are located exclusively in the mesopores of SBA-15
and can effectively control the enantioselectivity in the 1,2-
addition of triphenylboroxine to N-tosylimines.

Results and Discussion

Synthesis of SBA-15

The starting material for the efficient and spatially controlled
functionalization was as-synthesized SBA-15. The as-synthesized
SBA-15 shows the characteristic reflexes d100, d110 and d200,
(Figure S21) which confirm the hexagonal structure (p6mm) of
SBA-15.[2] The N2 physisorption measurement of the calcined
SBA-15 shows the isotherm typical for SBA-15 (Figure S1) from
which the surface area and pore volume as well as the pore
diameter were determined and which are listed in Table 1 and
Table S1. The results correspond to the characteristic values
found in literature.[2]

Explanation of the nomenclature

For a better understanding of the present work, the nomencla-
ture of the different samples is introduced at this point. In
Scheme 2, the sample designations are assigned to the
corresponding materials. If SBA-15 is mentioned directly after
the synthesis, it is called as-synthesized SBA-15. The pores of the
as-synthesized SBA-15 are sealed with the triblock copolymer
P123 and silanol groups are located on the particle surface. As a
reference material, SBA-15 with opened pores is used in this
paper. It is called calcined SBA-15 and its pores were opened by
the calcination step. To obtain the selectively functionalized
catalyst, the external surface of the as-synthesized SBA-15 is
functionalized in a first step. The material with functionalized
particle surface is named SBA-15-ex. In the next step, the
triblock copolymer P123 used as a template is removed from
the pores of the as-synthesized SBA-15 by Soxhlet extraction

(abbreviated with an “E”). In a pretreatment step, the silanol
groups on the pore walls are converted into freely accessible
silanol groups (abbreviated with a “p”). This results in the
sample designation SBA-15-ex-E-p for SBA-15 with functional-
ized particle surface and open pores. To fix the metal complexes
in the pores of SBA-15, the pore walls are modified. This step is
abbreviated with “in” in the sample description. Since the
concentration of the functional groups on the pore walls is
adjusted by the reaction time, the reaction time is also listed.
SBA-15, which has a functionalized external surface, opened
pores and whose pore walls have been functionalized for 72 h
is named SBA-15-ex-E-p-in72. Afterwards, linkers are attached to
the functional groups on the pore walls to fix the metal
complex for catalysis. The sample names with inserted linker
carry the abbreviation of the alkyne. This results in SBA-15-ex-E-
p-in72-2c, for example. Finally, the Rh complex is added which
leads to the designation SBA-15-ex-E-p-in72-2c, [RhCl(C2H4)2]. As
reference materials, SBA-15 with metal complex exclusively on
the external surface and with closed pores as well as SBA-15
with the metal complex attached on the particle surface and on
the pore walls are used. They are called SBA-15-ex-2c, [RhCl
(C2H4)2] and SBA-15-ex+ in-2c, [RhCl(C2H4)2]. The precursor of
SBA-15-ex-2c is SBA-15 with azido groups exclusively on the
external surface (SBA-15-exN3).

Stepwise functionalization and characterization of SBA-15

Functionalization of the particle surface and the pore mouths. The
functionalization of the particle surface is important to ensure
that the azide groups required for anchoring the catalyst
complexes are located exclusively on the mesopore walls. The
fact that the functionalization of the particle surface also

Table 1. Total surface determined by the BET method (SBET), external
surface (Sexternal) and micropore surface (Smicro) of as-synthesized, calcined
and selectively functionalized SBA-15. Furthermore, the pore diameter
determined by the DFT method (dpore,DFT) and the lattice parameter a
determined from the X-ray measurements are listed. The azide concen-
tration cN3 was determined by elemental analysis.

SBA-15[a] SBET

[m2g� 1]
Sexternal

[b]

[m2g� 1]
Smicro

[m2g� 1]
dpore,DFT

[nm]
a
[nm]

cN3

[mmolg� 1]

as-synthe-
sized

80 80 0 7.03 12.4 –

calcined 926 614 311 7.03 11.4 –
-ex 281 281 0 7.56 12.6 –
-ex-control 504 504 0 7.59 12.6 –
-ex-E 518 518 0 7.59 12.6 –
-ex-E-p 788 509 279 7.31 11.7 –
-ex-E-in6 611 611 0 7.56 12.6 –
-ex-E-p-in6 625 472 152 7.31 11.7 3.41 ·10� 2

-ex-E-p-in24 826 614 212 7.31 11.7 8.96 ·10� 2

-ex-E-p-in72 723 562 162 7.31 11.7 1.23 ·10� 1

[a] The sample names include the following abbreviations: -ex denotes
HMDS functionalization on the external particle surface; -control denotes
the control step with AzPTES; -E denotes extraction with EtOH; -p denotes
pretreatment in N2 ; in6, in24 and in72 denote the functionalization time of
the internal mesopores with AzPTES, [b] The so-called external surface
determined from the N2 physisorption measurements consists of the
particle surface and of the surface of all pores larger than micropores.
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modifies the pore entrances and parts of the pore walls does
not cause problems and is even desirable for the application
described here, because an unambiguous confinement effect
can only be studied if the catalyst is not located in close
proximity of the pore entrance. Thus, it is more important to
localize the azide groups, which are introduced in the
functionalization step (Scheme 1, Step 3). To ensure that the
particle surface and the pore mouths of the SBA-15 are fully
functionalized and chemically inert during the second function-

alization step, we developed a method, which is shown
schematically in Scheme 3. First, the particle surface as well as
the pore mouths are functionalized (Scheme 3, (a) functionaliza-
tion step). The as-synthesized SBA-15 with supposedly fully
inert particle surface is then modified with AzPTES to control
the inertization of the particle surface (Scheme 3, (b) control
step). If the particle surface is inert or, more specifically, there
are no accessible silanol groups left on the particle surface and
the pore mouths, it will be impossible for AzPTES molecules to
bind to the surface. This leads to the conclusion that the
accessible silanol groups of the as-synthesized SBA-15 are
completely modified or rather inert (Scheme 3, solid box). If the
particle surface is not completely inert, there are still accessible
silanol groups on the particle surface before the control step.
These silanol groups are consequently functionalized in the
control step with AzPTES. The attached azide groups can be

Scheme 2. Assignment of the sample names to a schematic representation
of the corresponding material.

