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The Diels-Alder cycloaddition reactions between cyclopentadiene and methacrolein are effectively catalyzed
with the aluminum-modified mesoporous silica MCM-41 having a variety of metal cations in the pore such as Zn-,
Co-, Ni- and La-MCM-41. The } zeolite (H-f) having protons in the pore shows a dramatically high catalytic ac-
tivity in the same reaction to give a quantitative yield of cycloadducts at 0 °C in less than 1 h, and the dealuminated
B zeolite is also a highly reactive catalyst. The Diels-Alder reactions of cyclopentadiene with 3-buten-2-one
and 2-ethylacrolein are also activated with the H-f3 and Ni-MCM-41.
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1. Introduction

Carbon-carbon bond forming reactions by the aid
of heterogeneous catalysts should be of great impor-
tance in the field of synthetic organic chemistry. Es-
pecially, catalysts immobilized in the size-defined
pores of crystalline aluminosilicate zeolite can be
effectively utilized for the discrimination of the size
and/or shape of substrates so that not only the accel-
eration of reaction rate but also the improvement of
selectivity and specificity is expected. zeolites, called
Molecular Sieves (MS hereafter), capture only limit-
ed numbers of small molecules, such as water, am-
monia, and methanol and so on, in the relatively
small pores. However, mesoporous silicas (MCM-41,
HMS, and SBA-15) and mesoporous aluminas having
bigger pore size can also include substrates of ordi-
nary molecular size in the pore.' If the transition
structure of a certain reaction fits with the pore size
and shape, high rate acceleration of the reaction
would be expected. Examples have recently been
reported for the cyclopentadiene Diels-Alder reac-
tions”® and carbonyl-ene reactions’ in the pores of
mesoporous silicas with the pore size of 1.5 to 10 nm.

We examined, in the cyclopentadiene Diels-Alder
reactions, the catalytic activity of zeolites and
mesoporous materials modified with a variety of in-
ternal cations through ion-exchange. In this commu-
nication, we present that some mesoporous materials
such as metal-modified MCM-41 show significantly
high catalytic activity in the Diels-Alder reactions of
cyclopentadiene with methacrolein and related di-
enophiles, and that protonated 3 zeolite (H-f) having
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protons as countercations induces dramatically high
rate enhancement.

2. Experiment

Cation-exchange of zeolites and mesoporous ma-
terials: This can be performed by the repeated treat-
ments with aqueous solution including excess
amounts of an appropriate cation, followed by wash-
ing with distilled water, and the final drying at 300 "C
in vacuo.

A typical experimental procedure: The Diels-Alder
reactions were examined in the presence of solid me-
diators as mentioned below. To a mixture of cy-
clopentadiene (2.5 mmol), a dienophile (2.5 mmol),
and triphenylmethane (0.125 mmol) as internal ref-
erence in deuteriochloroform (5 ml) was added zeo-
lite or mesoporous material (100 or 200 mg/mmol).
The resulting mixture was stirred at 0 °C for an ap-
propriate period of time and a fixed volume (0.5 ml)
of the reaction solvent was sampled. After the zeolite
was filtered off, the filtrate was submitted to "H NMR
analysis and the yield of cycloadduct was measured.
All zeolite and mesoporous material were preactivat-
ed by heating at 300 °C in vacuo immediately prior to
use.

3. Results and Discussion

We examined solid catalysts with a variety of pore
sizes in the reactions of cyclopentadiene (1) and
methacrolein (2). All the results are summarized in
Table 1.
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Table 1. Cyclopentadiene Diels-Alder reactions to methacrolein
over inorganic porous materials (part 1).

@ yCHO Catalyst Lb( cHO Lb< Me
+ _— 7 + 7
Me CDCly, 0°C Me CHO

1 2 exo endo

3 3

5 equiv

Entry Catalyst® Pore size  Si/Alratio  Time/h Yield/%P¢ exo/endo

1 none 21 nr -

2 Na-MS4A 0.4 nm 1 21 nr -
3 Ni-MS4A 21 nr -
4 Na-13X 1 1 21 nr -
5 Ni-13X 21 62 71/29
6  Mtl-13x4 21 nr -
7 MCM-41 2.7 o 19 53 86/14
8 Ni-MCM-41 16 88 81/19
9 Zn-MCM-41 16 77 82/18
10 Co-MCM-41 16 95 81/19
11 La-MCM-41 16 94 81/19
12 SBA-15 8.9 o 7 6 71/29
13 Ni-SBA-15 19 nr -

2200mg/mmol. “Determined by 'H NMR using PhsCH as internal standard.
°nr: no reaction. 9Mtl: Na, Co(il), Cu(ll), and La(lll).

