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In the present work, Diels-Alder reaction of cyclopentadiene with ethylacrylate has been carried out by using 
two types of mesoporous solid acid catalysts (Al-MCM-41, Al-MCM-48) with dif伝rent pore structures. The 
speciHc topology of Al-MCM-48 (cubic Ia3d structure composed of two independent 3-D channel systems) 
exhibit higher activity and stereo-control than those of Al-MCM-41 (hexagonal packing of 1-D channels). The 
physical properties of Al-MCM-48 catalyst, such as high accessibility of reactants to the acid sites, spatial 
confinement in the nanoscopic reactors, and 3-D channel network structure that are effective adsorption and 
diffusion of reactants, play a crucial role in the present study.
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Introduction

Diels-Alder (DA) reactions have attracted much attention 
as a powerful synthesis pathway and widely utilized in 
synthetic organic chemistry and in the chemical industry, 
due to the high degree of regio- and stereo-selectivity.1-3 It 
has been reported that the reaction rate, regioselectivity, and 
stereoselectivity of the DA reactions are markedly affected 
by homogeneous Lewis acid catalysis.4-6 A few solid acid 
catalysts have been also found to be usefil in the DA 
reaction.7-11 In general, the heterogeneous catalysts exhibit 
several advantages compared with the homogeneous cata
lysts due to their importance in practical productions of 
chemicals from the viewpoints of the so-called “zero
emission^ or “green” chemistry and ease of separation from 
the reaction mixture.

The mesoporous materials, designated MCM-41 and 
MCM-48, are large-porous molecular sieves with pore sizes 
of about 3 nm, attracting much attention in catalysis and 
nanoscience.12-14 The structure of MCM-48 consists of 
double gyroidal channels (3-D cubic Ia3d mesostructure), 
while the MCM-41 possesses hexagonal packing of straight 
channels (2-D hexagonal P6mm mesostructure). The 3-D 
channel network of MCM-48 seems to be much more desir
able than the 1-D channels of MCM-41 from the viewpoint 
of molecular difusion, adsorption and catalysis.15-17 Even 
though the use of mesoporous aluminosilicate MCM-41 (Al- 
MCM-41) as active catalyst for DA reactions has been 
reported in the literature,18-20 the turnover numbers and 
selectivities were not encouraging. Surprisingly enough, to 
the best of our knowledge there is no report on the DA 
reaction catalyzed with aluminosilicate MCM-48 (Al-MCM- 
48), which is probably due to its complicated synthesis 
manipulations. In continuation of our efforts towards cataly

tic applicability of ordered mesoporous materials,21-25 herein 
we report on the catalytic activity and selectivity over the 
Al-MCM-48 and Al-MCM-41 catalysts in the DA cyclo
addition of cyclopentadiene with ethylacrylate. The Al- 
MCM-48 catalyst exhibits much higher activity as well as 
stereo-control than those of Al-MCM-41 at low temperature, 
indicating the advantage of 3-D channel structure.

Experimental Section

Highly ordered MCM-41 and MCM-48 were prepared 
according to the methods reported elsewhere.26-29 Typically, 
the pure silica MCM-41 material was obtained by following 
a synthesis method using cetyltrimethylammonium bromide 
(CTAB) as structure directing agents.26,27 After dissolving 
12.15 g CTAB in 140 g of distilled water, the 50 g of sodium 
silicate solution (20 wt% SiO2, Na/Si = 0.5) was added at 
room temperature. The mixture was stirred vigorously for 30 
min, and then heated to 100 oC in an oven for 24 h. After 
cooling the reaction mixture to room temperature, the pH of 
reaction mixture was adjusted to 10 using an aqueous 
solution of 50 wt% acetic acid. Subsequently, the mixture 
was heated again to 100 oC in an oven for 24 h. This cooling- 
pH adjusting-reheating cycle was carried out twice more. 
The white powder was filtered, washed in distilled water and 
dried at 80 oC overnight. After washing with HCl/EtOH 
mixture of the product and drying at 80 oC, finally calcined 
in air at 550 oC for 3 h. The pure silica MCM-48 was 
prepared using CTAB and C12H25O(C2H4O)4H (Brij 30, 
Aldrich), following a synthesis method using cationic- 
nonionic surfactant mixtures.28,29 The synthesis procedures 
of MCM-48 were same with those of MCM-48, except of 
utilizing the mixture of two surfactants (10 g of CTAB and 
1.11 g of Brij 30).
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In order to endow the mesoporous materials with solid 
acid properties, aluminum was incorporated into the pure 
silica MCM-41 and MCM-48 materials by grafting method 
given in the literature.30,31 Typically, the 1.0 g of calcined 
mesoporous powders was stirred in 30 g of absolute ethanol 
solution containing 1.33 g of AlCl3 (Aldrich, 99.999%) at 
room temperature for 24 h. The materials were filtered, 
washed with absolute ethanol, dried at 80 oC overnight, and 
finally calcined in air at 700 oC for 2 h.