Scheme 3. Schematic description of the inertization of the particle surface
and the pore mouths consisting of (a) a functionalization step and (b) a
control step.
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detected spectroscopically or by elemental analysis. The
presence of azide groups on the particle surface would allow
for the conclusion that the inertization of the particle surface
was incomplete before the control step (Scheme 3, dashed
box).

To verify if there are accessible silanol groups left on the
particle surface or not, all compounds shown in Scheme 3 were
investigated by means of IR spectroscopy. The IR spectrum of
SBA-15 functionalized with HMDS (SBA-15-ex) in Figure 1 shows
the characteristic bands of the silica between 1100 and
1000 cm� 1 as well as between 800 and 729 cm� 1.[30,31] Addition-
ally, the characteristic bands of the silanol groups on the
surface of SBA-15 are visible between 3550 and 2700 cm� 1 and
between 1010 and 832 cm� 1.[30,31] However, it should be noted
that the bands of the silanol groups are reinforced by adsorbed
water molecules on the surface. The bands in the range
between 2970 and 2850 cm� 1, at 1475 cm� 1 and at 1375 cm� 1

are due to CH3 and CH oscillations.[30–33] They are assigned to
the structure-directing triblock copolymer P123 and the CH3

groups on the particle surface which were introduced by
functionalizing the particle surface with HMDS. Based on the IR
spectrum, it is therefore impossible to make a statement as to
whether the particle surface has been completely inertized in
the functionalization step (Scheme 3(a)). Thus, the supposedly
fully inertized SBA-15 (SBA-15-ex) was subjected to the control
step with AzPTES (SBA-15-ex-control) (Scheme 3(b)). The IR
spectrum of SBA-15 after the control step shows no differences
to the IR spectrum of SBA-15-ex. This means that the usually
intense band at 2100 cm� 1 which is characteristic for azide
groups is not visible.[34] Because of this, it can be concluded that
the silanol groups on the particle surface and in the pore
entrances were completely functionalized with HMDS in the
functionalization step (Scheme 3(a)). The binding of a surplus
aza functionality is not possible, which is the prerequisite for
the unambiguous binding of a complex to the inner mesopore
wall (Scheme 1, Steps 3–5). Thus, the particle surface is inert

with respect to the functionalization of the pore walls. The
results of the elemental analysis confirm the fact that the
particle surface of SBA-15-ex is inert, since no nitrogen was
detected in the sample SBA-15-ex-control (Table S2). The results
from N2 physisorption show that the functionalization with
HMDS increases the BET surface and the pore diameter as
compared to the as-synthesized material (Table 1). The HMDS
treatment removes P123 from the particle surface and the pore
mouths. The measurement gives not the real, cylindrical pore
diameter (the pores are still filled with P123), but the larger
diameter of the spherical or elliptical pore mouth.

Functionalization of the pore walls. After the inertization of
the particle surface of the SBA-15 but before the functionaliza-
tion of the pore walls, it is necessary to remove the structure-
directing triblock copolymer P123 by Soxhlet extraction with
ethanol (SBA-15-ex-E). The results from the N2 physisorption
measurements show that the treatment with ethanol removed
a large part of the triblock copolymer P123 and leads to an
increase of the total surface and pore volume compared to the
SBA-15 with functionalized particle surface (SBA-15-ex) (Tables 1
and S1). Nevertheless, compared to the calcined SBA-15, the
total surface and the pore volume remain smaller. The reason
for this is that extraction with ethanol does not completely
remove the triblock copolymer from the pores. By contrast, the
pore diameter of extracted SBA-15 (SBA-15-ex-E) obtained from
N2 physisorption measurements is larger compared to the
calcined SBA-15 (additional information in Table S1; isotherms
of N2 physisorption measurements and pore size distributions
are shown in Figures S5 and S6). The difference can be
explained by the fact that extraction of the triblock copolymer
P123 with ethanol prevents the pores from shrinking. This effect
of the shrinkage of the pores due to the calcination is described
in the common literature.[5] After the removal of the triblock
copolymer P123 from the pores, the extracted SBA-15 was
heated in a N2 stream at 400 °C for 6 h (SBA-15-ex-E-p). This
pretreatment leads to a shrinkage of the lattice parameter from
12.6 nm for SBA-15-ex to 11.7 nm for SBA-15-ex-E-p as shown
by X-ray analysis (Table 1). The results are confirmed by N2

physisorption measurements. The calculated pore diameter
based on the physisorption isotherm is reduced by 0.28 nm to
7.31 nm due to the pretreatment in N2 (Table 1). It was
demonstrated with thermogravimetry and dynamic differential
calorimetric studies that the N2 pretreatment removed the last
parts of the template remaining after Soxhlet extraction (SI,
chapter 2). In addition, it could be shown that the functionaliza-
tion of the external surface was stable during N2 pretreatment
at 400 °C (SI, chapter 2). The pretreatment ensured also that the
silanol groups on the pore walls are in the more reactive
geminal or single state and do not interact with each other via
hydrogen bonds.[35]

The influence of the type of silanol groups present on the
surface on the functionalization was investigated with experi-
ments performed on pretreated SBA-15 with only easily
accessible (single and geminal) silanol groups (SBA-15-ex-E-p-
in6) and on SBA-15 without pretreatment which had also
interacting silanol groups (SBA-15-ex-E-in6). IR spectroscopic
investigations of SBA-15-ex-E-in6 show no characteristic band in

