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Abstract: The synthesis of bifunctional
mesoporous silica nanoparticles is de-
scribed. Two chemically orthogonal
functionalities are incorporated into
mesoporous silica by co-condensation

polar alkyne/azide cycloaddition, and a
radical nitroxide exchange reaction are
used as orthogonal processes to install
two functionalities at the surface that
differ in reactivity. Preparation of mes-

oporous silica nanoparticles bearing
acidic and basic sites by this approach
is discussed. Particles are analyzed by
solid state NMR spectroscopy, elemen-
tal analysis, infrared-spectroscopy, and

of tetraethoxysilane with two orthogo-
nally functionalized triethoxyalkylsi-
lanes. Post-functionalization is achieved
by orthogonal surface chemistry. A
thiol-ene reaction, Cu-catalyzed 1,3-di-

Introduction

Mesoporous materials with size-tuneable mesopores have
been widely used in the past few years in various fields of
research.l!! For example, multifunctional systems based on
mesoporous materials have attracted a great deal of interest.
Due to the high surface area and the well-ordered structure,
mesoporous silica has been regarded as an ideal solid sup-
port for the preparation of heterogeneous catalysts. In this
regard the Mobil composition of matter No. 41 (MCM-41)
material has been intensively studied.”! Cooperative cataly-
sis on a solid support requires the control of the relative
spatial arrangement and the relative concentration of at
least two chemically different functionalities at the surface.
This is reminiscent of enzymes used as catalysts in biological

[a] A.T. Dickschat, Prof. Dr. A. Studer
Organisch-Chemisches Institut
Westfilische Wilhelms-Universitét
Corrensstrasse 40, 48149 Miinster (Germany)
Fax: (+49)251-833-6523
E-mail: Studer@uni-muenster.de

F. Behrends, Dr. J. Ren, M. WeiB3, Prof. Dr. H. Eckert
Physikalisch-Chemisches Institut

Westfilische Wilhelms-Universitit

Corrensstrasse 28/30, 48149 Miinster (Germany)
E-mail: Eckerth@uni-muenster.de

M. Biihner
nanoAnalytics GmbH, Heisenbergstrasse 11
48149 Miinster (Germany)

Supporting information for this article (including the experimental
procedure for the preparation of alkoxyamine 1 and 10 and the prep-
aration of alkoxyamine and nitroxide conjugates 2-9 and 11, XPS
spectra and all detailed data of the surface characterization) is availa-
ble on the WWW under http://dx.doi.org/10.1002/chem.201200499.

[b

—

[c

—

Chem. Eur. J. 2012, 18, 16689 —16697

Keywords: acid—base
click chemistry - cooperative cataly-
sis « MCM-41 - mesoporous silica

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

scanning electron microscopy. As a
first application, these particles are suc-
cessfully used as cooperative catalysts
in the Henry reaction.

catalysis

systems. Catalysts bearing two different active functionali-
ties that are able to individually activate each of the two re-
action partners in a cooperative manner are known.”! Stimu-
lated by nature, acid and base functionalities have been
mostly used as active entities in such systems. To suppress
direct proton transfer from the acid to the base if stronger
acids and bases are used, the two functionalities have to be
separated in space. However, the distance of the two active
moieties has to be carefully adjusted in such a way that they
can act synergistically as cooperative catalysts. The acid and
base functionalities have been introduced to the surface
either through a stepwise post-grafting strategy!*! or by a co-
condensation strategy.””! Few cases are known in which
chemical modification of MCM type materials was carried
out through click chemistry.”! To the best of our knowledge,
there is no example of the chemical modification of mesopo-
rous silica through orthogonal double click reactions.
Herein, we report a conceptually new approach for the
synthesis of bifunctional mesoporous silica nanoparticles
(MSNs). Co-condensation of two chemically orthogonal trie-
thoxyalkylsilanes A and B with tetraethyl orthosilicate
(TEOS) should lead to an MSN of type D bearing the two
functionalities A and B at the surface (Scheme 1). These
functionalities should be selectively addressable by orthogo-
nal surface chemistry providing bifunctional MSNs C1-Cn
(strategy 2). In contrast, the alternative co-condensation
strategy using trialkoxyalkylsilanes already containing cata-
lytically active moieties leads to a single type of catalyst C1
(strategy 1). Hence, our new approach should allow for the
synthesis of a series of catalysts C1-Cn starting with a single
type of MSN D by late stage functionalization. It is impor-
tant to note that not every functional group F*, F® at the
terminus of the triethoxyalkylsilanes A, B is compatible
with the co-condensation process (strategy 1). Therefore, by
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Scheme 1. Conceptually different approaches for the preparation of bi-
functional MSNs.

applying the late stage functionalization approach we should
gain flexibility in the synthesis of bifunctional MSNS.

Results and Discussion

Preparation and analysis of bifunctional mesoporous silica
particles: The terminal functionalities A and B in the trie-
thoxyalkylsilanes A and B (see Scheme 1) had to be careful-
ly chosen. These groups needed to be orthogonally address-
able by two different click reactions and they should not in-
terfere with the co-condensation reaction. Moreover, reac-
tions applied should be modular, wide in scope and high
yielding."! A key factor for a process to be categorized as a
click reaction is its successful conduction if equimolar
amounts of the two coupling partners are used.™ However,
for the convenience of the reader we would like to call our
transformations click reactions even though an excess of
one reactant is used. Based on the above requirements, we
decided to use azides and olefins as chemically orthogonal
termini of the triethoxyalkylsilanes for our initial studies.
The synthesis of the azide-terminated triethoxyalkylsilane 1
is shown in the Supporting Information. To test the compati-
bility of the azide group with the co-condensation process,
we first treated 1 and the commercially available tetraethox-
ysilane (TEOS) 2 in a 8:1 ratio with cetyltrimethylammoni-
um bromide (CTAB) as surfactant to afford the azido-func-
tionalized porous silica 3 (Scheme 2). The ratio of 8:1
turned out to be ideal; a higher concentration of 1 with re-
spect to TEOS led to an amorphous solid and the targeted
powder was not obtained. For further chemical functionali-
zation we chose the copper-catalyzed alkyne/azide click-cy-
cloaddition (CuAAC)" and successfully reacted MSN 3
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Scheme 2. Synthesis of the monofunctionalized sulfonic acid particles 5.

with prop-2-yne sulfonic acid 4 to provide the acid-function-
alized particles 5.