The Na' ion-exchanged MS 4A (Na-MS 4A, ¢ =
0.4 nm, Si/Al ratio = 1) and 13X zeolites (Na-13X, ¢
= 1 nm, Si/Al ratio = 1) were converted into the de-
rivatives having other metal cations through the
conventional ion-exchange procedures. Both Na- and
Ni-MS 4A were totally inactive to give no trace of
cycloaddition products (entries 2 and 3). On the other
hand, Ni-13X, prepared by ion-exchange with
nickel(IT) ions, activated the reaction effectively to
give a diastercomer mixture of cycloadducts
(exo/endo = 79:21) in 62% yield after 21 h (entry 5).

Difference of the pore size seems to be critical for
the effective catalysis, indicating that the reaction is
more effectively catalyzed in the pore.® However,
other metal derivatives such as Na-, Co-, Cu-, and
La-13X were totally ineffective under the comparable
reaction conditions (entry 6). Nickel(II) ion incoor-
porated in the pore was special to work well as cata-
lyst. It should be emphasized that simple
ion-exchange of the original sodium cations of zeo-
lites leads to a high catalytic activity.

Mesoporous silica MCM-41, having honey-
comb-shaped channels with a relatively big diameter
of ¢ = 2.7 nm," can include compact-sized molecules
such as cyclopentadiene and methacrolein in the
channel.” Accordingly, enhancement of the reaction
rate is expected in the limited reaction space of the
channel. So, the aluminum-modified mesoporous
silica Na-MCM-41 was prepared and it was further
converted into Ni-MCM-41 by cation-exchange. Use
of Ni-MCM-41 as catalyst in the above Diels-Alder
reaction enhanced the reaction rate to give the
exo/endo mixture of cycloadduct in 88% of the com-
bined yield (entry 8). Not only Ni-MCM-41 but also
the derivatives containing other metal cations such as
Zn-, Co-, and La-MCM-41 were active as well (en-
tries 9-11). Regardless of the low aluminum contents
estimated for the metal-modified MCM—41,1° such a
high catalytic activity observed was surprising. This

was mainly based on the size effect of MCM-41 since
MCM-41 itself also behaved as active catalyst (entry
7). SBA-15 is another mesoporous silica which has
even bigger pore size with a diameter of 8.9 nm.
However, the nickel(I) modified derivative
Ni-SBA-15"" showed no catalytic activity (entry 13),
and SBA-15 itself does only a low reactivity (entry
12, 6%). The pore size of SBA-15 is probably too big
for the maximum catalytic activation.

H-p zeolite has a much bigger Si/Al ratio of 21 and
a smaller pore size of ¢ = 0.7 nm as compared with
13X zeolite. This zeolite was found to work as highly
reactive catalyst for the Diels-Alder reaction between
cyclopentadiene (1) with methacrolein (2) so that the
reaction was complete in less than 1 h at 0 °C in deu-
teriochloroform (entry 2 of Table 2). Its catalytic ac-
tivity is much higher than that of trifluoroacetic acid,
as homogeneous protonic acid, which was used in a
large excess of 25 equivalent (entry 1)."' The detailed
time course for the reaction between 1 and 2, in the
presence of H-f is shown in Fig. 1.

The reaction was actually so fast that the cycload-
duct was produced in 70% yield after 2 min and al-
most quantitative in less than 30 min. To the best of
our knowledge, this is one of the fastest Diels-Alder
reactions promoted by inorganic porous material
catalysts.
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Fig.1 Time course for the cyclopentadiene Diels-Alder reaction to
methacrolein in the presence of H-f} zeolite (CDCls, 0 °C).

On the other hand, four kinds of H-type zeolites
shown in Table 2 having different pore sizes and
Si/Al ratios showed no catalytic activity at all (entries
4-7): Thus, ferrierite (¢ = 0.42-0.54 nm) and ZSM-5
(¢ = 0.51-0.58 nm) having smaller pores, mordenite
(¢ = 0.65-0.7 nm) containing more aluminate anions
and hence more protons in the pore, and Y (¢ = 0.74
nm) having a little bigger pore size and much more
protons are absolutely inactive. These results indicate
that cation content in the pore and the pore size close
to 0.7 nm are not so essential factors for the high
catalytic activity observed in the catalysis of H-f.
The internal protons are not always necessary since
the dealuminated H-B (Si/Al = 894) also showed a
comparably high catalytic activity (entry 3)."
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Table 2. Cyclopentadiene Diels-Alder reactions to methacrolein
over a variety of zeolites (part 2)."

