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Abstract—Montmorillonite K10 clay was found to catalyze the hetero-Diels–Alder reaction of 2,3-dimethyl-1,3-butadiene with o-
anisaldehyde and other benzaldehyde derivatives; a transition state involving chelation of the clay’s metal ions with the dienophile’s
heteroatoms is proposed.
� 2007 Elsevier Ltd. All rights reserved.
Construction of the dihydropyran ring system via het-
ero-Diels–Alder reactions that employ aldehydes as
dienophiles is well precedented and has been featured
in the synthesis of a wide variety of natural products.1,2

There have been numerous reports on the hetero-Diels–
Alder reaction of aldehydes with activated dienes (such
as Danishefsky’s diene and the like) or with nonactiva-
ted simple dienes under forced conditions.3 The reaction
of aldehydes with simple, nonactivated dienes under
mild conditions, however, is much less well precedented,
and the use of electron-rich benzaldehydes as dieno-
philes has not been reported.4 Herein we describe a
novel, Montmorillonite clay-catalyzed hetero-Diels–Alder
reaction of o-anisaldehyde and other benzaldehyde
derivatives with 2,3-dimethyl-1,3-butadiene (1 + 2!3,
Scheme 1).
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Scheme 1. Montmorillonite clay-catalyzed hetero-Diels–Alder reaction.
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A recent work in our laboratories has shown that Mont-
morillonite clays are effective natural catalysts for the
synthesis of heterocyclic compounds like benzopyrans5

and chromenes6 under mild conditions. In an effort to
further broaden the repertoire of applications of clays
as environmentally benign catalysts for organic reac-
tions, we investigated the hetero-Diels–Alder reaction
of 2,3-dimethyl-1,3-butadiene (1) with benzaldehyde
derivatives (2a–l). Preliminary experiments, which were
conducted with benzaldehyde (1.1 mmol) and 2,3-di-
methyl-1,3-butadiene (1.0 mmol) in refluxing carbon
tetrachloride with Montmorillonite K10 clay (1 equiv
by weight), were minimally encouraging. Only about
10% conversion to the desired Diels–Alder adduct was
observed, along with unreacted benzaldehyde and
dimerized diene. We found that preheating the clay to
110 �C for 1 h prior to conducting the reaction made
for a more active Lewis acid catalyst and resulted in
an improved conversion of reactants to the desired
Diels–Alder adduct, though dimerization was still a
competing side reaction. Heating the clay to even higher
temperatures (200 �C, 1 h) provided an even more active
catalyst, presumably due to the collapse of the clay’s
interlayer structure as water is extruded, with subse-
quent decrease in Bronsted acidity and increase in Lewis
acidity.7 We found that this more activated clay pro-
moted much better conversion to the desired product
and successfully suppressed dimerization of the diene.

We next surveyed a variety of substituted benzalde-
hydes to determine the reaction scope (Table 1). Inter-
estingly, the best percent conversions were observed for
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Table 1. Reaction scope

Entry Aldehyde Time (min) Product4 % Conversiona

1 Benzaldehyde (2a) 60 3a 52
2 o-Anisaldehyde (2b) 60 3b 81
3 o-Ethoxybenzaldehyde (2c) 60 3c 25
4 o-Fluorobenzaldehyde (2d) 15 3d 49
5 o-Chlorobenzaldehyde (2e) 60 3e 34
6 o-Bromobenzaldehyde (2f) 60 3f 68
7 o-Cyanobenzaldehyde (2g) 24 3g 22
8 o-Nitrobenzaldehyde (2h) 60 3h 75
9 o-Tolualdehyde (2i) 60 3i 7

10 p-Anisaldehyde (2j) 60 3j <1
11 p-Chlorobenzaldehyde (2k) 24 3k 56
12 p-Nitrobenzaldehyde (2l) 24 3l 56

a Measured by GC–MS.
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benzaldehyde derivatives with electronegative substitu-
ents in the ortho position, in particular o-anisaldehyde,
which we surmise allows for transition-state stabiliza-
tion involving possible chelation of the clay’s metal
ions with aldehyde oxygen (4, Fig. 1). Apparently,
the stabilizing interaction of the aldehyde’s ortho-
substituent with the clay compensates for electronic
deactivation, especially with substrates like 2b, for
which hetero-Diels–Alder reactions have until now
been absent from the literature. Minimal Diels–Alder
reaction observed with o-tolualdehyde (2i), for which
chelation is not possible, further supports our proposal
XO
M

4

X = -OCH3, -F, -Cl, -Br, OCH2CH3

M = Activated Montmorillonite K10

Figure 1. Proposed hetero-Diels–Alder transition state.
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Figure 2. Clay titration.
for possible transition-state stabilization via coordi-
nation of the clay with the aldehyde oxygen and
electron-rich ortho-substituents.

In order to further optimize the desired reaction, we next
investigated the effect of the relative amount of clay used
on the hetero-Diels–Alder reaction of o-anisaldehyde
(2b) with 2,3-dimethy-1,3-butadiene (1). The reaction
was run with increasing amounts of clay and a sharp
increase in percent conversion to 3b was observed with
1.4–2.0 mass equiv of clay relative to aldehyde (Table 2
and Fig. 2). Thus, the reaction appeared to work best
Table 2. Clay titration

Entry Relative amount of clay by mass % Conversiona

1 0.2 10
2 0.4 23
3 1.0 14
4 1.2 34
5 1.4 73
6 1.6 72
7 1.8 79
8 2.0 81

a Measured by GC–MS.
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Scheme 2. Clay-catalyzed trimerization of aliphatic aldehydes.
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with clay that was activated at 200 �C for 1 h and used
in twofold mass excess relative to the aldehyde.

Attempts to carry out similar reactions with less substi-
tuted dienes, such as isoprene, were only minimally suc-
cessful, giving some of the desired Diels–Alder adducts
but larger amounts of products of higher molecular
weights. The use of aliphatic aldehydes, such as propi-
onaldehyde and butyraldehyde (5, Scheme 2), as the
dienophile component resulted not in the formation of
the Diels–Alder adducts, but gave predominantly the
corresponding trioxane products (6). We are currently
investigating the clay-catalyzed trimerization of ali-
phatic aldehydes, which will be reported in a separate
Letter.

As ‘green chemistry’ becomes more prevalent in organic
synthesis,8–14 environmentally benign clays are becom-
ing attractive alternatives to more toxic Lewis acid cat-
alysts for an array of reactions,15,16 and optimization
of conditions for their use is necessary. The work re-
ported here has proven important in our ongoing efforts
to demonstrate the utility of Montmorillonite clays in
organic synthesis, and may prove useful for others as
well. We are currently investigating the additional appli-
cations of clays as catalysts for organic reactions.

A representative experimental procedure for the clay-
catalyzed hetero-Diels–Alder follows for 3b: Montmo-
rillonite K10 clay (50 mg) was measured into a vial
and heated in an oven at approximately 200 �C for
1 h. The activated clay was transferred to a desiccator
and allowed to cool to room temperature. To the clay
was added 0.1 mL CCl4, followed by 0.11 mmol o-anis-
aldehyde. The mixture was allowed to sit for about
5 min. Then, 2,3-dimethyl-1,3-butadiene (0.10 mmol)
was added via pipette. The reaction mixture was allowed
to sit at room temperature for 1 h, then filtered to re-
move the clay. Solvent was removed under vacuum
and the product isolated as a pale yellow oil (15 mg,
94% based on the recovered starting material) and ana-
lyzed by IR and NMR spectroscopy and GC–MS.17
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