The monofunctionalized particles were carefully analyzed
by solid-state NMR and IR spectroscopy before (3) and
after (5) the cycloaddition (Figure 1). The “*C CP/MAS
NMR spectra of the co-condensed particles 3 prove the suc-
cessful synthesis and are in good agreement with the corre-
sponding spectra of the educt 1. No residual ethoxy signals
(0=59 and 18 ppm) can be observed, indicating that the
condensation of the network is quantitative. The marked
resonances correspond to residual solvent molecules that
are incorporated in the mesopores of the silica matrix (6=
50 ppm for methanol as well as 6 =14 and 66 ppm for dieth-
yl ether). The “*C resonance in 3 at 51 ppm can be attributed
to the azide-bound carbon; this signal vanishes after the
click reaction, which is in excellent agreement with the IR
data. The two new distinct signals that appear at § =47 and
53 ppm can be attributed to the methylene groups that are
bound to the triazole ring and the sulfonic acid moiety, re-
spectively. This is further verified by the 'H MAS NMR
spectrum, in which the methylene resonance associated with
the CH,N; fragment at 0 =3.1 ppm vanishes upon reaction.
For particle 5, the spectrum not only shows the expected
broad resonance of the acid protons at =16 ppm, but also
a broad 'H resonance at =8.2 ppm, clearly indicating that
the aromatic ring system has been formed. This shift is very
close to that expected for 1,2,3-triazole. In the IR spectrum
a characteristic peak at 1650 cm™ can be attributed to the
triazole ring. The "C CP/MAS NMR spectra do not show
any resonance for aromatic carbons. However, it has been
reported and discussed by several authors, that the reso-
nance of spin '/, nuclei directly bonded to a quadrupolar nu-
cleus (in this case “N) may be broadened even beyond de-
tection, because the heteronuclear *C—"*N magnetic dipole-
dipole coupling may not be averaged out by magic angle
spinning if the quadrupolar interaction is strong.®"!

The '"H MAS NMR spectrum of 5 exhibits a significant
broadening due to an interaction with the paramagnetic
copper that was used as a catalyst in the 1,3-dipolar cycload-
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Figure 1. '"H MAS NMR (top) and *C CP/MAS NMR (center) spectra of
a) the acid-functionalized monofunctional particles 5, and b) the azide-
functionalized particles 3, ¢) *C NMR spectrum of azide 1 in CDCl, solu-
tion; d) IR spectrum of the monofunctional particles before CuAAC re-
action; e) IR spectrum of the monofunctional particles after CuAAC re-
action. s=solvent.

dition. This broadening could also contribute to the failure
of observing the triazole-carbon resonances in *C CP/MAS
experiments. Considering these circumstances, the 'H and
BC CP/MAS spectra lend strong support to the successful
formation of the triazole ring.

The sulfonic acid loading was estimated by elemental
analysis and that value was confirmed by titration of the
monofunctionalized particles (see the Supporting Informa-
tion). By using these methods, the concentration of the acid
was determined to be approximately 0.75mmolg .
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After these studies we also tested the ability of a terminal
olefin to undergo thiol-ene reactions at the surface
(Scheme 3). To this end 7-octenyltrimethoxysilane 6 was co-
condensed with TEOS (2) under identical conditions to
afford the monofunctionalized particles 7. Subsequent thiol-
ene reaction with 2-aminoethanethiol provided the amine-
functionalized particles 9.

6 Si
Si. N
€e0)351 + 2 —_—
\M:\ H,0, 80°C
SiO,
6 7
@
NH, I\Qs '\Qz
S S S
AIBN, pyridine \Lﬁ ) \Lh) \L(\‘)
HS 6 6 6
7 + ~ —_— ; Si _Si.
N2 oce, sooc o"¥~o~ 3 0oHo %
8 (excess)
SiO,

9

Scheme 3. Synthesis of the monofunctionalized amine particles 9.

The NMR spectra of 7 and 9 provide evidence of the suc-
cessful synthesis (Figure 2). The *C CP/MAS NMR spec-
trum of 7 is in perfect agreement with the “C spectrum
measured for 6. The olefinic resonances of 7 are observed at
0=138 and 114 ppm, whereas the signals at 6 =33 (a-CH,),
29 (B-, y- and 6-CH,), 22 (e-CH,), and 12 ppm (¢-CH,) can
be attributed to the aliphatic chain. After the thioether for-
mation, three new signals appear at d =41, 36, and 31 ppm,
which are in excellent agreement with the shifts expected
for the three new methylene groups formed in the thioether
functionality. In the '"H MAS NMR spectrum a distinct new
signal can be found for 9 at d=7.9 ppm that could arise
from terminal ammonium groups indicating partial protona-
tion of the amine. The signals of the other newly formed
methylene groups overlap with the residual signals from the
precursor in the 2—4 ppm range. For 7 the 'H resonance at
0=2.1 ppm has a higher intensity than in 9. This is most
likely due to a contribution of silanol groups. Both the *C
and 'H spectra confirm the successful functionalization at
the surface. However, the spectra also indicate that neither
the condensation nor the functionalization reactions are
quantitative. The C resonance at d =51 ppm can be attrib-
uted to residual methoxy groups, showing an incomplete
condensation of 6 with the TEOS. On the other hand, the
resonances of the olefinic '"H and *C are still visible after
the thiol-ene reaction, indicating that only a portion of the
substrate molecules reacted. This is not unexpected, because
parts of the substrate are incorporated in the matrix interior
during the condensation process. These molecules would be
inaccessible in the second reaction step.
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Figure 2. 'H MAS NMR (top) and *C CP/MAS NMR (bottom) spectra
of a)the amine-functionalized monofunctional particles 9 and b) the
alkene-functionalized particles 7, ¢)"*C NMR spectrum of olefine 6 in
CDCl; solution.

Following these encouraging experiments we prepared bi-
functionalized MSN 10 by co-condensation of azide 1, the
commercially available trimethoxyalkylsilane 6 bearing a
terminal olefin, and TEOS 2 in a 8:1:1 ratio (TEOS:1:6,
Scheme 4). We introduced the sulfonic acid at the surface
through a CuAAC of the surface azide groups in 10 with 4
to provide the acid-functionalized material 11. The success
of the cycloaddition was verified by IR spectroscopy (spec-
trum is given in the Supporting Information). We have pre-
viously shown that the surface thiol click reaction'! toler-
ates the azide functionality."” Based on that experience,
MSN 10 was successfully modified through the thiol-ene re-
action. To this end, particles 10 suspended in dichloroethane
(DCE) were treated with thiol 8 in the presence of a,0’-azo-
bisisobutyronitrile (AIBN) to give the corresponding azido/
amino MSN 12. By analogy, acid/base bifunctional MSN 13
was prepared through the thiol-ene click reaction. Impor-
tantly, neither the triazole nor the sulfonic acid moiety inter-
fered with the thiol-ene process.
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Scheme 4. Preparation of bifunctional silica particles 13.