Figure 1. IR spectra of as-synthesized SBA-15 (dash), of SBA-15 after the
functionalization step with HMDS (SBA-15-ex; dot) and of SBA-15 with
functionalized particle surface after the control step (SBA-15-ex-control;
solid) to check if the particle surface of the SBA-15 is completely inertized
after the functionalization step of Scheme 3.
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the range of the expected band of the azide groups. By
contrast, the IR spectrum of SBA-15, which was pretreated and
subsequently functionalized with AzPTES (SBA-15-ex-E-p-in6),
shows the band typical for azide groups at 2100 cm� 1 (Figure 2).
Consequently, the silanol species on the surface have an
influence on whether azide groups can be attached to the
surface or not. These results are confirmed by the results of the
elemental analysis, which are listed in Table 1. The pore walls of
the not pretreated sample (SBA-15-ex-E-in6) were not function-
alized within 6 h, while the pretreated SBA-15-ex E-p-in6 has an
azide concentration of 3.41 ·10� 2 mmolg� 1 (Table 1). These
results make clear that N2 pretreatment of SBA-15 is necessary.
It must also be considered that heating in N2 leads to the
opening of further pores of the SBA-15. The results of the N2

physisorption measurements of SBA-15-ex-E-in6 and SBA-15-ex-
E-p-in6 listed in Table 1 (additional information in Table S1;
isotherms of N2 physisorption measurements and pore size
distributions are shown in Figures S5–S10) show that the non-
pretreated SBA-15 has no micropores, whereas the SBA-15
(SBA-15-ex-E-p-in6) heated to 400 °C in a N2 stream has micro-
pores. Generally, micropores lead to an increased BET surface
and a decreased average pore diameter.

For varying the concentration of azide groups on the pore
walls, the pretreated SBA-15-ex-E-p was functionalized with
AzPTES at 80 °C for a time period between 6 h and 72 h. The IR
spectra of the SBA-15 with inert particle surface and with azide
groups on the pore walls show the characteristic bands of the
silica, the CH3 groups on the particle surface and the oscillation
band of the azide groups at 2100 cm� 1 independent of the
reaction time (Figure S50). A statement about the influence of
the reaction time of the functionalization with AzPTES on the
concentration of the azide groups attached to the pore walls
cannot be made from IR spectroscopy since this is a qualitative
method. For the investigation of the influence of the reaction
time on the concentration of azide groups attached to the pore
walls, the results of the elemental analysis were used (Table S2).

Based on these results, the concentrations of the azide groups
of the individual samples present on the pore walls per gram
sample were calculated. The calculations give after a reaction
time of 6 h 3.41 ·10� 2 mmolg� 1 azide groups, after 24 h
8.96 ·10� 2 mmolg� 1 and after 72 h 1.23 ·10� 1 mmolg� 1 (Table 1).
The calculated concentrations show that with increasing
reaction time more azide groups are present on the pore walls.
Since the same amount of AzPTES was used for all experiments,
it can be assumed that the influence of the reaction time on
the concentration of the azide groups is due to the diffusion of
AzPTES into the pores.

Further investigations concerning the amount of azide
groups were performed by 13C cross polarization (CP) MAS NMR
spectroscopy with SBA-15-ex-E-p-in6 and SBA-15 whose exter-
nal particle and internal mesopore surface was functionalized
with AzPTES (SBA-15-ex+ in). SBA-15-ex-E-p-in6 contains an
azide concentration of 3.41 ·10� 2 mmolg� 1 while SBA-15-ex+ in
has an azide concentration of 2.03 ·10� 1 mmolg� 1. The two
obtained 13C spectra are shown in Figure 3. In both spectra, the
signals of the azidopropyl moiety at 9 ppm, 22 ppm and
54 ppm can be observed. In addition, signals at a chemical shift
δ13C=16 ppm and 59 ppm can be seen. They can be assigned
to the ethoxy silane moieties that did not react with silanol
groups on the surface.[35,36] In principle, it is possible that AzPTES
can react with up to three free silanol groups on the surface. If
only one or two of the ethoxy groups react, the unreacted
ethoxysilane moieties are visible in the 13C CP MAS NMR
spectrum. Furthermore, the spectrum of SBA-15-ex-E-p-in6
shows a strong signal at a chemical shift of δ13C= � 3 ppm. It
can be assigned to the (CH3)3� Si moiety on the particle surface
of the SBA-15.[32] Overall, it is found that the intensities of all
signals are relatively low which can be explained by the low
concentration of functional groups on the surface and the
absence of 13C enrichment. A reason for the different signals
observed are primarily the different functional groups present.
On SBA-15-ex+ in, only the azidopropyl moiety is found, while

Figure 2. IR spectrum of SBA-15 with mesopores functionalized with AzPTES
without N2 pretreatment (SBA-15-ex-E-in6; dot) and with N2 pretreatment
(SBA-15-ex-E-p-in6; solid). As reference, the IR spectrum of SBA-15 after N2

pretreatment without mesopore functionalization (SBA-15-ex-E-p; dash) is
inserted.

Figure 3. 13C CP MAS NMR spectra of SBA-15, which only has azide groups in
the mesopores (SBA-15-ex-E-p-in6; a.) and of SBA-15 which has azide groups
on the external particle surface and on the walls of the mesopores (SBA-15-
ex+ in; b.).
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on the surface of SBA-15-ex-E-p-in6, there are also (CH3)3� Si
moieties. Another reason is that the functional groups are
present in different conformations on the surface. It is possible
that the azidopropyl moiety protrudes into the pore at an angle
of 90° to the pore wall. On the other hand, it is also conceivable
that the azidopropyl moiety interacts with the pore walls and
thus “rests” on them. Since the cross polarization intensity
depends on the number of 1H in close proximity to 13C atoms,
dynamics of the complexes and distances in between nuclei
and the different conformations on the surface might result in
different intensities of signals in the CP spectra.[37] It can be
summarized that the presence of the functional groups can be
detected by 13C CP MAS NMR spectroscopy. For reasons
indicated above, a quantitative statement regarding the
concentration of the functional groups is not possible.
Furthermore, no statement can be made with this character-
ization method regarding the location of the functional groups.
However, due to the applied functionalization procedure, the
results show that the passivation of the particle surface stays
intact after extraction and pretreatment. The location of the
attached Rh complex is studied in a later section of this
publication.

