
TETRAHEDRON
LETTERS

Tetrahedron Letters 44 (2003) 7953–7956Pergamon

A new methodology of intramolecular hetero Diels–Alder
reaction with �-alkoxy-substituted conjugated nitroalkenes as
heterodienes: stereoselective one-pot synthesis of trans-fused

bicyclic �-lactones
Eiji Wadaa,* and Masahiko Yoshinagab

aInstitute for Materials Chemistry and Engineering, Kyushu University, 6-1 Kasugakoen, Kasuga 816-8580, Japan
bDepartment of Molecular and Material Science, Graduate School of Engineering Sciences, Kyushu University, 6-1 Kasugakoen,

Kasuga 816-8580, Japan

Received 18 July 2003; revised 29 August 2003; accepted 29 August 2003

Abstract—Tandem reaction of (E)-1-ethoxy-2-nitroethylene with �,�-unsaturated alcohols leading to stereoselective trans-fused
bicyclic �-lactones has been developed using a catalytic amount of a Lewis acid such as Yb(OTf)3 and Ni(ClO4)2·6H2O. This
process involves the stereoselective tandem transetherification–intramolecular hetero Diels–Alder reaction leading to bicyclic
nitronates, and sequential transformation of the nitronate moiety to a lactone functional group under similar reaction conditions
in good yields.
© 2003 Elsevier Ltd. All rights reserved.

Tandem reactions have emerged as a powerful method
for efficient and stereoselective construction of poly-
heterocyclic and polycarbocyclic skeletons.1 One most
remarkable example is the tandem Knoevenagel-
intramolecular hetero Diels–Alder (HDA) reaction,
which is useful for the construction of polyheterocycles.
Recently, we have developed a new type of tandem
reaction by the use of �-alkoxy-substituted �,�-unsatu-
rated carbonyl compounds and �,�-unsaturated alco-
hols as electrophilic heterodienes and nucleophilic
dienophiles, respectively. These tandem transetherifica-
tion–intramolecular HDA reactions proceed stereo-
selectively to afford functionalized trans-fused hydropy-

ranopyran derivatives.2 On the other hand, the syn-
thetic utility of nitroalkenes as heterodiene components
in inverse electron demand HDA reaction has been
extensively studied by Denmark.1d,3

As part of our research program aimed at the develop-
ment of an effective synthetic route in stereoselective
preparation of polyheterocycles, our attention has been
directed to investigation of the applicability of �-
alkoxy-substituted nitroalkenes as heterodiene compo-
nents in tandem reaction with unsaturated alcohols
mentioned above. It was found that this tandem reac-
tion proceeds in one flask as follows: (1) first, conjugate

Scheme 1. (a) Transetherification; (b) intramolecular hetero Diels–Alder reaction; (c) lactonization.
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addition of unsaturated alcohols to �-alkoxy-substi-
tuted nitroalkenes; (2) reversible elimination of alco-
hols; (3) intramolecular HDA reaction of the resulting
transetherified compounds A leading to bicyclic
nitronates B; (4) further transformation of B to bicyclic
�-lactones C as outlined in Scheme 1.

In this communication, we present the preliminary
results of Lewis acid-promoted stereoselective one-pot
synthesis of trans-fused bicyclic �-lactones 3 by way of
the expected tandem transetherification–intramolecular
HDA reaction and followed in tandem by transforma-
tion of a functional group using (E)-1-ethoxy-2-
nitroethylene 14 and prim-, sec-, and tert-�,�-
unsaturated alcohols 25 having two methyl substituents
at the terminal position (Scheme 2).6

The tandem reaction was investigated with nitroalkene
14 and 5-methyl-4-hexen-1-ol 2a as a model reaction.
The results are summarized in Scheme 2 and Tables
1–3. First, thermal reactivity was examined at 130°C for
70 h in o-dichlorobenzene to afford the corresponding
transetherified nitrodiene 4a (R1=R2=R3=H) as the
only trans-isomer in a poor 28% yield, which was inert
to thermal cycloaddition (entry 1 in Table 1). Thus,
suitable Lewis acid catalysts and reaction conditions
were sought to activate the nitroalkene function as
heterodiene. When TiCl4 (10 mol%) as a typical Lewis
acid was used in CH2Cl2, the reaction could not be
observed to proceed even after 17 h at room tempera-
ture (entry 2). On the other hand, it was found that use
of ytterbium triflate as a water- and alcohol-compatible
Lewis acid was very effective.7 The reaction with
equimolecular amounts of 1 and 2a proceeded
smoothly in CH2Cl2 at room temperature for 17 h in
the presence of Yb(OTf)3 (10 mol%) to afford the
corresponding trans-fused bicyclic �-lactone 3a instead
of the expected bicyclic nitronate 5a as a single isomer
in a moderate 47% yield (entry 3).6a The use of 1.5
equiv. alcohol 2a was not effective to increase the yield
of 3a (45%) (entry 4). When the amount of nitroalkene
1 was increased to 1.5 and 2.0 equivalents, the yield of
�-lactone 3a increased to 74 and 68%, respectively
(entries 5 and 6). It was also found that tri-
fluoromethanesulfonic acid (10 mol%) catalyzed the
sequential transformation to 3a in lower yield (13%)
along with transetherified nitrodiene 4a (28%) (entry 8).

