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Multistep and efficient synergistic catalytic processes to
various types of biomolecules by biological catalysts
(enzymes) are very common in living organisms."! Many
notable examples of such enzymatic and antibody catalytic
processes involve acid-base cooperative or efficient bifunc-
tional catalysts.”) By mimicking these extraordinary systems
found in nature, some conventional homogeneous bifunc-
tional acid-base catalysts have been synthesized.”! However,
the efficiency and selectivity of these catalysts, which often
depend on the relative separation between the acid and base
catalytic sites, are often poor because the materials lack a
continuous range of acidic and basic catalytic sites.] Hence, a
considerable amount of effort has recently been directed
towards the synthesis of heterogeneous solid-state, acid—base
catalysts that have well-controlled, high concentrations of
acidic and basic catalytic sites."

A family of mesoporous materials, which were first
reported in 1992, have been widely and effectively used as
hosts for a variety of catalytically active functional groups,
including acidic and basic sites, to produce efficient hetero-
geneous catalysts.’! By postgrafting of the residual surface
silanol groups of the mesoporous materials with organo-
silanes, high-surface-area and tunable nanopores have been
synthesized that contain solid acid and solid base catalytic
sites for reactions such as the Knoevenagel condensation,
catalytic oxidations, and Michael addition.”! However, almost
all postgrafting syntheses of catalysts reported to date are
typically carried out by stirring mesoporous materials with an
excess amount of organosilanes in nonpolar solvents such as
toluene at reflux (112°C).[¥

Postgrafting of organosilanes onto mesoporous materials
in toluene at reflux indeed allows an effective inclusion of
densely populated or high concentrations of covalently bound
organic functional groups, including organoamines. However,
this synthetic approach also has drawbacks as it grafts most of
the surface silanol groups of the materials. The latter groups,
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which can act as weak acids, generally increase the efficiency
of a number of organoamine-catalyzed reactions such as the
Henry reaction and nitroaldol condensations.”) Furthermore,
the presence of densely populated organic groups reduces the
surface areas and pore volumes of the materials. Therefore,
densely populated organoamine catalysts synthesized in
toluene are typically accompanied by loss of catalytic
efficiency. For instance, metallocene catalytic groups immo-
bilized on densely populated postgrafted organoamines
synthesized in toluene show lower catalytic efficiency for
polymerization reactions than corresponding samples con-
taining sparsely populated metallocene groups.!'”’ However,
the synthesis of the latter materials involves a lengthy
multistep procedure that consists of the preparation of
bulky imine-containing organosilanes and postgrafting the
groups in toluene to form densely populated imine-function-
alized mesoporous materials. Upon subsequent hydrolysis of
the bulky imine groups, spatially spaced organoamines and
silanol groups are formed.

Recently, Katz and co-workers described the synthesis of
organoamine-functionalized silica gel catalysts that contain
silanol groups.'! These bifunctional catalysts showed
increased efficiency and selectivity for the Michael and
Henry reactions compared to the corresponding materials
without silanols. However, the surface area of silica gel is low,
the number of the bifunctional groups in the material is
limited, and the distribution of the two groups is difficult to
control. Davis and co-workers have also reported the syn-
thesis of sulfonic acid and organoamine bifunctionalized
catalysts for aldol reactions by self-assembly.’ However,
these materials have a low number of randomly distributed
acid and base groups.

Herein, we report the synthesis of bifunctional mesopo-
rous catalysts that contain spatially distributed organoamine
and silanol groups and which are the most efficient catalysts,
to the best of our knowledge, to be reported for the Henry
reaction. The catalysts were prepared by carrying out either a
simple, one-step postgrafting of an excess amount of amino-
organosilanes under reflux onto mesoporous silica in a polar
solvent, ethanol, at lower temperature (78°C) or by post-
grafting a smaller amount of aminoorganosilanes in toluene
during a shorter reaction time at 78°C (see the Supporting
Information for details of the latter approach). The advan-
tages of the spatially distributed organoamines and silanols
for catalysis was demonstrated for 3-aminopropyl-function-
alized mesoporous materials, the use of which resulted in a
fourfold increase in catalytic efficiency or turnover (TON)
number for the Henry reaction compared to similar materials
prepared in toluene at reflux as most commonly done
previously.®! These materials afforded a 99.4 % yield for the
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Henry reaction within 15 min, the highest catalytic efficiency
of any mesoporous catalyst reported for the Henry reaction.