Besides the influence of the reaction time on the amount of
azide groups, it was investigated whether the functionalization
of the pore walls with azide groups influences the structure of
the SBA-15. The total surface areas SBET of the selectively
functionalized SBA-15, determined from the isotherms of the N2

physisorption measurements, are in a similar range as the total
surface area of SBA-15 whose pore walls are not functionalized
(SBA-15-ex-E-p) (Table 1). The same applies to the external and
micropore surfaces. However, the observation of the pore
volumes shows that the total pore volume increases with
increasing azide concentration at the pore walls. The proportion
of micropore volume does not show any dependence on the
azide concentration (Table S1). A change of the pore diameter
is not observed due to the functionalization of the pore walls
with AzPTES (additional information in Table S1; isotherms of N2

physisorption measurements and pore size distribution are
shown in Figures S9 and S10). It can be concluded that the
functionalization of the pore walls with AzPTES has no influence
on the structure of the SBA-15, and the hexagonal arrangement
of the pores is preserved. In addition to the N2 physisorption
measurements, TEM images were made of the intermediate
stages of the SBA-15. The TEM images are shown in the
supporting information and show no difference due to the
functionalization (Figure S17–S20). Based on the TEM images, it
is not possible to make a statement regarding the functionaliza-
tion of the SBA-15. However, they show that the functionaliza-
tion of the particle surface and the pore entrances, the removal
of the template and the pretreatment, as well as the
functionalization of the pore walls with AzPTES and the
application of the metal complexes have no influence on the
hexagonal structure.

Synthesis of chiral diene ligands and their immobilization on
SBA-15

In order to test the influence of the linker between diene ligand
and mesoporous materials, three different chiral norborna-
dienes 2a–c with terminal alkyne suitable for click immobiliza-
tion were envisioned. As outlined in Scheme 4, the synthesis of
norbornadienes 2 commenced with the treatment of known
oxazolidinone-substituted 3-phenylnorbornadiene ligands
1a, b[38] with ethynyl magnesium bromide. Depending on the
substitution pattern at C 5 of the oxazolidinone auxiliary (CMe2

vs CH2), either the propargylic ketone 2a was obtained by exo-
cyclic cleavage from 1a or the tethered amide 2b was isolated
from 1b. Saponification of 2b to alcohol 4 and subsequent
Williamson etherification[39] with propargylic bromide yielded
the respective propargylic ether 2c in 89% yield (Scheme 4,
path B). Alternatively, starting diene ligand 1b was directly
treated with KOH in dioxane to give alcohol 4, which was
etherified to 2c (Scheme 4, path A).

For comparison of immobilized ligands 2 in heterogeneous
catalysis with homogeneous catalysis, soluble triazole-contain-
ing ligands 3 were then prepared by reaction of 2a–c with
benzylazide in the presence of 10 mol% CuSO4 ·5 H2O, 20 mol%
Na ascorbate in CH2Cl2 and H2O following a literature
procedure.[40] The click reaction of 2a, b gave the respective
triazoles 3a–c in 57–62% yield.

With the ethynyl-tethered norbornadienes 2a–c in hand,
conditions for the click immobilization on SBA-15-ex+ in were
screened. After some optimization, it was found that CuSO4/Na
ascorbate in CH2Cl/H2O gave better results than CuI/iPr2NEt in
THF (Table S4) and that repetitive suspending/evaporation
cycles improved the yield, presumably by overcoming diffusion
problems. Under the optimized conditions, click immobilization
of 2a on various SBA-15 samples with different azide function-
alization and azide loading was studied (Table 2).

As seen from Table 2, decreasing the azide concentration/
loading in the mesopores significantly increased the conversion
up to >99%. This result might be due to decreased steric

Scheme 4. Synthesis of alkyne-substituted norbornadienes 2a–c and bench-
mark click reaction with benzylazide.
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hindrance of the azide groups inside the mesopores with
decreasing concentration. When norbornadiene ligand 2c with
a more flexible tether between diene and propargylic ether was
employed in the click immobilization, 80% up to quantitative
conversion to the silica materials SBA-15 was obtained (Entries
7–11). The immobilization was monitored by 13C CP MAS NMR
spectroscopy, IR spectroscopy and ICP-OES measurements.

For the immobilizations of 2a on the particle surface as well
as on the particle surface and on the walls of the mesopores
(Entries 1,2), the azide band almost completely disappeared
after the click reaction, while only 46–55% conversion of the
alkyne 2a was observed in the 1H NMR spectra of the
supernatants (Figures S46, S51, S52). Since the azide concen-
tration of these materials was determined from the amount of
azide used in the post-functionalization, it was assumed that
the azide loadings were overestimated. In literature, elemental
analysis is a common method to determine the amount of azide
groups on the surface of silica.[41] Therefore, the azide concen-
trations were determined by elemental analysis (Entries 3–9) to
use only the effectively required amount of alkyne for the click
reaction in the present work. Nevertheless, the azide bands
were still strongly visible in the IR spectra, while the 1H NMRs of
the supernatants showed up to >99% conversion of the
alkynes 2a, c, when the linkers were clicked inside the
mesopores (Figure S47, S48, S53-S56, S53–S56, S59–S62). It is
assumed that there are further azide groups on the pore walls.
Despite the excess of azide groups, it was possible to perform
catalytic experiments with the correct catalyst loadings because
the concentration of norbornadienes on the support could be
calculated directly from the conversion of alkynes 2a, c in the
click reaction. Due to the characteristic bands of the azide
groups in the IR spectra of the clicked materials, it is not
possible to say whether the click reaction actually took place or
whether the ligands are adsorbed on the pore walls. Therefore,
the materials were additionally examined by 13C CP MAS
spectroscopy. The spectra of both samples are shown in
Figure 4. Both show the signals of the azidopropyl moiety at
9 ppm, 22 ppm and 54 ppm. Additionally, the 13C spectrum of
the unclicked SBA-15 (Figure 4 a.) shows the signals of the
ethoxysilane moieties at δ13C =16 ppm and 59 ppm that did not
react with silanol groups on the surface during the functional-

ization step.[23,32] Compared to the spectrum of the unclicked
SBA-15 (SBA-15-ex+ in), the 13C spectrum of the clicked SBA-15
(SBA-15-ex+ in-2a) shows a signal at 128 ppm. It can be
assigned to aromatic carbon atoms, for example in the triazole
ring, which has a bond to a nitrogen atom and a double bond
to another carbon atom.[42] The presence of this signal suggests,
that the click reaction was successful.