SEM analysis of the particles 10, 11, and 13 revealed that
the structure of the particles did not change during the two
sequential surface reactions (see the Supporting Informa-
tion). To gain even more flexibility in the design of bifunc-
tional MSNs, we decided to test a third reaction that should
be orthogonal to both the CuAAC and the thiol-ene reac-
tion. We have previously shown!"” that the radical nitroxide
exchange reaction is a highly efficient thermal process for
chemical surface modification. In the nitroxide exchange re-
action an alkoxyamine is covalently bound to the surface of
a particle. Heating of the particle in the presence of a solu-
ble nitroxide leads to thermal nitroxide exchange to provide
the corresponding surface-bound product alkoxyamine. The
radical nitroxide exchange process is orthogonal to most
other typical surface reactions.

We first co-condensed alkoxyamine 14, azide 1 and TEOS
under optimized conditions to give the bifunctional particles
15 (Scheme 5). The synthesis of alkoxyamines 14a—c is dis-
cussed in the Supporting Information. We found that the al-
koxyamine residues in 14a—c did not interfere with the co-
condensation process. Analysis of particles 15 is provided in
the Supporting Information. Compounds 15a—¢ were then

Chem. Eur. J. 2012, 18, 16689 —16697


www.chemeurj.org

Bifunctional Mesoporous Silica Nanoparticles

O
Y, ou
CTAB, NaOH Si 4 O'S\I"
1 + + 2 —> o3 0
0 (n=6,10)
(EtO) Si’(J)n 14a (n=6) S0z
3 14b (n = 10) 15a-c
14c (n=3)
SOzH
@
N \ N/
4, CuSO. /N"N
, LUSOy 0.
sodium ascorbate L‘W) ﬁ)n
15ac ———————————> 4 oS
Si
EtOH/H,0 (2/1), 90°C S 0]
SiO,
16a-c

SO3H
(0]
H,N N‘ I{l
I N
N’

16a-c #, s
DCE, 125 °C, 24h

SiO,
18a-c

Scheme 5. Co-condensation of alkoxyamine 14a-c¢ and azide 1 and fur-
ther chemical modification.

subjected to CuAAC with sulfonic acid 4 to obtain particles
16a—c. Acid/base-functionalized organic/inorganic hybrids
18a—c were eventually obtained by thermal nitroxide ex-
change reaction using nitroxide 17. To this end, the particles
were suspended in DCE and heated for 24h in the presence
of an excess of the nitroxide 17 to give particles 18a—c. The
success of the exchange reaction was verified by analyzing
the particles by analogy to the other bifunctional MSNs
using NMR spectroscopy as discussed above (see the Sup-
porting Information).

We also conducted nitrogen adsorption-desorption experi-
ments on several MSNs. A typical sorption isotherm and the
pore size distribution derived from it using the BJH
method™ are shown in Figure 3 for five representative sam-
ples. The data reveal a wide distribution of pore sizes in the
range of 1.9 to 4.4 nm. The surface areas of these materials
vary from 20 to 725m’g"". Surface areas for particles with a
higher degree of functionalization are generally found to be
lower indicating that pores get partially blocked through the
chemical modification.

Importantly, by simply changing the nitroxide component
in the exchange reaction, we had fast access to a series of bi-
functional silica particles 19-22 starting with a single
“mother” particle type 15a, convincingly documenting the
potential of our new strategy for the synthesis of a series of
bifunctional MSNs by late stage functionalization (Figure 4).

Chem. Eur. J. 2012, 18, 16689 —16697
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Figure 3. Typical nitrogen adsorption—desorption isotherm (top) and ex-
emplary BJH plots of materials 11, 13, 15a, and 18a (bottom).
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Figure 4. Bifunctional particles 19-22 readily prepared from 15a.

The synthesis of the corresponding functionalized nitro-
xides is discussed in the Supporting Information and the suc-
cess of the nitroxide exchange reaction has been proved by
solid state NMR spectroscopy. Whereas for 18a, 20, and 21
no large changes are expected in the "C CP/MAS NMR
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spectra before and after nitroxide exchange; the introduc-
tion of the pegylated amine in 22 should lead to clearly visi-
ble methylene groups of the tetraecthylene oxide moiety.
Indeed, similar spectra were obtained for 18a, 20, and 21;
however, the methylene moieties next to the O atoms in 22

were unambiguously identified at about J=71 ppm
(Figure 5).
a) AA.\,W/\/\/L
b) A
C) M
, ML
150 700 50 0

Figure 5. °C CP/MAS NMR spectra of different amine-functionalized
MSNs a) 18a, b) 20, c) 21, and d) 22.

For particle 22 containing the short PEG-linker, *Si solid
state NMR spectra were also recorded (Figure 6). Three dif-
ferent signals appeared in the *Si NMR spectra as expected.
They belong to the Q%groups [Si(OSi),] at about 6=
—110 ppm, the Q°-groups [Si(OSi);OH] at about d=
—101 ppm, and the T%-groups [Si(OSi);R] at 6=—65 ppm
bearing one organic group directly attached to silicon.!™

Three additional bifunctional MSNs 23-25 were success-
fully prepared by using orthogonal surface chemistry are
shown in Figure 7. Preparation of these hybrid materials is
described in the Supporting Information.

\

0 -50 -100 -150 -200

Figure 6. »Si solid-state NMR spectrum of MSM 22 showing the expected
three signals for the Q* group at d=-110ppm, Q® group at é=
—101 ppm, and T® group at 6 = —65 ppm.
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Figure 7. Additional MSNs 23-25 prepared by using orthogonal surface
chemistry.

Application of the bifunctional mesoporous silica particles

in catalysis: To test the catalytic activity of our new hybrid

materials we chose the Henry reaction® between nitrome-

thane and benzaldehyde to give ftrans-B-nitrostyrene

(Scheme 6). This reaction is known to be accelerated by
o

catalyst - NO;
H + CHyNO, ———> @/\/
(solvent)

Scheme 6. Investigation using the Henry reaction.

acid/base bifunctional catalysis.'”! The base deprotonates
the nitromethane and the Brgnsted acid is responsible for
activation of the aldehyde component by hydrogen bonding.
Reactions were performed by heating nitromethane and
benzaldehyde in the presence of a MSN catalyst. Monitoring
of conversion was conducted by GC analysis and the results
are summarized in Table 1.