The synthesis of the bifunctional, spatially isolated
organoamine and silanol groups was obtained by stirring an
excess amount of 3-aminopropytrimethoxysilane with MCM-
41 in ethanol at 78°C to produce AP-E1. To obtain control
samples, an excess amount of the same organosilane was
postgrafted onto MCM-41 in toluene at 78°C (AP-T1) and at
reflux at 112°C (AP-T2). These materials, both before and
after postgrafting, were characterized by powder X-ray
diffraction (XRD) and transmission electron microscopy
(TEM; Figure 1). The XRD patterns of all the samples
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Figure 1. a) Powder XRD patterns of MCM-41 and corresponding
organoamine-functionalized samples prepared by grafting 3-aminopro-
pytrimethoxysilane on MCM-41 in ethanol at reflux or 78°C (AP-E1), in
toluene at 78°C (AP-T1), and in toluene at reflux (112°C; AP-T2). Inset
shows dyoe and unit cell (a,) values of the samples (a,=2d,q/3" A)
for 2D hexagonally ordered materials). b, c) TEM images of AP-E1.
Scale bars: 2 um (b) and 200 nm (c).

showed a sharp peak corresponding to the (100) peak as well
as at least two more Bragg reflections corresponding to the
(110) and (200) peaks and indicate that the materials have
highly hexagonally ordered mesostructures, which remain
intact during postgrafting (Figure 1a). The peaks were
indexed to give unit cell sizes of approximately 4.4—4.5 nm,
which barely changed during postgrafting. The slight decrease
in XRD intensity of the postgrafted sample AP-T2 relative to
AP-E1 and AP-T1 may be caused by the decrease in electron
contrast between the channel pores and the walls of the
mesoporous material, which can be caused by the presence of

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

more organoamine groups in the former than the latter and/or
by aslight loss of structural order in the latter as a result of the
higher temperature for postgrafting. The TEM images of the
samples before and after postgrafting also showed well-
ordered mesoporous structures (Figure 1b,c). N, gas adsorp-
tion measurements of all the materials showed type IV
isotherms, which are characteristic of mesoporous materials
(see the Supporting Information). Furthermore, their BET
surface areas range between 1030-60 m’g~' depending on
grafting density while their BJH pore size distributions are
monodisperse.

The thermogravimetric traces (Figure 2) indicated a
weight loss below 100°C in all the samples which corre-
sponded to the loss of physisorbed water. However, the
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Figure 2. Thermogravimetric traces of MCM-41, AP-E1, AP-T1, and AP-
T2.

weight loss of the samples between 100 and 600°C, which
corresponds to the loss of organoamine groups and some
condensed water, showed an interesting trend. The AP-E1
sample showed the lowest weight loss (10.7%) followed by
AP-T1 (14.8%) and then AP-T2 (16.8%). These differences
in weight loss are more significant if we consider that the
removal of silanol groups from the materials during post-
grafting is greatest for AP-T2 and therefore results in the
lowest weight loss from TGA traces as a result of condensa-
tion of water. These results were further corroborated by
solid-state NMR spectroscopy (see the Supporting Informa-
tion). Si MAS NMR qualitatively and quantitatively con-
firmed the presence of the highest density of organoamine
groups in AP-T2 (43mmolg™), followed by AP-TI
(41 mmolg™), and then AP-E1 (1.3 mmolg™"). Similarly,
the *C CP-MAS NMR spectra showed peaks corresponding
to aminopropyl groups at 6 =43.1, 24.7, and 8.4 ppm after
postgrafting. The intensities of these peaks were highest for
AP-T2, then AP-T1, and AP-E1, consistent with the TGA
and ¥Si MAS NMR spectroscopy results. Both the TGA and
solid-state NMR spectroscopy results confirmed that AP-E1
has a smaller number of organoamine groups and more
silanol groups, and the organoamines are likely to be spatially
distributed relative to AP-T1 and AP-T2, which have densely
populated organoamine groups and fewer silanol groups
(Scheme 1).11%
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and AP-T2 may, therefore, be a result of two
\ reasons: 1) The higher number of silanol
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Scheme 1. Reaction scheme for postgrafting aminopropyl groups in ethanol at 78°C (AP-

E1) and in toluene at 78°C (AP-T1) and at reflux at 112°C (AP-T2).

