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Abstract: Aza-Diels±Alder reactions of Danishef-
sky×s diene with imines in water took place smoothly
in the presence of a catalytic amount of silver triflate
to afford dihydro-4-pyridones in high yields. The
silver triflate-catalyzed three-component reactions
starting from aldehydes, amines, and Danishefsky×s
diene were also performed efficiently. In the three-
component reactions with benzaldehyde, the addition
of a non-ionic surfactant was found to be effective.
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The increasing interest in the development of organic
reactions in aqueous media is easily justified by eco-
nomical, environmental, and safety issues. Thus, many
aqueous reactions have been reported recently.[1] On the
other hand, aza-Diels±Alder reactions provide a power-
ful methodology for the construction of nitrogen-con-
taining six-membered ring compounds.[2] While recent
progress has been made in a number of Lewis acid-
catalyzed aza-Diels±Alder reactions in organic sol-
vents,[3±5] asymmetric versions using chiral catalysts
have been also reported.[6] Meanwhile, aza-Diels±Alder
reactions in water have been limited to the use of
iminiumsalts andwater-stable dienes.[1a,7] In the case of a
water-sensitive reagent such as Danishefsky×s diene,[8]

Br˘nsted acids have been used to catalyze this reac-
tion.[9] Considering the difficulty to attain mild reaction
conditions as well as to design active chiral Br˘nsted
acid catalysts, asymmetric aza-Diels±Alder reactions in
water would be then mostly restricted to a chiral
auxiliary methodology. In our effort to develop organic
reactions in aqueous media, we have already demon-
strated that some Lewis acids are effective catalysts for
several carbon-carbon bond-forming reactions.[10] To
our best knowledge, except for aza-Diels±Alder reac-
tions of iminium salts and alkyldienes promoted by
lanthanides,[11] no example of aza-Diels±Alder reactions
of Danishefsky×s diene and imines catalyzed by a Lewis
acid inwater has been yet reported in the literature. This
communication reports our investigations on aza-Diels±
Alder reactions in water withDanishefsky×s diene in the

presence of a silver catalyst to afford dihydro-4-pyr-
idones in high yields. Furthermore, silver triflate-
catalyzed three-component reactions starting from
aldehydes, amines, and Danishefsky×s diene have also
been efficiently performed.
In our preliminary study, silver triflate (AgOTf) was

found to mediate an aza-Diels±Alder reaction in
aqueous media (Table 1, entry 2),[12] while no reaction
proceeded without a catalyst (entry 1). Although some
other Lewis acids were similarly effective,[13] silver
catalysts appeared to be suitable candidates in terms
of yields.[14]As shown inTable 1, a surveyof thenature of
silver catalysts confirmed that only AgOTf and AgClO4
provided the highest yields in THF/water (entries 2 and
3). While lower yields were achieved with AgNO3,
AgSbF6, or AgBF4 (entries 4, 7, and 8), no reaction
occurred with Ag2CO3 or AgOAc (entries 5 and 6).
Since our final interest is to perform organic reactions

in water without using organic co-solvents, we then
examined aza-Diels±Alder reactions in water as the sole
solvent. The aza-Diels±Alder reaction of imine 1a with
Danishefsky×s diene proceeded sluggishly without a
catalyst (Table 2, entry 1), even though 1H NMR
analysis showed that approximately half of Danishef-
sky×s diene still remained after one hour at room
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Table 1. Silver catalysts for aza-Diels±Alder reaction of
Danishefsky×s diene with imine 1a in THF/water.
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temperature.On the other hand, the reaction proceeded
smoothly in the presence of 10 mol % AgOTf to afford
the dihydropyridone in 83% yield (entry 2). Moreover,
it was revealed that the aza-Diels±Alder reaction using
Danishefsky×s diene in water was even more efficient
than that in THF/water. The main reason for this high
efficiency in water is probably the slower hydrolysis of
the Danishefsky×s diene under heterogeneous reaction
conditions, which prevents formation of side products.
The aza-Diels±Alder reactions using Danishefsky×s
diene were then investigated with a range of imines in
water in the presence of 10 mol % of AgOTf. As shown
in Table 2, the reactions with all imines 1a ± f afforded
the corresponding cycloadducts in good to excellent
yields. In some cases, the use of 3 equivalents of
Danishefsky×s diene improved the yields.
Three-component reactions starting from aldehydes,