Monofunctional MSN 11 bearing only sulfonic acids as
functional groups was not active as a catalyst (Table 1,
entry 1). No conversion was noted after 20h. The same
result was obtained with MSN § also containing exclusively
sulfonic acids. In contrast, monofunctional particles 12 bear-
ing primary amines only led to a moderate yield (42%) of
the targeted product (Table 1, entry 2). However, 1,3-dini-
tro-2-phenylpropane, resulting from nitromethane addition
to trans-P-nitrostyrene, was formed as a major product in
this reaction (47%). In contrast, the monofunctionalized
particles 9 bearing only amino functionalities but lacking the
azidylalkyl groups led to the formation of the desired prod-
uct (36%) and 1,3-dinitro-2-phenylstyrene was not observed
(Table 1, entry 3). The follow up chemistry (addition of a ni-

Chem. Eur. J. 2012, 18, 16689 —16697
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Table 1. Reaction of benzaldehyde with nitromethane using different
MSN catalysts.

Entry MSN T t Catalyst Yield
[°C] [h] loading [mol %] [% ]!
1 1 90 20 3.8 0
2 12 90 20 24 42!
3 9 90 20 23 36
4 9(TMS) 90 20 23 27
5 13 90 20 3.8 99
6 11+12 90 24 38424 471l
7 13 20 20 3.8 0
8 13 40 20 3.8 0
9 13 60 20 3.8 68
10 13 80 20 3.8 2
11 18b 90 9 21 99
12 18a 90 12 22 >99ldl
13 18¢ 90 12 24l 0
14 23 90 24 1.6 0
15 25 90 17 2.1 94
16 24 90 24 1.6 0
17 22 90 24 21 0
18 19 90 24 23 0
19 20 90 24 el 0
20 21 90 24 1.7 0

[a] Yield of isolated product. [b] 47% 1,3-dinitro-2-phenylpropane was
isolated. [c] 42% 1,3-dinitro-2-phenylpropane was isolated. [d] Yield de-
termined by GC. [e] Not exactly determined. However, particles were
prepared by analogy and hence a similar loading has to be expected (2—
4 mol%).

tromethane to the product) might be caused by polarity ef-
fects exerted by the azidylalkyl substituent in 9. Alternative-
ly, the azide functionality might directly influence the reac-
tion. To investigate the effect of the free silanol groups in
such silica particles, we treated 9 with trimethylsilylchloride
(TMSCQI) to afford 9 (TMS), which showed comparable ac-
tivity in the catalysis (Table 1, entry 4), documenting that
the silanol groups have only minor contribution. To our de-
light, by using the bifunctional MSN 13 bearing both the sul-
fonic acid and amine functionalities, the formation of 1,3-di-
nitro-2-phenylpropane was fully suppressed and trans--ni-
trostyrene was isolated in quantitative yield (Table1,
entry 5). A combination of the monofunctional particles 11
(sulfonic acids only) and 12 (amines only) in a 1:1 stoichi-
ometry, which might lead to a cooperatively active system
since direct acid/base quench should not occur to a large
extent between two particles,”® afforded a 47% vyield of
trans-f-nitrostyrene along with 42% of the double addition
product (Table 1, entry 6). This result was very similar to
that obtained with monoaminofunctionalized MSN 12,
showing that particles 11 bearing the sulfonic acid moieties
did likely not contribute to the reaction. With the most
active particles 13 we repeated the Henry reaction at lower
temperature. Below 40°C we did not observe any conver-
sion after 20h (Table 1, entries 7 and 8). At 60°C the reac-
tion proceeded slowly (Table 1, entry 9), thus 90°C was the
optimal temperature for that reaction (Table 1, compare
entry 10 with 5).

The alkoxyamine acid/base bifunctional catalyst 18b was
highly active and reaction went to completion in 9h at

Chem. Eur. J. 2012, 18, 16689 —16697

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

slightly lower catalyst loading (2.1 mol %, Table 1, entry 11).
Knowing that such an alkoxyamine based catalyst showed
high activity, we then studied the reactivity of congeners
that differ in constitution of their carbon backbones. The
distance of the acid or base functionality to the inorganic
silica host material was varied. With MSN 18a bearing a
shorter linker, a similar activity was achieved and the test
reaction was completed after 12h (Table 1, entry 12). How-
ever, further shortening of the linker length in such MSNs
(see 18c¢) led to a complete loss of the catalyst activity
(Table 1, entry 13). Placing both the sulfonic acid and the
amino functionalities farther away from the inorganic parti-
cle surface, as in 23, also led to an inactive catalyst system
(Table 1, entry 14). These experiments clearly showed that
careful adjustment of the linker length is highly important
for catalyst design. The presence of an oxygen atom in the
linker revealed a small effect on the activity. Particle 25 con-
taining an all-carbon backbone and the same linker chain-
length as system 18a led to a slightly lower yield (Table 1,
compare entry 12 with 15). Particle 24 containing larger
PEG-linkers were also inactive (Table 1, entry 16). Along
this line, MSN 22 did not show any activity (Table 1,
entry 17). Since all systems bearing larger linkers turned out
to be inactive, we believe that in these materials the acid
and base moieties can approach each other due to the suffi-
cient long linker-length resulting in acid/base quench, which
leads to inactive catalysts. After having studied the effect of
linker composition and length on the catalyst activity, we
next varied the nature of the base but maintained the opti-
mal linker-length and surprisingly we found that secondary
and tertiary amines were not active under the tested condi-
tions (Table 1, entries 18-20).

Finally, to study the influence of the concentration of the
functional groups at the particle surface, we prepared bi-
functional MSNs of type 18b with lower acid/base content.
Particles of type 15b were prepared by co-condensation of
equal amounts of alkoxyamine 14b and azide 1 with TEOS
at different ratios. The resulting particles 15b were then
postmodified through orthogonal click reactions to provide
MSNs of type 18b, as discussed above. We found that parti-
cles 18b with lower acid/base content were still active in the
Henry reaction (Table 2, compare entry 1 with entries 2 and
3). However, further lowering of the acid/base TEOS ratio
led to particles that showed slightly lower activity (Table 2,
entry 4).

Table 2. Variation of acid/base content of the bead in particles of type
18b.