In the next step, Rh was immobilized on the materials. The
amount of Rh applied was determined by ICP-OES analysis. The
results show on the one hand that after the immobilization
there is still Cu on the materials (Table S7). The Cu was needed
for the click reaction. On the other hand, the results from
elemental analysis show that around 60–80% of the Rh used in
the immobilization interacts with the applied ligands (Table S7).

Investigation of the functionalization by scattering
experiments

In addition to the verification of the hexagonal structure and
the determination of the lattice parameters, we used small
angle X-ray scattering (SAXS) to study the variation of the
periodic electron density distribution due to the individual
functionalization steps. This is possible as the square root of the
scattered X-ray intensity I is proportional to the modulus of the

Table 2. Dependence of the conversion of the alkyne dienes 2a and 2c on the used SBA-15.[a]

Entry Alkyne Azide functionalization[b] Conc. N3 [mmolg� 1] t [d] Conv. [%][d]

1 2a particle surface[c] 0.75 5 55
2 2a particle surface+mesopores 0.75 3 46
3 2a mesopores 0.19 3 78
4 2a mesopores 0.17 3 72
5 2a mesopores 0.10 3 >99
6 2a mesopores 0.06 3 >99
7 2c particle surface 0.085 3 80
8 2c particle surface+mesopores 0.424 3 >99
9 2c mesopores 0.034 3 >99
10 2c mesopores 0.090 3 >99
11 2c mesopores 0.123 3 >99

[a] Conditions: 1.5 eq. CuSO4 ·5 H2O, 3 eq. Na ascorbate, CH2Cl2, H2O, r.t., [b] Materials dried under vacuum, [c] Without drying under vacuum, [d] Conversion
of the alkyne determined from the 1H NMR of the supernatant using mesitylene as the external standard.

Figure 4. 13C CP MAS NMR spectra of SBA-15 which has azide groups on the
external particle surface and in the internal mesopores (SBA-15-ex+ in; a.)
and of SBA-15 after the click reaction (SBA-15-ex+ in-2a, b.).
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scattered wave F(q), which is equal to the Fourier transform of
the electron density 1(r) according to Equation (1):

ffiffi
I
p
/ F qð Þ ¼

Z

V
1 rð Þ � exp 2piq � rð Þdr (1)

with r the spatial vector in real space and q in reciprocal space,
integrated over the probed volume V.[43]

In Figure 5, the diffractograms of as-synthesized SBA-15 and
solvent-extracted, pretreated SBA-15 (SBA-15-ex-E-p) are pic-
tured. The peak positions shift to slightly larger q-values after
the treatment with N2 at 400 °C, which causes a full condensa-
tion of the silica and thus a compacting of the structure.
Additionally, a difference in the scattering intensities relative to
the (100)-peak occurs, which is especially noticeable in the
decrease of the intensity at q-values below 0.4 nm� 1 and an
increase above 0.8 nm� 1. This reflects the increased electron

density contrast between the empty (air filled) pores and the
silica walls compared to the pores filled with the template P123
and silica. Before extraction of the template but after the HDMS
treatment, the relative intensity of the scattering curve can be
found in between the two (Figure S21), which suggests that
already during the HMDS treatment a part of the template is
removed. It seems very unlikely that this change is due to the
functionalization of the particle surface, considering that the
average diameter of the particles is well above 0.1 μm and thus
not accessible by SAXS measurements.

The subsequent functionalization steps all lead to gradual
changes in the relative scattering intensity (Figures S22–S25)
which is most prominent after the attachment of the electron-
rich Rh catalyst. The scattering curve of the SBA-15 with the
highest catalyst loading (SBA-15-ex-E-p-in72-2c, [RhCl(C2H4)2]2
0.123 mmolg� 1) is depicted in Figure 6 together with the one of
the ethanol-extracted SBA-15 (SBA-15-E-p). Compared to the
extracted material, the diffractogram of the catalyst-containing
material exhibits increased relative scattering intensities for
small q-values and decreased ones above q=1 nm� 1. This
makes it look more similar to the scattering curve of the as-
synthesized SBA-15 and suggests that the electron density
within the pores has increased again. It clearly shows that the
electron density distribution of SBA-15-ex-E-p-in72-2c,
[RhCl(C2H4)2]2 has been altered in a periodic manner, consider-
ing that non-periodic changes would cause no q-depended
changes of the scattered intensity. Additionally, by comparing
the different catalyst loadings, it is also obvious that the change
of the scattered intensity correlates with the concentration of
the catalyst (Figure S24).

Thus, the decreasing electron density contrast after selective
functionalization, identified by the similarities between the
SAXS curves of complex-bearing SBA-15 and template-bearing
as-synthesized SBA-15, indicates a functionalization in the
pores. Combined with the absence of binding sites on the
surface, as proven by IR spectroscopy, we conclude that the
ligand was unambiguously immobilized to the mesopore wall.

Initial results in asymmetric Rh-catalyzed 1,2-additions under
confinement

A first series of catalytic reactions was performed with SBA-15
functionalized with rigid triazolyl tether SBA-15-2a differing in
their internal and particle surface functionalization and diene
content (Table 3). For example, the addition of 2.5 mol%
[RhCl(C2H4)2]2 to a suspension of SBA-15-ex-2a in dioxane in the
presence of 3.1 M KOH to immobilize the Rh on the functional-
ized SBA-15 followed by addition of N-tosylimine 5 and
triphenylboroxine 6 and heating at 60 °C for 24 h gave the
addition product N-tosylamine 7 in an isolated yield of 11%
and enantioselectivity of 73 :27 in favor of the (R) enantiomer
(Entry 1). With SBA-15-ex+ in-2a containing dienes at the
internal mesopore surface and the particle surface
(0.35 mmolg� 1 of 3 on SBA-15), the NMR yield of 7 was
disappointingly low (1%) (Entry 2). Upon use of SBA-15-ex-E-
in24-2a, SBA-15-ex-E-in72-2a, SBA-15-ex-E-p-in24-2a or SBA-

Figure 5. SAXS curves of the as-synthesized SBA-15 (solid) and the solvent-
extracted and pretreated SBA-15 (SBA-15-ex-E-p; dash). The maximum
scattering intensities, i. e., the (100)-peaks, are normalized to a value of 1 for
better comparison.