Table 4. Cyclopentadiene Diels-Alder reactions to some dieno-
phile over H-f} zeolite and Ni-MCM-41.

Entry Catalyst Pore size Si/Al Ratio Time/h Yield/%® exo/endo Entry Dienophiles Catalyst Yield/%
1 CF3COO0H! 20 67 83/17 1 none 68
2 H-p 0.7 nm 21 0.9 97 76/24 .
3 deAlp° 894 3 03 71/29 2 \/COMe 4 H_-[3-zeol|te quant
4 Ferrierite 0.42-0.54 7 22 nr - 3 Ni-MCM41 quant
5 ZMS-5 0.51-0.58 100 12 nr -
6 Mordenite 0.65-0.7 10 12 nr - 4 CHO 5 none _
vy .74 25 12 nr - (5; \( H-p-zeolite quant
aReaction condition is equivalent to those of the reactions shown in Table 1 Et Ni-MCM41 33
except for the catalytic amounts. ®100mg/mmol unless otherwise stated.
Determined by 'H NMR using Ph3CH as internal standard (nr: no reaction). 7 none _
910 mol%. edeAl-p: dealuminated p-zeolite. 8 .
9 X -CooBut 6 H-p-zeolite 8
Ni-MCM41 3

Such a dramatic rate enhancement by H-f in the cy-
clopentadiene/methacrolein Diels-Alder reaction was
a big surprise to us. Accordingly, we further exam-
ined the catalysis of some other B zeolites prepared
by different synthetic methods. The H- zeolite we
have employed in the reaction in Table 2 is coded
HSZ-940HOA" (Table 3, entry 1). Other four sam-
ples such as HSZ-930HOA, BY-20, BY-40, and SB-8,
were all assigned to be the H-type of § zeolites on the
basis of the characteristic XRD patterns,14 However,
these showed quite different catalytic activities as
shown in Table 3. HSZ-940HOA is the most active
catalyst among them, and HSZ-930HOA and SB-8
are the next. Probably, not the shape of micro pore of
these zeolites but any structural defects located in the
micro pore would be a key portion where the Di-
els-Alder reaction is activated.

Table 3. Cyclopentadiene Diels-Alder reactions to methacrolein
over other H-f zeolites

Entry Catalyst? Si/Al Ratio Time/h Yield/%P exo/endo

1 HSZ-940HOA® 21 1 quant 78/22
2 HSZ-930HOA 13.5 22 quant 82/18
3 BY-20 11.6 22 35 77/23
4 BY-40 20 22 77 74/26
5 SB-8 21.6 22 95 73/27

a100mg/mmol. PDetermined by "H NMR using Ph3CH as internal
standard. °H-f zeolite.

Diels-Alder reactions of cyclopentadiene with
o,pB-unsaturated carbonyl dienophiles other than 2
including 3-buten-2-one (4), 2-ethylacrolein (5), and
t-butyl acrylate (6), were examined in the presence of
either H-f or Ni-MCM-41 (Table 4). H-f acted again
as reactive catalyst in the reactions with 4 and 5 to
give quantitative yields the exo/endo mixtures of the
corresponding cycloadducts although a prolonged
reaction time of 24 h was needed (entries 2 and 5,
reaction conditions were shown in the footnote of
Table 4), while Ni-MCM-41 was a little less reactive
in the reaction with 5 (entry 6). A bulky acrylate 6
(entries 8 and 9) and dienophiles bearing a
[B-substituent such as E-2-butenal, E-2-hexenal, cin-
namaldehyde, and £E-2-methyl-3-phenyl-2-propenal
were not reactive at all.

Catalyst (100 mg / mmol), Ph3CH and a dienophile (0.5 mmol
each), cyclopentadiene (2.5 mmol), at 0 °C in CDClj3, 24 h.