To demonstrate the usefulness of our bifunctional materi-
als with spatially isolated organoamine and silanol groups, we
performed the Henry reaction using the materials as catalysts
(Figure 3). Many organoamine-functionalized mesoporous
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Figure 3. Percentage conversion of reactant versus time of the Henry

reaction between p-hydroxybenzaldehyde and nitromethane at 90°C to
form nitrostyrene as catalyzed by AP-E1, AP-T1, and AP-T2.

materials synthesized under reflux in toluene are reported
to catalyze the Henry reaction.™*'¥ The highest yield (96 %)
and TON values reported so far with such samples were
obtained with 50 mg catalyst and 2.5 mmol reactant with 1 h
reaction time!” (see Table S2 in the Supporting Information).

Interestingly, the Henry reaction with sample AP-E1 gave
ayield of 99.4 % in around 15 min, while the same amounts of
AP-T1 and AP-T2 afforded yields of 52.4 and 8.4 %,
respectively, in 15 min (Figure 3). This result reveals at least
a twofold increase in yield and a fourfold increase in turnover
number for AP-E1 relative to AP-T1 and AP-T2, and it is the
highest efficiency compared to any mesoporous catalyst
previously reported for the Henry reaction (see the Support-
ing Information). These results are more significant given the
fact that AP-E1 has fewer organoamine groups per unit mass
than both AP-T1 and AP-T2 and also as mesostructures in all
the samples remained intact as shown by XRD and TEM. The
enhanced catalytic efficiency of AP-E1 compared to AP-T1
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with organodiamine groups using ethanol and
toluene also revealed an increased efficiency
for samples synthesized in ethanol relative to
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Scheme 2. Reaction mechanism to explain the enhanced efficiency of
AP-E1 (a) in the Henry reaction relative to AP-T1 and AP-T2 (b). The
presence of a significant number of spatially isolated silanol groups in
AP-E1 leads to activation of the carbonyl group of benzaldehyde for
nucleophilic attack.!""

corresponding samples synthesized and grafted in toluene.
Postgrafting the remaining silanol groups of the ethanol
product (or AP-E1) with more organic groups using toluene
resulted in a significant reduction in catalytic efficiency,
further confirming the importance of spatially isolated
organoamine and silanol groups for increased efficiency.
Detailed synthesis of these materials and their catalytic
properties will be reported elsewhere. We hypothesize that
postgrafting spatially distributed organoamines in ethanol
occurs because of the competition for the aminoorganosilane
by ethanol (a polar protic solvent, dielectric constant =24 D)
and the hydrophilic surface silanol groups. Because of the
absence of hydrogen bonding between the organoamines and
toluene (a nonpolar solvent, dielectric constant =2.4 D), the
aminoorganosilanes aggregate and preferentially interact
with the surface silanol groups. Aggregation of aminoorga-
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nosilanes in toluene has been previously proposed to cause
grafting of very densely populated organic groups.!'”! How-
ever, by lowering the concentration of aminorganoosilane and
shortening the reaction times, we have also synthesized
similar site-isolated samples that display efficient catalytic
properties in toluene at lower temperature (Supporting
Information).

In conclusion, we have described the synthesis of the most
efficient mesoporous catalysts reported to date for the Henry
reaction by postgrafting spatially distributed organoamine
groups on mesoporous silica. This was achieved by reacting
excess amounts of aminoorganosilanes in ethanol or by
postgrafting smaller amounts of aminoorganosilanes in tolu-
ene for a short reaction time. Despite the lower number of
catalytic sites, the resulting materials with increased cooper-
ative properties and higher surface areas revealed the most
enhanced catalytic properties. This procedure should allow
the synthesis of various bifunctional catalysts for a number of
other reactions in which cooperative effects by two functional
groups and higher surface areas are required. We have
confirmed that such one-pot synthetic methods allow the
preparation of spatially isolated bifunctional catalysts, which
until now were only attainable through lengthy and costly
multistep methods.'”) In contrast, this approach is very simple,
involving one step, and versatile compared to all previously
reported procedures.

Experimental Section

Postgrafting of spatially isolated organoamines onto mesoporous
silica, MCM-41: MCM-41 was synthesized as reported previously (see
the Supporting Information).'® The sample of MCM-41 was kept in
an oven at 80°C to remove physisorbed water prior to postgrafting.
For AP-E1, MCM-41 (500 mg) was stirred with excess 3-amino-
propyltrimethoxysilane (APTMS; 0.66 g, 3.68 mmol) under reflux in
ethanol (250 mL) at around 78°C for 6 h. The solution was filtered,
and the precipitate was washed with dichloromethane (200 mL) and
ethanol (500 mL) and then dried in air. Two other samples were
prepared in toluene, one of which was prepared by stirring MCM-41
(500 mg) with APTMS (0.82 g, 3.68 mmol) in toluene (250 mL) at
78°C (AP-T1), and the other was prepared similarly but under reflux
at about 112°C (AP-T2). These samples were washed and dried as
above, and the resulting mesoporous samples were characterized
instrumentally (see the Supporting Information for details).