The assignment of structure for 3a6a rests on the char-
acteristic IR stretch (1770 cm−1) and 13C NMR reso-
nance (171.59 ppm) for �-lactone. The stereochemistry
at the junction of 3a was estimated to be trans based on
the large vicinal coupling constant for J1–6 (12.2 Hz) by
1H NMR spectrum analysis. Further, the stereostruc-
ture of 3a has been established by X-ray diffraction
analysis (Fig. 1).8

Next, the influence of the solvent on both reactivity and
chemical yield of 3a was investigated with 1.5 equiv. of
nitroalkene 1 in the presence of Yb(OTf)3 (10 mol%) as
a catalyst. When CH2Cl2 was the solvent better results
were obtained than in 1,2-dichloroethane, MeCN,

Table 1. The tandem reaction of nitroalkene 1 with 5-
methyl-4-hexen-1-ol 2a leading to trans-fused �-lactone 3aa

Catalyst Yield (%) of 3abEntry Equiv. of 1

1c – 1 (28)d

TiCl42 1 –e

3 Yb(OTf)3 1 47
0.7 45Yb(OTf)34

741.55 Yb(OTf)3

2Yb(OTf)3 686
7 (28)dCF3CO2H 1

1CF3SO3H 13 (28)d8

a Unless otherwise noted, all reactions were performed in CH2Cl2 for
17 h at rt in the presence of 10 mol% of catalyst.

b Yield of isolated products.
c The reaction was carried out at 130°C for 10 h in o-dichlorobenz-

ene.
d Yield of transetherified nitrodiene 4a is shown in parentheses.
e The progress of the reaction was not observed.

Table 2. Solvent effect in the tandem reaction of 1 with
2a leading to 3aa

Yield (%) of 3abSolventEntry Time

20ClCH2CH2Cl 611
MeCN 26 442
EtOH3 26 30
t-BuOMe 604 30
THF5 60 34

a All reactions were performed using 1.5 equiv. of 1 in the solvent
shown at rt in the presence of 10 mol% of Yb(OTf)3.

b Yield of isolated product.
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Table 4. The tandem reaction of 1 and 2b–d leading to
3b–da

Entry Time (h)Alcohol Lewis acid Yield (%) of 3b

1 Yb(OTf)32b 17 3b 55
3c 652 40Yb(OTf)32c

2c Ni(ClO4)2·6H2O3 30 3c 68
43 3d 384 2d Yb(OTf)3

Ni(ClO4)2·6H2O 3d 512d 305

a All reactions were performed by use of 1.5 equiv. of 1 in CH2Cl2 at
rt in the presence of 10 mol% of Lewis acid.

b Yield of isolated product.

Table 3. The tandem reaction of 1 and 2a leading to 3a
with several Lewis acidsa

Yield (%) of 3abEntry Time (h)Lewis acid

Sc(OTf)3 30 521
Hf(OTf)42 17 35

38 47Cu(OTf)23
Yb(OTf)3·nH2O4 17 62

5 30Cu(ClO4)2·6H2O 26
Zn(ClO4)2·6H2O6 5430
Ni(ClO4)2·6H2O7 7230

a All reactions were performed by use of 1.5 equiv. of 1 in CH2Cl2 at
rt in the presence of 10 mol% of Lewis acid.

b Yield of isolated product.

stereoisomer was confirmed to be the 1,3-cis-1,6-trans
structure. Additionally, the large vicinal coupling for
J3–4 (12.3 Hz) indicates the axial position of H-3. The
reaction with the bulky tertiary alcohol 2d also took
place to afford trans-fused 3d (for J1–6=12.8 Hz) and
better yield was obtained with Ni(ClO4)2·6H2O (53%)
than with Yb(OTf)3 (38%) as a catalyst (entries 4 and
5).