Entry Ratiol®! t Catalyst Yield
[TEOS/12b/1] [h] loading [mol % | [%]

1 8:1:1 9 2.1 gglb]

2 14:1:1 12 2.6 99l

3 20:1:1 12 0.9 99l

4 30:1:1 16 —dl 89l

[a] Ratio used for the formation of the particles 15b. [b] Conditions: cat-
alyst (30 mg), benzaldehyde (100 pL), MeNO, (1 mL) (data from Table 1,
entry 9). [c] Conditions: catalyst (50 mg), benzaldehyde (100 uL), MeNO,
(1 mL). [d] Catalyst loading not determined.
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Conclusion

We have introduced a conceptually new approach for prepa-
ration of bifunctional acid/base mesoporous silica nanoparti-
cles. Triethoxyalkylsilanes bearing azides, alkenes, or alkoxy-
amines at their termini could be co-condensed with TEOS
to provide mesoporous silica particles containing orthogo-
nally addressable functionalities. Catalytically active acid
and base moieties were readily introduced by late stage or-
thogonal click chemistry. The Cu-catalyzed azide/alkyne cy-
cloaddition, the radical thiol-ene reaction, and the radical
nitroxide exchange reaction turned out to be very efficient
for late stage particle functionalization. Our approach al-
lowed for the preparation of a series of catalysts of the same
type in a short time. This process was very useful for identi-
fying active catalysts.

Particles were successfully analyzed by IR spectroscopy,
elemental analysis, SEM, and solid state 'H and “C CP/
MAS NMR spectroscopy. The results of the present study
also highlight the utility of 'H and *C solid state NMR tech-
niques for the structural analysis of chemically modified sur-
faces of this kind. The orthogonally functionalized materials
were catalytically active in the acid/base-catalyzed Henry re-
action of nitromethane with benzaldehyde to give trans-f3-ni-
trostyrene. Importantly, it was shown that the linker length
between the inorganic host material and the two catalytical-
ly active organic functionalities has to be carefully adjusted.
If the linker was too long, inactive hybrid materials resulted,
likely due to acid/base quenching at the particle surface.
Particles containing only the amino functionality showed
lower activities and provided 1,3-dinitro-2-phenylpropane as
a follow up product as a major component. Particles bearing
exclusively sulfonic acid moieties at the surface were inac-
tive. These results clearly revealed that the success of that
particular Henry reaction was based on cooperative acid/
base catalysis.

Since the applied orthogonal click reactions are very
robust processes, other functionalities than organic acids
and bases can be introduced at the surface of such prefunc-
tionalized silica particles. For example, various ligands for
transition metals should be readily covalently bound to the
particle surface through this strategy. This will allow for the
preparation of bifunctional catalysts in which one function-
ality might be an organocatalyst and the other functionality
could be a transition-metal-based catalyst acting in concert.
Moreover, cooperative catalysis at the surface with two dif-
ferent metals should be possible using this concept; studies
along this line are underway.

Experimental Section

General method for preparation azide/alkene-functionalized SiO, parti-
cles: According to a procedure published by Huh et al.,* cetyltrimethy-
lammonium bromide (CTAB, 2.00 g, 5.49 mmol) and NaOH (7 mL, 2w,
14 mmol) in H,O (480 mL) were stirred for 30 min at 80°C. Tetraethoxy-
silane 2 (TEOS) (9.94 mL, 44.8 mmol), (5-azidopentyl)triethoxysilane 1
(1.23 g, 448 mmol), and 7-octenyltrimethoxysilane 6 (1.12mL, 1.04 g,
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4.48 mmol) were added all at once and the reaction was stirred at
500 rpm for additional 2 h at 80°C. A white precipitate formed that was
filtered off and washed with copious amounts of water and MeOH. To
remove CTAB, the particles were suspended in MeOH (~100 mL per
1 g) and HCI (conc., 300 pL per 1 g) was added and the suspension was
heated for another hour at 60°C. Filtration and drying of the particles in
high vacuum afforded the mesoporous silica nanoparticles 10 (MSNs) as
white solid (~3 g).

Typical alkyne/azide click reaction protocol: Azide/alkene-functionalized
MSNs 10 (500 mg, ~0.8 mmolg ', ~0.4 mmol) were treated with CuSO,
(40 mg, 0.25 mmol), sodium ascorbate (60 mg, 0.30 mmol), and sodium
pro-2-yne sulfonic acid 4 (250 mg, 1.76 mmol) overnight at 90°C in
EtOH/H,0 (2:1, 10 mL). Filtration of the particles and washing with
H,0 (50 mL), HCI (2™, 25 mL), MeOH (50 mL), CH,Cl, (50 mL), and
Et,0 (20 mL) afforded the acid-functionalized MSNs 11 (=500 mg) as
white solid.

Typical thiol-ene click reaction protocol: The acid-functionalized MSNs
11 (200 mg, ~0.16 mmol) were treated with AIBN (30 mg, 0.18 mmol),
cysteamine hydrochloride 8 (100 mg, 0.88 mmol), and pyridine (100 pL,
1.24 mmol) in DCE (3mL) at 90°C overnight. The MSNs were filtered
and washed with H,0, MeOH, CH,Cl,, and Et,0 (30 mL each) and were
dried at 500 mbar and 40°C to afford the bifunctional MSNs 13.

Typical method for the preparation of azide/alkoxyamine-functionalized
SiO0, particles: According to a procedure described by Huh et al.,l* ce-
tyltrimethylammonium bromide (CTAB, 1.50 g, 4.12 mmol) and NaOH
(525mL, 2Mm, 10.5 mmol) in H,O (360 mL) were stirred for 30 min at
80°C. Subsequently tetraethyl orthosilicate 2 (TEOS) (6.64 mL,
30.0 mmol, 8.0 equiv), the corresponding azide 1 (3.75 mmol, 1.0 equiv),
and the corresponding alkoxyamine 14a-c¢ (3.75 mmol, 1.0 equiv) were
added all at once and the reaction was stirred for additional 2 h at 80°C.
The white precipitate formed was filtered off and washed with copious
amounts of water and MeOH. To remove CTAB, the particles were sus-
pended in MeOH (~100 mL per 1g) and HCI (conc., 300 uL per 1g)
was added and the suspension was heated for another hour at 60°C. Fil-
tration and drying of the particles in high vacuum afforded the mesopo-
rous silica nanoparticles 15a—¢ (MSNs) as white solid (/2.5 g).