Figure 6. SAXS curves of SBA-15 functionalized with a Rh catalyst (SBA-15-
ex-E-p-in72-2c, [RhCl(C2H4)2]2; solid) together with the one of the solvent-
extracted SBA-15 (SBA-15-ex-E-p; dash).
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15-ex-E-p-in72-2a and decreasing the diene content, the yields
could not be improved (Entries 3–6). Homogeneous catalysis
with alkyne- (2a) and triazolyl-containing 3a was performed for
comparison. Diene 2a led to 7 in 40% isolated yield with a
slightly higher enantiomeric (R) : (S) ratio of 82 :18 (Entry 12). By
contrast, diene 3a gave only 5% NMR conversion. These results
suggest that the triazole in close proximity to the diene unit
suppresses the Rh catalysis, presumably due to electronic
interference of the triazolyl moiety with the Rh center and steric
hindrance exerted inside the mesopore.

We surmised that the ligand 3c with a more flexible tether
between diene and triazole unit might be better suited for
heterogeneous catalysis. As shown in Table 3, Rh-catalyzed
1,2-addition using externally functionalized SBA-15-ex-2c
(0.068 mmolg� 1 of 3 on SBA-15) only yielded 8% N-tosylamine
7 (Entry 7). When the immobilized diene SBA-15-ex+ in-2c with
additional functionalization inside the mesopores and the
highest diene content (0.424 mmolg� 1 of 3 on SBA-15) was
used the yield was significantly increased to 75% and an (R) : (S)
ratio of 14 :86 was obtained (Entry 8). Internally functionalized
SBA-15-ex-E-p-in6-2c (0.034 mmolg� 1 of 3 on SBA-15) yielded
16% N-tosylamine 7 with an (R) : (S) ratio of 15 :85 (Entry 9).
Higher diene content slightly decreased the enantiomeric ratio
to 17 :83, but improved the yield (47%, Entry 11). It should be
noted that the material SBA-15-ex-2c carrying diene ligands
only at the external surface gave only a very poor yield (8%,
Entry 7). Thus, despite the better steric accessibility of the
external surface-bound ligands, a higher catalytic activity was
determined inside the mesopores. For comparison, the addition

reaction was run with soluble dienes. Norbornadienes 2b and
2c gave higher yields but slightly lower enantioselectivities,
whereas 3b with acyltriazolyl moiety gave 7 in 69% yield with
an enantiomeric ratio of 15 :85 (Entries 14–17). When 3c was
applied, the N-tosylamine 7 was obtained in 58% yield with an
enantiomeric ratio of 19 :81 (Entry 17). This is in good agree-
ment with the results obtained for the immobilized ligand
(Entries 7–11). The results indicate that the triazole unit in the
spacer does not disturb the Rh catalysis as long as it is kept at
distance and the spacer has some conformational flexibility. To
investigate whether background catalysis of the rhodium
precursor takes place, an experiment with only [RhCl(C2H4)2]2
and no diene ligand was carried out (Entry 18). Only 5% yield of
N-tosylamine 7 was observed and therefore it can be concluded
that background catalysis of the precursor is insignificant.

Since high concentrations of copper were detected on the
immobilized systems via ICP-OES, a series of experiments with
addition of CuSO4 · 5 H2O was done to secure that copper
species do not disturb the 1,2-addition (Tables S8 and S9). We
found that copper neither in homogeneous nor in heteroge-
neous catalysis had a significant impact on yield and enantiose-
lectivity. Furthermore, SBA-15-ex-E-p-in72-2c was washed sev-
eral times with EDTA solution and then applied in catalysis for
comparison (Table S9). The results were similar to the results
obtained with the non-washed supported catalyst.

In addition to the investigations on catalysis, investigations
on the leaching of the Rh from the SBA-15 were carried out. For
this purpose, the SBA-15, which was recovered after catalysis,
and the supernatant of the catalysis were investigated by ICP-

Table 3. Comparison of Rh-catalyzed 1,2-addition of phenylboroxine 6 to N-tosylimine 5 with immobilized catalysts and catalysts in solution.

Conc. of 3 on SBA-15 Yield of 7 [%] E.r.
Entry Catalyst [mmolg� 1] NMR isol. R :S

1[a] SBA-15-ex-2a, [RhCl(C2H4)2]2 0.41 16 11 73 :27
2[a] SBA-15-ex+ in-2a, [RhCl(C2H4)2]2 0.35 1 n.d. n.d.
3[a] SBA-15-ex-E-p-in72-2a, [RhCl(C2H4)2]2 0.19 1 n.d. n.d.
4[a] SBA-15-ex-E-p-in24-2a, [RhCl(C2H4)2]2 0.15 1 n.d. n.d.
5[a] SBA-15-ex-E-in72-2a, [RhCl(C2H4)2]2 0.12 traces n.d. n.d.
6[a] SBA-15-ex-E-in24-2a, [RhCl(C2H4)2]2 0.06 0 n.d. n.d.
7[a] SBA-15-ex-2c, [RhCl(C2H4)2]2 0.068 8 n.d. n.d.
8[a] SBA-15-ex+ in-2c, [RhCl(C2H4)2]2 0.424 75 70 14 :86
9[a] SBA-15-ex-E-p-in6-2c, [RhCl(C2H4)2]2 0.034 29 16 15 :85
10[a] SBA-15-ex-E-p-in24-2c, [RhCl(C2H4)2]2 0.090 31 28 18 :82
11[a] SBA-15-ex-E-p-in72-2c, [RhCl(C2H4)2]2 0.123 47 47 17 :83
12[b] 2a, [RhCl(C2H4)2]2 – 58 40 82 :18
13[b] 3a, [RhCl(C2H4)2]2 – 5 n.d. n.d.
14[b] 2c, [RhCl(C2H4)2]2 – 91 81 20 :80
15[b] 2b, [RhCl(C2H4)2]2 – 61 52 23 :77
16[b] 3b, [RhCl(C2H4)2]2 – 80 69 15 :85
17[b] 3c, [RhCl(C2H4)2]2 – 62 58 19 :81
18 [RhCl(C2H4)2]2 – 5 n. d. n. d.