In the course of our investigation, the reaction pathway
for the formation of stereoselective bicyclic �-lactones 3
still remained as an unsolved problem. It can be easily
predicted that �-lactones 3 could be obtained from
bicyclic nitronates 5 via the hydrolytic process by the
action of a strong acid generated from the Lewis acids
with a small amount of water existing in both
nitoroalkene 14 and the Lewis acid.10 Therefore, molec-
ular sieves (MS) 4 A� was used as a dehydration agent
to remove this small amount of water existing in the
reaction mixture in order to prevent the acid-induced
transformation.11 This anticipation indeed proved to be
correct. When the reaction of nitroalkene 1 with alco-
hol 2a was allowed to react in CH2Cl2 at room temper-
ature for 17 h in the presence of Yb(OTf)3 (10 mol%)
and MS 4 A� (500 mg/mmol), the corresponding trans-
fused bicyclic nitronate 5a was obtained as a single
stereoisomer in 87% yield. The structure of 5a was
established by extensive spectroscopic analysis.6b The
stereochemistry at the junction of 5a was estimated to
be trans based on the large vicinal coupling constant for
J4a–8a (10.4 Hz) by 1H NMR spectrum analysis. The
trans structure arises from the exo-E-anti transition
state of the transetherified intermediate 4a (Scheme 1),
which is well-documented.1,12b Transformation of cyclic
nitronate 5a to �-lactone 3a with retention of trans-
stereochemistry at the junction was achieved success-
fully in 71% yield by treatment with 1 mol% of
trifluoroacetic acid in CH2Cl2 at room temperature
within 5 min (Scheme 3).3b,12 These results indicate that
a strong acid moiety plays an important role in trans-
formation of six-membered nitronates to �-lactones,
while details of the mechanism are still unclear.

In summary, we have developed a Lewis acid-promoted
stereoselective one-pot synthesis of bicyclic �-lactones
by using (E)-2-ethoxy-1-nitroethene and �,�-unsatu-
rated alcohols. This new methodology of tandem reac-

Figure 1. The stereo ORTEP drawing of 3a.

EtOH, tert-butyl methyl ether, or THF (entry 5 in
Table 1 versus entries 1�5 in Table 2). In addition,
several metal triflates and metal salt hydrates were
tested as Lewis acid catalysts (each 10 mol%) in CH2Cl2
and were found to be effective promoters of the tandem
reaction leading to 3a. They include Sc(OTf)3,
Hf(OTf)4, Cu(OTf)2, Yb(OTf)3·nH2O, Cu(ClO4)2·6H2O,
Zn(ClO4)2·6H2O, and Ni(ClO4)2·6H2O. The results, col-
lected in Table 3 show that Ni(ClO4)2·6H2O catalyst
gave 3a (72%) in the best yield (entry 7), which is
comparable to that with Yb(OTf)3 (74%) as catalyst
(entry 5 in Table 1).

Then, the generality of the present one-pot formation
of bicyclic �-lactone was investigated by using several
alcohols 2b–d as nucleophilic dienophiles under the
most suitable conditions at room temperature in the
presence of 10 mol% of the Lewis acid catalyst. The
results are summarized in Table 4. The reaction with
primary alcohol 2b having additional dimethyl sub-
stituents at the tether proceeded smoothly at room
temperature in the presence of Yb(OTf)3 to afford the
corresponding trans-fused �-lactone 3b (J1–6=12.8 Hz)9

as a single stereoisomer in 55% yield (entry 1). The
reaction with secondary alcohol 2c in the presence of
both Yb(OTf)3 and Ni(ClO4)2·6H2O as catalyst also
proceeded to afford the corresponding �-lactone 3c9 as
a single stereoisomer in 65% and 68% yields, respec-
tively (entries 2 and 3). The stereostructure of 3c was
determined on the basis of the 1H NMR spectrum:
based on the large vicinal couplings for J1–6 (12.3 Hz)
as well as notable NOEs between H-1/H-3, the
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tion also involves a new type of intramolecular HDA
reaction of nitroalkenes as heterodienes, which provides
stereochemically defined bicyclic nitronates. Further-
more, it is noteworthy that a catalytic amount of the
metal triflates is enough to complete the cycloaddition
reactions with nitroalkenes, because it has been well-
known that more than stoichiometric amounts of Lewis
acids are needed in similar reactions.3 Currently, efforts
are under way to probe the scope and limitations of this
new stereoselective sequential transformation reaction.
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