amines, and nucleophiles are synthetically useful not
only because unstable imines can be generated in situ,
particularly those derived from aliphatic aldehydes, but
also the procedures are simplified. Accordingly, the
three-component reaction starting from benzaldehyde,
aniline, and Danishefsky×s diene was investigated with
AgOTf in water. The aldehyde was first allowed to react
with the amine in water in the presence of 10 mol % of
AgOTf at room temperature, and Danishefsky×s diene
was introduced successively. Only a trace amount of the
desired cycloadduct was observed when the diene was
added in one portion in the three-component reaction.
However, slow addition of Danishefsky×s diene to the
mixture of the aldehyde and the amine over 45 ± 60 min

improved the yield dramatically, while the addition time
of the diene did not affect the yields significantly in the
two-component aza-Diels±Alder reactions. Also, an
excess of benzaldehyde to the amine, to facilitate the
equilibrium formation of the imine in water, was found
to increase the yield (Table 3, entry 1). Interestingly, the
addition of 10 mol % Triton X-100, a non-ionic
surfactant, further improved the yield to 80% (entry
2). The role of the surfactant is believed to help the
formation of the imine in water, since the addition of 10
mol % of Triton X-100 did not improve the yield in the
two-component reaction. Furthermore, an opposite
effect was observed for aliphatic aldehydes. Indeed,
the three-component aza-Diels±Alder reaction with
cyclohexanecarboxaldehyde gave 70% yield, while a
moderate result was obtained in the presence of Triton
X-100 (entries 5 and 6). It is noteworthy that the three-
component protocol was successfully performed in the
reactions of aromatic and aliphatic aldehydes, and that
the use of a slightly excess amount of the diene gave
good to high yields of the desired adducts.
In conclusion, the aza-Diels±Alder reactions of Dan-

ishesky×s diene with imines have been found to proceed
efficiently in water in the presence of a catalytic amount
of AgOTf at room temperature to give the correspond-
ing dihydro-4-pyridone derivatives in high yields. Three-
component reactions of aldehydes, amines, and the
dienewere also conducted inwater using a slow addition
procedure of the diene. In the three-component reac-
tions of benzaldehyde, yields were improved with the
aid of a non-ionic surfactant Triton X-100. Further
investigations on asymmetric aza-Diels±Alder reactions
with a silver salt in water are under progress.

Table 2. AgOTf-catalyzed aza-Diels±Alder reactions of Da-
nishefsky×s diene with imines in water.

Table 3. AgOTf-catalyzed three-component aza-Diels±Alder
reactions in water.[a]
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Experimental Section

Typical Procedure for Aza-Diels±Alder Reaction in
THF/Water

Silver triflate (AgOTf, 7.7 mg, 0.03 mmol) and N-benzylide-
neaniline 1a (54.4 mg, 0.3 mmol) were placed in a 5-mL round-
bottom flask covered by aluminum foil. THF (0.54 mL), water
(60 �L), andDanishefsky×s diene (66 �L, 0.33mmol) were then
added successively.After stirring for 16 h at room temperature,
the reaction mixture was treated with 2 mL of a saturated
NaHCO3 solution. The aqueous phase was extracted with
CH2Cl2 and the combined organic phases were dried over
Na2SO4. Purification of the crude mixture by preparative TLC
(silica gel) afforded the cycloadduct 2a in 63% yield.

Typical Procedure for Aza-Diels±Alder Reaction in
Water

In a 5-mL round-bottom flask covered by aluminum foil was
placed AgOTf (7.7 mg, 0.03 mmol) and N-benzylideneaniline
1a (54.4 mg, 0.3 mmol). Water (0.6 mL) and Danishefsky×s
diene (90 �L, 0.45 mmol) were then added successively. After
stirring for 2 ± 3 h, the reaction mixture was diluted with water,
and the organic materials were extracted with CH2Cl2. The
organic phases were combined and dried over Na2SO4.
Purification of the crude mixture by preparative TLC (silica
gel) afforded the cycloadduct 2a in 83% yield.

Typical Procedure for the Three-Component Aza-
Diels±Alder Reaction in Water

In a 5-mL round-bottom flask covered by aluminum foil was
placedAgOTf (7.7mg, 0.03mmol).After introductionofwater
(0.6 mL), benzaldehyde (46 �L, 0.45mmol) and aniline (27 �L,
0.3 mmol) were sequentially introduced. Danishefsky×s diene
(90 �L, 0.45 mmol) was then added dropwise over 45 ± 60 min.
After stirring for 2 h, the reaction mixture was diluted with
water, and the organic materials were extracted with CH2Cl2.
Theorganic phaseswere combinedanddried overNa2SO4.The
purification of the crudemixture by preparative TLC afforded
the cycloadduct 2a in 80% yield.
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