[a] The catalysts for heterogeneous catalysis were prepared by addition of 2.5 mol% [RhCl(C2H4)2]2 to a suspension of 5 mol% immobilized diene ligand in
dioxane, subsequent stirring for 30 min at room temperature and addition of 3.1 M KOH, [b] The catalysts for homogeneous catalysis were prepared by
addition of 2.5 mol% [RhCl(C2H4)2]2 to a solution of 5 mol% diene ligand in dioxane subsequent stirring for 15 min at room temperature and addition of 3.1 M
KOH.
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OES. The results show that small amounts of Rh are present in
the supernatant (Table S6). However, small amounts of Si of
SBA-15 are also found (Table S5). It is assumed that the Rh is
still present on the SBA-15. An explanation for the small
amounts of catalyst in the supernatant is that during the
reaction, due to the reaction conditions (e.g., strong stirring),
tiny particles of the mesoporous support material are removed
by abrasion together with the catalyst immobilized on it. Due
to their small particle size, they cannot be recovered by
centrifugation during separation. This means that no leaching
occurred during the experiments (Table S5 and S6).

Furthermore, it was tested whether the immobilized diene
ligand leaches into solution under the basic conditions of the
catalysis. Thus, the supernatant from the catalysis with SBA-15-
ex-E-p-in72-2c was filtered through a filter paper and the
filtrate measured via ESI-MS (Figure S62). Since no peak in the
mass spectrum could be assigned to the diene ligand or any
hydrolysis fragment, it was assumed that no leaching of the
ligand occurs. Finally, the recyclability of the immobilized
system SBA-15-ex-E-p-in72-2c was tested (Table S10). For the
first and the second cycle, similar yields and enantioselectivities
were observed. After the third cycle, the yield significantly
decreased. Therefore, fresh [RhCl(C2H4)2]2 was added to the
catalyst and a fourth cycle was tested. Unfortunately, the yield
could not be improved and thus it was assumed that the
catalyst irreversibly deactivated in agreement with results by
Yang and Xu on A� B type sterically regular polymeric 2,4-
diphenylbicyclo[3.3.0]octadienes.[44]

Conclusions

In this work, we present a method for the efficient and spatially
controlled functionalization of SBA-15. First, the silanol groups
on the particle surface and in the pore entrances were
passivated with 1,1,1-trimethyl-N-(trimethylsilyl)silanamine.
After extraction of the structure-directing agent Pluronic® P123
with ethanol, a pretreatment step at 400 °C in N2 converted the
silanol groups to the single and geminal state. Afterwards, the
azide functionality was introduced exclusively into the meso-
pores. This could be shown by use of a control step and
characterization by SAXS. Therefore, the Rh-containing catalyst
could be immobilized unambiguously in the mesopores. Initial
catalytic asymmetric Rh-catalyzed 1,2-additions revealed that
the linker between catalyst and pore wall played an important
role in the heterogeneous catalysis. While short rigid triazole-
containing linkers completely suppressed the conversion of
N-tosylimines to the corresponding amines, longer and more
flexible linkers did not interfere with the catalysis. Comparison
with the corresponding soluble catalysts under homogeneous
conditions revealed that the triazole unit is an innocent ligand
as long as it is sufficiently far away positioned from the Rh
catalyst, resulting in good yields and enantioselectivities. Thus,
future experiments need to investigate confinement effects
resulting from the interplay of pore size, pore geometry and
linker lengths on the enantioselective heterogeneous catalysis.

Work along these lines is currently in progress in our
laboratories.

Experimental Section
Synthesis of SBA-15. For the synthesis of SBA-15, 16 g of triblock
copolymer Pluronic P123 (average molar mass ~5800 gmol� 1,
Sigma Aldrich) was dissolved in a mixture of 520 ml demineralized
water and 80 ml 37 wt% hydrochloric acid at room temperature
and a stirring speed of 100 rpm overnight. The solution was heated
to 45 °C before adding 37 ml tetraethyl orthosilicate (TEOS, 98%,
reagent grade, Sigma Aldrich). The mixture was stirred for 7.5 h at
45 °C with a stirring speed of 150 rpm. A hydrothermal treatment
under static conditions at 80 °C followed. Afterwards, the as-
synthesized SBA-15 was separated under vacuum, washed with
demineralized water and dried in an oven at 80 °C. To open the
pores, the as-synthesized SBA-15 was calcined at 550 °C in an air
flow of 150 lh� 1. The heating rate was 1 Kmin� 1.

Functionalization of the particle surface and the pore mouths. The
functionalization of the particle surface of as-synthesized SBA-15
was performed in pure 1,1,1-trimethyl-N-(trimethylsilyl)silanamine
(HMDS, �98% (for GC), Carl Roth GmbH+Co. KG). The suspension
of HMDS and as-synthesized SBA-15 was stirred at room temper-
ature for 6 h. The functionalized material (SBA-15-ex) was separated
under vacuum, washed with demineralized water and dried in an
oven at 80 °C.

Removal of P123. The triblock copolymer P123 was removed from
the pores of the SBA-15-ex by Soxhlet extraction over 112 h using
ethanol as extracting agent. The extracted material (SBA-15-ex-E)
was dried in an oven at 80 °C.

Pretreatment before the functionalization of the internal surface.
Before the functionalization of the pore walls took place, SBA-15-
ex-E was treated in an oven at 400 °C for 6 h in N2. The treatment
was performed with a heating rate of 2 Kmin� 1 and a nitrogen flow
of 58 lh� 1. The product obtained was named SBA-15-ex-E-p.

Functionalization of the internal surface. A suspension of 15 ml
toluene and 9.5 · 10� 4 mol 3-azidopropyltriethoxysilane (AzPTES,
prepared after Nakazawa et al.[45]) per gram SBA-15-ex-E-p was
prepared to functionalize the pore walls. The reaction mixture was
stirred at room temperature. The reaction time was between 6 h
and 72 h to vary the concentration of the azide moieties on the
pore walls. The functionalized SBA-15 (SBA-15-ex-E-p-in) was
separated under vacuum, washed with ethanol and dried in the
oven at 80 °C.