Typical alkyne/azide click reaction protocol: Azide/alkene-functionalized
MSNs 15a—¢ (500 mg, ~0.8 mmolg™', ~0.4 mmol) were reacted with
CuSO, (40 mg, 0.25 mmol), sodium ascorbate (60 mg, 0.30 mmol), and
sodium pro-2-yne sulfonic acid 4 (250 mg, 1.76 mmol) overnight at 90°C
in EtOH/H,O (2:1, 10 mL). Filtration and washing with H,O (50 mL),
HCl (2m, 25mL), MeOH (50 mL), CH,Cl, (50 mL), as well as Et,O
(20 mL) afforded the acid-functionalized MSNs 17a-c¢ (~500 mg) as
white solid.

Typical nitroxide exchange reaction protocol: The acid-functionalized
particles (200 mg, ~0.8 mmolg™', ~0.16 mmol) were suspended in DCE
(5mL) and 4-amino-TEMPO 17 (100 mg, 0.584 mmol) was added. The
reaction mixture was heated for 24 h at 125°C. The nanoparticles were
filtered and washed with H,O, MeOH, CH,Cl,, and Et,0 (30 mL each)
and were dried at 500 mbar and 40°C to afford the bifunctional MSNs
18a—c.

General procedure for the Henry reaction: The bifunctional MSNs (30 or
50 mg) were suspended in MeNO, (1 mL) and benzaldehyde (100 pL,
0.984 mmol) was added dropwise. The reaction was stirred at 90°C. The
conversion was controlled by GC and the reaction was quenched by fil-
tration if no further conversion could be detected.

NMR spectroscopy: The solid-state NMR measurements were carried
out on Bruker spectrometers equipped with 2.5 and 4 mm single and
double resonance NMR probes. The resonance frequencies were
500 MHz for 'H at 11.7 T, 75.433 MHz for "*C at 7.04 T and 99.325 MHz
for ¥Si at 11.7 T. Chemical shifts are reported relative to TMS, using ada-
mantane (6=1.78 ppm), adamantane (6=38.56 ppm for the methylene
resonance) and tetrakis(trimethylsilyl)silane (TTMSS) (0=-9.8 ppm,
main peak), respectively, as secondary references. 'H MAS-NMR spectra
were recorded using rotor synchronized Hahn spin echo experiments
with evolution times of 3-6 rotor periods at a spinning frequency of
30 kHz. The 90° pulse length was 3.9 ps. FIDs (256-512) were accumulat-
ed using a recycle delay of 5s. The *C{'H} CP/MAS and ¥Si{'H} CP/
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MAS spectra were measured using typical 'H 90° pulse lengths of 3.8
4.0 ps, a spinning frequency of 5-6 kHz, recycle delays of 1-5s, and con-
tact times of 100-5000 ps, respectively. Depending on the sample and the
experiment 5760-160400 scans were accumulated. "H decoupling during
the acquisition was achieved by applying the TPPM-15 decoupling
scheme.

Acknowledgements

We authors thank the DFG (SFB 858) for funding our work. EB. ac-
knowledges support by the Fonds der chemischen Industrie for a doctoral
fellowship.

[1] L 1. Slowing, B. G. Trewyn, V.S.-Y. Lin, J. Mater. Chem. 2010, 20,
7924-7937.
[2] C.T. Kresge, M. E. Leonowicz, W.J. Roth, J. C. Vartuli, J. S. Beck,
Nature 1992, 359, 710-712.
[3] S. Shylesh, A. Wagner, A. Seifert, S. Ernst, W. R. Thiel, Chem. Eur.
J. 2009, 15, 7052-7062.
[4] a) K. Motokura, M. Tomita, M. Tada, Y. Iwasawa, Chem. Eur. J.
2008, 74, 4017-4027; b) K. Motokura, S. Tanaka, M. Tada, Y. Iwasa-
wa, Chem. Eur. J. 2009, 15, 10871-10879; c) Y. Huang, S. Xu,
V.S. Y. Lin, Angew. Chem. 2011, 123, 687-690; Angew. Chem. Int.
Ed. 2011, 50, 661-664; d) K. K. Sharma, R. P. Buckley, T. Asefa,
Langmuir 2008, 24, 14306-14320; e) E.L. Margelefsky, R.K.
Zeidan, V. Dufaud, M. E. Davis, J. Am. Chem. Soc. 2007, 129,
13691-13697; ) N. R. Shiju, A. H. Alberts, S. Khalid, D. R. Brown,
G. Rothenberg, Angew. Chem. 2011, 123, 9789-9793; Angew. Chem.
Int. Ed. 2011, 50, 9615-9619; g) K. Motokura, M. Tada, Y. Iwasawa,
Angew. Chem. 2008, 120, 9370-9375; h) K. Motokura, M. Tada, Y.
Iwasawa, J. Am. Chem. Soc. 2009, 131, 7944 -7945.
a) S. Huh, H.-T. Chen, J. W. Wiench, M. Pruski, V. S.-Y. Lin, Angew.
Chem. 2005, 117, 1860-1864; Angew. Chem. Int. Ed. 2005, 44, 1826—
1830; b) S. Huh, H.-T. Chen, J. W. Wiench, M. Pruski, V. S.-Y. Lin, J.
Am. Chem. Soc. 2004, 126, 1010-1011; ¢) R. K. Zeidan, S.-J. Hwang,
M. E. Davis, Angew. Chem. 2006, 118, 6480—6483; Angew. Chem.
Int. Ed. 2006, 45, 6332-6335; d) R. K. Zeidan, V. Dufaud, M. E.
Davis, J. Catal. 2006, 239, 299-306; ¢) S. Shylesh, A. Wagner, A. Sei-
fert, S. Ernst, W. R. Thiel, ChemCatChem 2010, 2, 1231-1234; f) S.
Shylesh, A. Wagner, A. Seifert, S. Ernst, W. R. Thiel, Angew. Chem.
2010, 722, 188-191; Angew. Chem. Int. Ed. 2010, 49, 184-187;
g) R. K. Zeidan, M. E. Davis, J. Catal. 2007, 247, 379-382.
a) L. Ruizendaal, S. P. Pujari, V. Gevaerts, J. M. J. Paulusse, H. Zuil-
hof, Chem. Asian J. 2011, 6, 2776-2786; b) S. L. Jain, A. Modak, A.
Bhaumik, Green Chem. 2011, 13, 586-590; c) N. Moitra, P. Trens, L.

[5

[

[6

—_

FULL PAPER

Raehm, J.-O. Durand, X. Cattoén, M. W. C. Man, J. Mater. Chem.

2011, 21, 13476-13482; d) D. 1. Fried, A. Schlossbauer, T. Bein, Mi-

croporous Mesoporous Mater. 2012, 147, 5-9; e) Y. Wang, J. Chen,

J. Xiang, H. Li, Y. Shen, X. Gao, Y. Liang, React. Funct. Polym.

2009, 69, 393-399; f) A. R. McDonald, H. P. Dijkstra, B. M. J. M.