Powder X-ray diffraction (XRD) patterns were measured 
by Rigaku X-ray diffractometer equipped with a Cu Ka 
source at 40 kV and 30 mA. Scanning electron microscope 
(SEM) images were obtained by using Scanning Electron 
Microscope (Leica Stereoscan 440) operating at 15 kV. N2 

adsorption-desorption experiments were per^rmed at liquid 
N2 temperature using a Micromeritics Tristar instrument. 
Surface areas of the samples were calculated using the 
standard BET equation, and pore size distributions were 
estimated by BJH (Barrett-Joyner-Halenda) method from 
adsorption branches of isotherms. Elemental analysis for Al 
was performed with inductively coupled plasma (ICP) emi
ssion spectroscopy (ICPS-1000III).

After being activated under vacuum at 250 oC, 100 mg of 
the calcined Al-MCM-41 or Al-MCM-48 catalysts was 
introduced in a two-necked round bottomed flask under N2 

flow conditions. Immediately, 34.79 mg of ethylacrylate 
(0.319 mmol) and 2 mL of CHzCb were added to the reactor. 
65.48 mg of cyclopentadiene (0.798 mmol) was added to the 
mixture containing the mesoporous acid catalyst after 
stirring at desired reaction temperature (-35 oC 〜25 oC) for 
30 min. The DA reaction was also carried out under the 
same conditions without any catalyst for comparison. The 
reaction progress was monitored by Younglin gas chromato
graphy (Autochro-2000 data system) equipped with Cyclo- 
Sil-B column.

Results and Discussion

XRD patterns for the mesoporous materials, utilized in the

Figure 1. X-ray diffraction patterns of the mesoporous materials 
utilized in the present work.

present work, are shown in Figure 1. The pure silica MCM
41 and MCM-48 materials give several well-resolved dif
fraction peaks, indicating highly ordered mesostructures of 
the materials. The MCM-41 shows one intense peak and 
relatively weak two peaks, which are characteristics of 2-D 
hexagonal structures (P6mm).12,13 The well-resolved more 
than five peaks for MCM-48 can be indexed to the bi- 
continuous cubic Ia3d symmetry.12,13,32 As shown in Figure 
1, there is no difference in the XRD patterns for both the 
mesoporous materials after the incorporation of aluminum 
within the silica framework by the grafting method. N2 

adsorption-desorption isotherms and the corresponding BJH 
pore size distribution curves also indicate that the present 
mesoporous materials exhibit well-ordered mesostructures 
(Figure 2). All the N2 sorption isotherms in Figure 2 are 
typical type IV isotherms.12-17 Well defined steps in the 
adsorption-desorption curves arrear between the relative 
pressures, p/po, of 0.3-0.4, indicating the presence of a 
narrow distribution of mesopores as shown in the BJH pore

1600' 0) AI-MCM-48
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Figure 2. (a) N? adsorption-desorption isotherms of mesoporous materials obtained at liquid N temperature, and (b) corresponding BJH 
pore size distribution curves calculated from adsorption branches.



Diels-Alder Reaction over Al-MCM-48 Catalyst Bull. Korean Chem. Soc. 2008, Vol. 29, No. 10 1995

Table 1. Physico-chemical properties of Al-MCM-Catalysts

Materials Lattice parameter “ 
(nm)

Surface area b
(m/g)

Pore volume「 

(cm/g)
Pore size d

(nm)
Si/Al molar

ratio，

Al-MCM-41 4.45 893 0.69 2.4 15.5
Al-MCM-48 9.43 881 0.82 2.4 13.1

MCM-41 4.55 981 0.85 2.7 -
MCM-48 9.65 996 0.98. 2.7 -

"Lattice parameters calculated from XRD data using an equation of a = *00 x (2/)3 ). ^Surface areas obtained by the BET method. cTotal pore 
volumes estimated from the N sorption isotherms at p/p = 0.99. “Mesopore diameters obtained from the N adsorption branches using the BJH 
method.，Si/Al molar ratio through ICP analysis.

Figure 3. SEM images of mesoporous materials: (a) and (b) MCM
41; (c) and (d) Al-MCM-41; (e) and ⑴ MCM-48; (g) and (h) Al- 
MCM-48.

size distribution curves. The physical properties of mesopor
ous materials are listed in Table 1. The pore sizes (2.4 nm) of 
Al-incorporated mesoporous materials are slightly less than 
those of the pure silica materials (2.7 nm), which should be

Figure 4. TEM images of mesoporous materials: (a) and (b) Al- 
MCM-41; (c) and (d) Al-MCM-48.

due to the thermal treatment at 700 oC after the gracing 
process. The BET surface areas, pore volumes and lattice 
parameters of the aluminum incorporated materials are also 
slightly reduced, compared with those of the pure silica 
materials, as listed in Table 1. Figure 3 shows SEM images 
of the present mesoporous materials before and after the 
aluminum incorporation, which indicates that there are no 
significant changes in the morphologies of the MCM-41 and 
MCM-48 materials upon the aluminum incorporation. TEM 
images in Figure 4 clearly show that both Al-MCM-41 and 
Al-MCM-48 materials exhibit highly ordered mesoporous 
structures, which coincide with the results of XRD patterns 