Copper-catalyzed azide-alkyne cycloadditions with SBA-15. To a
suspension of the azide-functionalized SBA-15 (e.g., 0.60 g,
54.0 μmol azide, cN3=0.09 mmolg� 1) in CH2Cl2 (5 mL), a solution of
the alkyne 2c (18.1 mg, 54.0 μmol) in CH2Cl2 (181 μL) was added.
The solvent was evaporated under reduced pressure, and CH2Cl2
(6 mL) was added. This step was repeated twice. Degassed water
(6 mL), sodium ascorbate (31.7 mg, 0.16 mmol) and CuSO4 ·5 H2O
(10.1 mg, 40.5 μmol) were added, and the reaction mixture was
stirred for 2 d at room temperature in the dark. CuSO4 ·5 H2O
(10.1 mg, 40.5 μmol) was added, and the reaction mixture was
stirred for another 24 h at room temperature. The dispersion was
centrifuged with 4000 rpm, the sediment was washed with CH2Cl2
(4 mL) and the suspension was centrifuged again. The sediment
was washed with water (4 mL), centrifuged and washed with EtOAc
(4 mL). After an additional centrifugation step, the sediment was
dried under vacuum, and the diene-functionalized material was
obtained as a colorless solid (0.44 g, �99% alkyne conversion,
0.09 mmol/g 3c). For the determination of the conversion of 2c,
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the combined supernatants were extracted with CH2Cl2 (3×10 mL),
the combined organic layers were dried over MgSO4, and the
solvent was removed under reduced pressure. The residue was
taken up in CDCl3 (0.4 mL) and the conversion of 2c was
determined from the 1H NMR spectrum using mesitylene (7.46 μL,
6.49 mg, 54.0 μmol) as the external standard.

Catalytic 1,2-additions with diene-functionalized SBA-15.
[RhCl(C2H4)2]2 (e.g., 1.94 mg, 5.00 μmol) was added under a N2

atmosphere to a suspension of the diene-functionalized material
SBA-15-ex-E-p-in72-2c (81.3 mg, 10.0 μmol diene, c(diene)=
0.123 mmolg� 1) in degassed dioxane (2.0 mL). The suspension was
stirred for 30 min at room temperature, 3.1 M KOH (12.9 μL,
40.0 μmol) was added and the suspension was stirred for another
5 min at room temperature. The reaction mixture was heated to
60 °C, triphenylboroxine 6 (74.8 mg, 0.24 mmol) and N-tosylimine 5
(58.8 mg, 0.20 mmol) were added, and the reaction mixture was
stirred for 24 h at 60 °C. EtOAc (2 mL) was added, the suspension
was centrifuged with 4000 rpm and the solvent of the supernatant
was removed under reduced pressure. The crude product was
purified by column chromatography on silica (PE/EtOAc=10 :1),
and the N-tosylamine 7 was obtained as a colorless solid (34.0 mg,
91.4 μmol, 47%).

Characterization methods

SAXS. The powdery samples were filled into mark capillaries with a
diameter of 1 mm (Hilgenberg, glass no. 14) and flame-sealed. For
measurements, a SAXSess mc2 diffractometer (Anton Paar) in the
line collimation geometry was used for which the sample to
detector distance was calibrated with cholesteryl palmitate. X-ray
radiation with a wavelength of λ(Cu� Kα)=0.1542 nm was gener-
ated by an ID 3003 X-ray generator (Seifert) operated at 40 kV and
40 mA. To ensure a uniform irradiation of all lattice planes, samples
were rotated during the measurement using a RotorCell placed in a
TCS 120 hot stage (both Anton Paar). The sample housing was
evacuated prior to measurements, which were carried out at 25 °C
and averaged over 60 individual measurements. The scattered X-
ray intensity was detected with a one-dimensional CMOS Mythen
2 K detector (Dectris). Using the software SAXSquantTM, the
measured scattering profiles were background corrected with a
measurement of an empty mark capillary and deconvoluted. The
obtained Bragg-like diffraction maxima were fitted with Lorentzian
functions to extract the exact peak positions.

N2 physisorption. The surface area as well as the pore size of the
SBA-15 samples were analyzed by N2 physisorption measurements.
The adsorption and desorption isotherms were recorded using
Autosorb 3B from Quantachrome Instruments. Before the measure-
ments, the samples were outgassed under vacuum at 200 °C for
16 h. After the pretreatment, the nitrogen physisorption measure-
ments were performed in a liquid nitrogen bath at -196 °C. From
the adsorption isotherms, the surfaces were calculated using the
BET method, whereas the pore sizes and pore size distributions
were determined with the DFT method, taking into account the
hexagonal structure.

FTIR. To characterize the functional groups on the surface of SBA-
15, the samples were examined by IR spectroscopy. The spectrom-
eter Nicolet 6700 from Thermo Scientific was used. The spectra
were examined in the range from 3800 cm� 1 to 420 cm� 1 with 16
scans and a resolution of 4 cm� 1. For the measurements, tablets of
potassium bromide (KBr for IR spectroscopy, Uvasol®, Sigma Aldrich)
and the sample were prepared. The mass ratio of KBr to the sample
was 200.

Elemental analysis. The amount of carbon, hydrogen and nitrogen
was measured with an Elemental Analizer 1106 from the company

Carlo Erba Strumentazione. To determine the copper and rhodium
content, the clicked samples and the samples after catalysis were
analyzed by plasma-induced optical electron emission spectroscopy
(ICP-OES). The analysis was performed on an Avio 200 of Perkin
Elmer. In preparation for the measurement, the samples were
digested with 3 ml 10% hydrofluoric acid and 3 ml aqua regia in a
microwave oven up to 200 °C and diluted with 3 ml aqua regia and
demineralized water before the measurement.

Solid state NMR. 1H-13C CP MAS NMR experiments were performed
on an Avance III 400WB spectrometer at a resonance frequency of
100.6 MHz, at a spin rate of 8 kHz (in 4 mm rotors with Kel-F cap),
using a contact time of 3 ms, a 70–100 ramp during the Hartmann-
Hahn contact period and spinal64 decoupling during acquisition. A
delay of 5 s between the scans was applied, at least 35000 scans
accumulated (measurement time >2 d) and the background
subtracted. Spectra were referenced to adamantane at 38.48 ppm.
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