The dramatic and specific rate enhancement observed
in the reaction of 1 with 2, unlike the reactions to
other o,p-unsuturated carbonyl dienophiles 4-6,
would be due to the specifically high stabilization of
the transition structure or structurally similar reacting
species in the pore of H-f. If this is the case happened,
small structure difference of substrate should sharply
affect the reaction rate. Accordingly, we further ex-
amined the reaction of substituted cyclopentadiene
with 2 (Scheme 1). A low rate enhancement appeared
in the reaction of methylcyclopentadiene (7) with
methacrolein (2) under the catalysis of H-f at 0 °C,
giving a striking contrast to the case of cyclopentadi-
ene reaction. On the other hand, Ni-MCM-41 having
spacious pores and a protonic homogeneous catalyst
were found to be effective in the acceleration of the
reaction giving cycloadducts in 83 and 87% yields,
respectively. Thus, the small change of substrate
structure as seen in 7 caused only a negligible effect
in the reactions in open space of Ni-MCM-41, but the
serious inhibition of reaction happened in the
size-fitting pores of H-f.

Scheme 1.  Diels-Alder reactions of methylcyclopentadiene to

methacrolein over various catalysts.

CHO
@Me . Y
% Me
7

2

Catalyst (100 mg), Ph3CH (0.125 mmol), 2 (0.5 mmol), 7 (2.5
mmol), at 0 °C in CDCls.

Diels-Alder cycloadducts

Catalyst Time/h Yield/%?
none 26 trace
CF3COOHP 20 87
H-p 26 trace
Ni-MCM41 26 83

aDetermined by "H NMR based on the
internal standard PhsCH. °10 mol%.

Adsorption test for either cyclopentadiene (1) or
methacrolein (2) in the pore of H-f was investigated
at room temperature. Contrary to our expectation, the
less polar diene 1 was captured readily and the more
polar a,B-unsaturated aldehyde 2 was not adsorbed."
When 0.5 mmol of 1 was treated with 100 mg of H-f3
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in CDCI;, the zeolite gradually colored orange and
finally darkened in a period of 2 h with the weight
loss of 12% of 1 in the chloroform solution
(Scheme 2). Methylcyclopentadiene (7) was more
readily captured under the equivalent conditions with
rapid color change. Similar adsorption of diene 1 was
also observed with MCM-41 (Scheme 3, entry 1)

Scheme 2.  Weight percentage of dienes captured in the pore of

H-p zeolite.
Contact time Cyclopentadiene Methylcyclopentadiene

15 min 2 % 22 %
60 6 40
120 12

Conditions: H-p zeolite (100 mg), diene 1 (0.5 mmol),
PhsCH (0.125 mmol each) in CDClg (5 ml), rt.

The H-p and MCM-41, in which diene 1 had been
captured, were used in the catalytic activity test with
the reactions between 1 and 2 in CDCl; solutions, and
the extremely decreased catalytic activity was ob-
served for both catalysts (Scheme 3, entries 1 and 2).
This observation is inconsistent with the previously
reported case.'® On the other hand, Ni-MCM-41
maintained the initial reactivity even after it was used
for the adsorption test (entry 3). Reactivation of the
zeolites used for the adsorption test was difficult only
by heating at 200 °C in vacuo (23% in 18 h), indicat-
ing that diene 1 was tightly captured in the pore,
probably through some chemical reactions.'” With
these results, we think that diene 1, and 7 as well, was
activated in the pore of H-f and reacts with 2.

Scheme 3. Catalytic activity of H-[3 zeolite before and after the

capture of cyclopentadiene in the pore.
H-B zeolite (100 mg)
1 + 2 _— 3 + 3
2.5 mmol 0.5 mmol 0°C,22h

+H-B zeolite (100 mg), diene (0.5 mmol), CDCl3 (5 ml), rt, 24 h.

«The H-$ zeolite was separated, washed, and dried. This (100 mg/mmol)
was used as catalyst for the reaction 1.

«New H-B zeolite preactivated (100 mg/mmol) was used in the reaction 2.

Entry Zeolite Captured/% Reaction 1 Reaction 2 exo/endo?
1 H-p 65 17b quantb 83/17
2 MCM-41 61 14 56 78/22
3 Ni-MCM-41 10 88 88 83/17

aFor the reaction 2. PReaction time: 2 h.

In summary, zeolites such as Mtl-MCM-41, Ni-13X,
and B zeolites enhance the reaction rates of Di-
els-Alder reactions of cyclopentadiene and methylcy-
clopentadiene to o,p-unsaturated carbonyl com-
pounds. Especially effective was H-f3 zeolites such as
HSZ-940HOA, HSZ-930HOA, and SB-8. The reac-
tion of cyclopentadiene to methacrolein in the
presence of HSZ-940HOA at 0 °C is complete in less
than 1 h giving a quantitative yield of the corre-
sponding cycloadduct.