Suijkerbuijk, G.P.M. vanKlink, G. van Koten, Organometallics

2009, 28, 4689-4699; g) K. M. Kacprzak, N. M. Maier, W. Lindner,

Tetrahedron Lett. 2006, 47, 8721-8726; h) S. Kumari, B. Malvi, A. K.

Ganai, V. K. Pillai, S.S. Gupta, J. Phys. Chem. C 2011, 115, 17774 -

17781; i) A. Schlossbauer, D. Schaffert, J. Kecht, E. Wagner, T. Bein,

J. Am. Chem. Soc. 2008, 130, 12558-12559; j) for a review see: N.

Li, W. H. Binder, J. Mater. Chem. 2011, 21, 16717-16734.

a) H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. 2001, 113,

2056-2075; Angew. Chem. Int. Ed. 2001, 40, 2004-2021; b) C.

Barner-Kowollik, F. E. Du Prez, P. Espeel, C. J. Hawker, T. Junkers,

H. Schlaad, W. Van Camp, Angew. Chem. 2011, 123, 61-64; Angew.

Chem. Int. Ed. 2011, 50, 60-62.

[8] E. M. Menger, W. S. Veeman, J. Magn. Reson. 1982, 46, 257-268.
[9] N. Zumbulyadis, P. M. Henrichs, R. H. Young, J. Chem. Phys. 1981,
75,1603-1611.

[10] W. W. Fleming, C. A. Fyfe, J. R. Lyerla, H. Vanni, C.S. Yannoni,
Macromolecules 1980, 13, 460—-462.

[11] C.E. Hoyle, C.N. Bowman, Angew. Chem. 2010, 122, 1584-1617;
Angew. Chem. Int. Ed. 2010, 49, 1540-1573.

[12] Y. Li, J. C. Niehaus, Y. Chen, H. Fuchs, A. Studer, H.-J. Galla, L.
Chi, Soft Matter 2011, 7, 861-863.

[13] a) H. Wagner, M. K. Brinks, M. Hirtz, A. Schifer, L. Chi, A. Studer,
Chem. Eur. J. 2011, 17, 9107-9112; b) B. Schulte, M. Tsotsalas, M.
Becker, A. Studer, L. De Cola, Angew. Chem. 2010, 122, 7033—
7036; Angew. Chem. Int. Ed. 2010, 49, 6881-6884; c) M. Becker, L.
De Cola, A. Studer, Chem. Commun. 2011, 47, 3392-3394.

[14] E. Rouquerol, J. Rouquerol, K. Sing, Adsorption by Powders and
Porous Solids: Principles, Methodology and Applications, Academic
Press, London, 1999.

[15] For the assignment in *Si MAS NMR, see: J. W. De Haan, H. M.
van den Bogaert, J. J. Ponjee, L. J. M. Van de Ven, J. Coli, J. Colloid
Interface Sci. 1986, 110, 591 -600.

[16] L. Henry, Comp. Rend. Hebd. Séances Acad. Sci. 1895, 120, 1265-
1268.

[17] S. Huh, J. W. Wiench, C.-J. Yoo, M. Pruski, V.S.-Y. Lin, Chem.
Mater. 2003, 15, 4247-4256.

[18] B. Helms, S.J. Guillaudeu, Y. Xie, M. McMurdo, C.J. Hawker,
J. M. J. Frechet, Angew. Chem. 2005, 117, 6542—-6545; Angew. Chem.
Int. Ed. 2005, 44, 6384—6387.