Scheme 1. Schematic diagram for Diels-Alder cycloaddition of cyclopentadiene with ethylacrylate which is catalyzed by mesoporous 
catalysts containing aluminum within the silica framework.
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and N2 adsorption-desorption isotherms.
As 아iown in Scheme 1, the Al-MCM-41 and Al-MCM-48 

materials were utilized as the acid catalysts for the DA reac
tion of cyclopentadiene and ethylacrylate. Figure 5 shows 
the catalytic activities and selectivities for the DA reaction 
depending on the reaction temperature with and without 
mesoporous acid catalysts. The DA reaction between cyclo
pentadiene and ethylacrylate can proceed thermally without 
requiring a catalyst. However, the rate of the reaction could 
be increased by introducing a high surface area solid with 
Lewis acidic sites which may increase the rate of the 
reaction by concentrating the reactants on the surface. This 
efbct could be enhanced if the solid has nanoscopic pores 
reactor that can confine the reactants along the reaction 
coordinate and further decrease the entropy of the activated 
complex. Very recently, it has been reported that confined 
nanospaces of micro- and mesoporous materials dramati
cally affect the stereo-chemical outcome of the reactions.33 
As shown in Figure 5, the activity of DA reaction at ambient 
temperature (25 oC) are observed to be Al-MCM-41 > Al- 
MCM-48 > blank (without catalyst). At this temperature, the 
Al-MCM-41 and Al-MCM-48 catalysts show essentially 
similar catalytic activity and selectivity in the DA reaction. 
However, very surprisingly, the difference in catalytic activity 
as well as selectivity of Al-MCM-48 and Al-MCM-41, is 
dramatic in the DA reaction of cyclopentadiene and ethyl
acrylate at lower temperature and in the order of Al-MCM- 
48 > Al-MCM-41 > blank (no reaction). Lowering the reac
tion temperature decreases dramatically the catalytic activity 
of Al-MCM-41, where as the Al-MCM-48 catalyst give a 
relatively high catalytic activity above 60% even at -35 oC. 
Based on the catalytic activity in Figure 5, it can be pre
sumed that the interconnected 3-D channel system of Al- 
MCM-48 is more favorable for the catalytic reaction than 
the 2-D hexagonal channels of Al-MCM-41, from the view
point of diffusion and adsorption/desorption of reactants 
within the confined nanochannels.

Figure 5. Catalytic activity and product selectivity of the mesopor- 
ous catalysts for the Diels-Alder reaction of cyclopentadiene with 
ethylacrylate at various temperatures.

Figure 5 also shows the product selectivity (endo-/exo- 
isomer ratio) in the DA reaction of cyclopentadiene with 
ethylacrylate depending on the reaction temperatures. It is 
well known that DA reaction between simple reactants lead 
preferentially to the endo product, especially when the diene 
is cyclic due to the existence of a stabilizing overlap (secon
dary orbital interaction) between the frontier molecular 
orbitals of the reactants at centers that do not participate in 
the formation of a bonds in the endo approach.34,35 As 
shown in Figure 5, the DA reaction without catalyst results 
in the endo-product selectivity (endo-/exo-isomer ratio of 
about 4), which may be determined thermodynamically. The 
DA reaction is an orbital-controlled pericyclic reaction, 
which is generally carried out with an electron-rich 1,3- 
diene and an electron-deficient dienophile. Lewis acids are 
known to lower the LUMO of dienophiles, that should 
increase the selectivity for the endo-product.4,20 In the pre
sent work, both the Al-MCM-41 and Al-MCM-48 catalysts 
result in the dramatic increase of endo-product selectivity for 
the DA reaction, compared to that of the reaction without 
catalyst (Figure 5). The maximum endo-/exo-isomer ratios 
are obtained to about 29 at -20 oC and about 24 at 0 oC for 
Al-MCM-48 and Al-MCM-41 catalysts, respectively. Similar 
to the case of catalytic activity, the Al-MCM-48 catalyst 
gives no significant decrease in the product selectivity (endo-/ 
exo-isomer ratio of about 27) upon lowering the reaction 
temperature to -35 oC, where as the selectivity falls down to 
about 13 in the case of Al-MCM-41. This is probable due to 
the differences in the catalytic activity of the two mesopor- 
ous catalysts at low temperature.

Conclusions

The mesoporous materials containing aluminum within 
the silica frameworks exhibit an excellent catalytic activity 
as well as product selectivity for the Diels-Alder raction of 
cyclopentadiene with ethylacrylate. The Al-MCM-48 cata
lyst results in the much higher catalytic activity and endo
product selectivity at low reaction temperature than those of 
Al-MCM-41 catalyst, which is probably due the 3-D 
channel structures of Al-MCM-48 from the diffusional point 
of view. The Al-MCM-48, exhibiting the well-developed 
regular 3-D mesopores, high surface areas and solid acid 
property, are expected to give great potentials for various 
kinds of catalytic applications.
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