Acknowledgments

This work was financially supported by the Minis-
try of Education, Science, Sports and Culture,
Grant-in-Aid ~ for  Scientific =~ Research  (B),
17350049, 2005-2006.

References

1. (a) Lim H.; Lee J.; Jin S.; Kim J.; Yoon J.; Hyeon T. Chem.
Commun. 2006, 463-465. (b) Yang Q.; Ma S.; Li J.; Xiao F.;
Xiong H. Chem. Commun. 2006, 2495-2497. (c) Chen H.-T.;
Huh S.; Wiench J. W.; Pruski M.; Lin V. S.-Y. J. Am. Chem.
Soc. 2005, 127, 13305-13311. (d) Crudden C. M.; Sateesh
M.; Lewis R. J. Am. Chem. Soc. 2005, 127, 10045-10050. (e)
Macquarrie D. J.; Tavener S. J; Harmer M. A. Chem. Com-
mun. 2005, 2363-2365. (f) Kesanli B.; Lin W. Chem. Com-
mun. 2004, 2284-5. (g) Li L.; Shi J.-L.; Yan J.-N. Chem.
Commun. 2004, 1990-1991. (h) Jiang N.; Hu Q..; Reid C. S.;
Lu Y.; Li Chao-J. Chem. Commun. 2003, 2318-2319. (i)
Zhang J.-L; Liu Y.-L; Che C.-M. Chem. Com-
mun. 2002, 2906-2907. (j) Shimizu K.; Suzuki H.; Hayashi
E.; Kodama T.; Tsuchiya Y.; Hagiwara H.; Kitayama Y.
Chem. Commun. 2002, 1068-1069. (k) Tanev P. T.; Chibwe
M.; Pinnavaia T. J. Nature, 1994, 368, 321-323.

2. Murthy, Y. V. S. Narayana; Pillai, C. N. Synth. Commun.
1991, 21, 783-791.

3. Onaka, M.; Yamasaki, R. Chem. Lett. 1998, 259-260.

4. Gerstberger, G.; Palm, C.; Anwander, R. Chem. Eur. J. 1999,
5,997-1005.

5. Kugita, T.; Jana, S. K.; Owada, T.; Hashimoto, N.; Onaka,
M.; Namba, S. Applied Catalysis A:  Gen-
eral 2003, 241, 353-362 .

6. Onaka, M.; Hashimoto, N.; Kitabata, Y.; Yamasaki, R. 4p-
plied Catalysis A: General 2003, 241, 307-317 and references
cited therein.

7. Okachi, T.; Onaka, M. J. Am. Chem. Soc. 2004,
126,2306-2307.

8. Outer surface occupying ca 10% of the total surface of these
zeolites shows a lower catalytic activity than that of inner
surface of the pore.

9. The short distance diameter of cyclopentadiene is estimated
to be 6.5 A and that of methacrolein 6.3 A based on the
Chem3D-optimized structures.

10. Treatment of mesoporous silicas such as MCM-41 and
SBA-15 with trimethylaluminum gives the alumi-
num-modified framework part of which is further converted
to aluminate. Metal derivatives can be prepared by the con-
ventional cation-exchange procedure. However, the cationic
metal content of the metal modified mesoporous silica is usu-
ally very low.

11. Proton content of H-f} zeolite is estimated to be 0.025 mmol /
gram.

12. The dealuminated f3 zeolite can be prepared upon treatment of
H-p zeolite with strong acid solution. The small Si/Al ratio (=
894) shows that most of the aluminum, and therefore counter
protons, was eliminated by this conversion.

13. Both HSZ-940HOA and HSZ-930HOA were kindly supplied
by Tosoh Corporation.

14. BY-20, BY-40, and SB-8 prepared by us were all assigned to
btypes on the basis of the XRD analysis.,

15. Change of the concentrations of substrate in CDCl; solution
containing triphenylmethane as internal standard was meas-
ured by "H NMR analysis, before and after the treatment with
H-p.

16. Similar tight adsorption of diene 1 in Na-Y zeolite has been
reported: Imachi S.; Onaka, M. Tetrahedron Lett. 2004, 45,



204 L PN N

!
e

& BT WoE 208 W 364

o

4943-4946.

17. Weight loss of 65% and 61% was measured for diene 1 with
H-f and MCM-41, respectively, under the conditions shown
in Scheme 3. Solid NMR spectral analysis indicated that die-
nes 1 and 7 were probably captured through polymerization in
the pore.