[7

—

Received: February 15, 2012
Published online: November 6, 2012

Chem. Eur. J. 2012, 18, 16689 —16697

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

— 16697


http://dx.doi.org/10.1039/c0jm00554a
http://dx.doi.org/10.1039/c0jm00554a
http://dx.doi.org/10.1039/c0jm00554a
http://dx.doi.org/10.1039/c0jm00554a
http://dx.doi.org/10.1038/359710a0
http://dx.doi.org/10.1038/359710a0
http://dx.doi.org/10.1038/359710a0
http://dx.doi.org/10.1002/chem.200900851
http://dx.doi.org/10.1002/chem.200900851
http://dx.doi.org/10.1002/chem.200900851
http://dx.doi.org/10.1002/chem.200900851
http://dx.doi.org/10.1002/chem.200702048
http://dx.doi.org/10.1002/chem.200702048
http://dx.doi.org/10.1002/chem.200702048
http://dx.doi.org/10.1002/chem.200702048
http://dx.doi.org/10.1002/chem.200901380
http://dx.doi.org/10.1002/chem.200901380
http://dx.doi.org/10.1002/chem.200901380
http://dx.doi.org/10.1002/ange.201004572
http://dx.doi.org/10.1002/ange.201004572
http://dx.doi.org/10.1002/ange.201004572
http://dx.doi.org/10.1002/anie.201004572
http://dx.doi.org/10.1002/anie.201004572
http://dx.doi.org/10.1002/anie.201004572
http://dx.doi.org/10.1002/anie.201004572
http://dx.doi.org/10.1021/la8030107
http://dx.doi.org/10.1021/la8030107
http://dx.doi.org/10.1021/la8030107
http://dx.doi.org/10.1021/ja074761e
http://dx.doi.org/10.1021/ja074761e
http://dx.doi.org/10.1021/ja074761e
http://dx.doi.org/10.1021/ja074761e
http://dx.doi.org/10.1002/ange.201101449
http://dx.doi.org/10.1002/ange.201101449
http://dx.doi.org/10.1002/ange.201101449
http://dx.doi.org/10.1002/anie.201101449
http://dx.doi.org/10.1002/anie.201101449
http://dx.doi.org/10.1002/anie.201101449
http://dx.doi.org/10.1002/anie.201101449
http://dx.doi.org/10.1002/ange.200802515
http://dx.doi.org/10.1002/ange.200802515
http://dx.doi.org/10.1002/ange.200802515
http://dx.doi.org/10.1021/ja9012003
http://dx.doi.org/10.1021/ja9012003
http://dx.doi.org/10.1021/ja9012003
http://dx.doi.org/10.1002/ange.200462424
http://dx.doi.org/10.1002/ange.200462424
http://dx.doi.org/10.1002/ange.200462424
http://dx.doi.org/10.1002/ange.200462424
http://dx.doi.org/10.1002/anie.200462424
http://dx.doi.org/10.1002/anie.200462424
http://dx.doi.org/10.1002/anie.200462424
http://dx.doi.org/10.1021/ja0398161
http://dx.doi.org/10.1021/ja0398161
http://dx.doi.org/10.1021/ja0398161
http://dx.doi.org/10.1021/ja0398161
http://dx.doi.org/10.1002/ange.200602243
http://dx.doi.org/10.1002/ange.200602243
http://dx.doi.org/10.1002/ange.200602243
http://dx.doi.org/10.1002/anie.200602243
http://dx.doi.org/10.1002/anie.200602243
http://dx.doi.org/10.1002/anie.200602243
http://dx.doi.org/10.1002/anie.200602243
http://dx.doi.org/10.1016/j.jcat.2006.02.010
http://dx.doi.org/10.1016/j.jcat.2006.02.010
http://dx.doi.org/10.1016/j.jcat.2006.02.010
http://dx.doi.org/10.1002/cctc.201000086
http://dx.doi.org/10.1002/cctc.201000086
http://dx.doi.org/10.1002/cctc.201000086
http://dx.doi.org/10.1002/ange.200903985
http://dx.doi.org/10.1002/ange.200903985
http://dx.doi.org/10.1002/ange.200903985
http://dx.doi.org/10.1002/ange.200903985
http://dx.doi.org/10.1002/anie.200903985
http://dx.doi.org/10.1002/anie.200903985
http://dx.doi.org/10.1002/anie.200903985
http://dx.doi.org/10.1016/j.jcat.2007.02.005
http://dx.doi.org/10.1016/j.jcat.2007.02.005
http://dx.doi.org/10.1016/j.jcat.2007.02.005
http://dx.doi.org/10.1002/asia.201100375
http://dx.doi.org/10.1002/asia.201100375
http://dx.doi.org/10.1002/asia.201100375
http://dx.doi.org/10.1039/c0gc00788a
http://dx.doi.org/10.1039/c0gc00788a
http://dx.doi.org/10.1039/c0gc00788a
http://dx.doi.org/10.1039/c1jm12066b
http://dx.doi.org/10.1039/c1jm12066b
http://dx.doi.org/10.1039/c1jm12066b
http://dx.doi.org/10.1039/c1jm12066b
http://dx.doi.org/10.1016/j.micromeso.2010.08.006
http://dx.doi.org/10.1016/j.micromeso.2010.08.006
http://dx.doi.org/10.1016/j.micromeso.2010.08.006
http://dx.doi.org/10.1016/j.micromeso.2010.08.006
http://dx.doi.org/10.1016/j.reactfunctpolym.2009.03.005
http://dx.doi.org/10.1016/j.reactfunctpolym.2009.03.005
http://dx.doi.org/10.1016/j.reactfunctpolym.2009.03.005
http://dx.doi.org/10.1016/j.reactfunctpolym.2009.03.005
http://dx.doi.org/10.1021/om900237g
http://dx.doi.org/10.1021/om900237g
http://dx.doi.org/10.1021/om900237g
http://dx.doi.org/10.1021/om900237g
http://dx.doi.org/10.1016/j.tetlet.2006.10.018
http://dx.doi.org/10.1016/j.tetlet.2006.10.018
http://dx.doi.org/10.1016/j.tetlet.2006.10.018
http://dx.doi.org/10.1021/jp2056442
http://dx.doi.org/10.1021/jp2056442
http://dx.doi.org/10.1021/jp2056442
http://dx.doi.org/10.1021/ja803018w
http://dx.doi.org/10.1021/ja803018w
http://dx.doi.org/10.1021/ja803018w
http://dx.doi.org/10.1039/c1jm11558h
http://dx.doi.org/10.1039/c1jm11558h
http://dx.doi.org/10.1039/c1jm11558h
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1002/ange.201003707
http://dx.doi.org/10.1002/ange.201003707
http://dx.doi.org/10.1002/ange.201003707
http://dx.doi.org/10.1002/anie.201003707
http://dx.doi.org/10.1002/anie.201003707
http://dx.doi.org/10.1002/anie.201003707
http://dx.doi.org/10.1002/anie.201003707
http://dx.doi.org/10.1063/1.442264
http://dx.doi.org/10.1063/1.442264
http://dx.doi.org/10.1063/1.442264
http://dx.doi.org/10.1063/1.442264
http://dx.doi.org/10.1021/ma60074a054
http://dx.doi.org/10.1021/ma60074a054
http://dx.doi.org/10.1021/ma60074a054
http://dx.doi.org/10.1002/ange.200903924
http://dx.doi.org/10.1002/ange.200903924
http://dx.doi.org/10.1002/ange.200903924
http://dx.doi.org/10.1002/anie.200903924
http://dx.doi.org/10.1002/anie.200903924
http://dx.doi.org/10.1002/anie.200903924
http://dx.doi.org/10.1039/c0sm00994f
http://dx.doi.org/10.1039/c0sm00994f
http://dx.doi.org/10.1039/c0sm00994f
http://dx.doi.org/10.1002/chem.201100543
http://dx.doi.org/10.1002/chem.201100543
http://dx.doi.org/10.1002/chem.201100543
http://dx.doi.org/10.1002/ange.201002851
http://dx.doi.org/10.1002/ange.201002851
http://dx.doi.org/10.1002/ange.201002851
http://dx.doi.org/10.1002/anie.201002851
http://dx.doi.org/10.1002/anie.201002851
http://dx.doi.org/10.1002/anie.201002851
http://dx.doi.org/10.1039/c0cc05474g
http://dx.doi.org/10.1039/c0cc05474g
http://dx.doi.org/10.1039/c0cc05474g
http://dx.doi.org/10.1016/0021-9797(86)90411-X
http://dx.doi.org/10.1016/0021-9797(86)90411-X
http://dx.doi.org/10.1016/0021-9797(86)90411-X
http://dx.doi.org/10.1016/0021-9797(86)90411-X
http://dx.doi.org/10.1021/cm0210041
http://dx.doi.org/10.1021/cm0210041
http://dx.doi.org/10.1021/cm0210041
http://dx.doi.org/10.1021/cm0210041
http://dx.doi.org/10.1002/ange.200502095
http://dx.doi.org/10.1002/ange.200502095
http://dx.doi.org/10.1002/ange.200502095
http://dx.doi.org/10.1002/anie.200502095
http://dx.doi.org/10.1002/anie.200502095
http://dx.doi.org/10.1002/anie.200502095
http://dx.doi.org/10.1002/anie.200502095
www.chemeurj.org