Henry (nitroaldol) reaction: The Henry reaction was performed
as reported before.™*! Typically, the aminofunctionalized mesopo-
rous sample (20 mg) was added to a mixture of p-hydroxybenzalde-
hyde (122mg, 1 mmol) and nitromethane (10 mL). The reaction
mixture was stirred at 90°C under nitrogen, and aliquots of the

mixture were removed with a filter syringe and characterized by
solution '"H NMR spectroscopy and GC-MS over the course of the
reactions. The percentage yields and conversions were determined
from 'H NMR spectra measured in deuterated acetone.

Received: November 8, 2006
Revised: December 22, 2006
Published online: March 13, 2007

Keywords: bifunctional catalysts - Henry reaction -
heterogeneous catalysis - mesoporous materials -
nanostructures

[1] H. Seong, 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.

[2] J. M. Notestein, A. Katz, Chem. Eur. J. 2006, 12, 3954 -3965.

[3] R. Breslow, A. Graff, J. Am. Chem. Soc. 1993, 115, 10988 -
10989.

[4] a) T. Okino, Y. Hoashi, T. Furukawa, X. N. Xu, Y. Takemoto, J.

Am. Chem. Soc. 2005, 127, 119-125; b) F. Stefan, S. Meha, W.

Anthony, W. Harald, R. Justine, L. Thomas, J. Am. Chem. Soc.

2005, 127, 1206-1215.

a) J. M. Thomas, R. Raja, D. W. Lewis, Angew. Chem. 2005, 117,

6614 -6641; Angew. Chem. Int. Ed. 2005, 44,6456 -6482;b) J. C.

Hicks, R. Dabestani, A. C. Buchanan, C. W. Jones, Chem. Mater.

2006, 18, 5022 -5032.

a) G. K. Chuah, X. Hu, P. Zhan, S. Jaenicke, J. Mol. Catal. A

2002, 181, 25-31; b) I. Diaz, F. Mohino, J. Pérez-Pariente, E.

Sastre, Appl. Catal. A 2005, 205, 19-30; c) T. D. Conesa, J. M.

Hidalgo, R. Luque, J. M. Campelo, A. A. Romero, Appl. Catal.

A 2006, 299, 224 -234.

a) A. Cauvel, G. Renard, D. Brunel, J. Org. Chem. 1997, 62,749 —

751; b) Y. V. S. Rao, D. E. De Vos, P. A. Jacobs, Angew. Chem.

1997, 109, 2776-2778; Angew. Chem. Int. Ed. Engl. 1997, 36,

2661 -2663.

[8] K. Moller, T. Bein, Chem. Mater. 1998, 10, 2950 —2963.

[9] a) G. Demicheli, R. Maggi, A. Mazzacani, P. Righi, G. Sartori, F.
Bigi, Tetrahedron Lett. 2001, 42, 2401 -2403; b) B. M. Choudary,
M. L. Kantam, P. Sreekanth, T. Bandopadhyay, F. Figueras, A.
Tuel, J. Mol. Catal. A 1999, 142, 361 -365.

[10] a) M. W. McKittrick, C. W. Jones, J. Am. Chem. Soc. 2004, 126,
3052-3053; b) J. C. Hicks, R. Dabestani, A. C. Buchanan, C. W.
Jones, Chem. Mater. 2006, 18, 5022 -5032.

[11] J. D. Bass, A. Solovyov, A. J. Pascall, A. Katz, J. Am. Chem. Soc.
2006, 128, 3737-3747.

[12] R. K. Zeidan, S.-J. Hwang, M. E. Davis, Angew. Chem. 2006, 118,
6480—-6483; Angew. Chem. Int. Ed. 2006, 45, 6332 —6335.

[13] S. Huh, H.-T. Chen, J. W. Wiench, M. Pruski, V. S.-Y. Lin, J. Am.
Chem. Soc. 2004, 126, 1010-1011.

[14] M. L. Kantam, P. Sreekanth, Catal. Lett. 1999, 57, 227 -231.

[5

—

6

—_

[7

—

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2007, 46, 2879 —2882


http://www.angewandte.org

