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Abstract—A novel asymmetric tandem transetherification–intramolecular hetero Diels–Alder reaction of methyl (E)-4-methoxy-2-
oxo-3-butenoate with �,�-unsaturated alcohols has been found to be catalyzed by optically active complexes based on
bis(oxazoline) (box) chiral ligands and copper(II) cations. The catalyst derived from the (S,S)-tert-Bu-bis(oxazoline) and
Cu(SbF6)2 in the presence of 5 A� molecular sieves was highly effective to afford corresponding trans-fused hydropyranopyran
derivatives in good yield (up to 90%) with high enantiomeric excess (up to 98% ee). © 2002 Elsevier Science Ltd. All rights
reserved.

The hetero Diels–Alder (HDA) reaction of �,�-unsatu-
rated carbonyl compounds with electron-rich alkenes is
a convenient synthetic procedure for the construction
of heterocyclic compounds.1 In recent years an inten-
sive effort has been undertaken toward the develop-
ment of catalytic enantioselective interemolecular HDA
reactions.2 However, intramolecular HDA reaction is
still a relatively unexplored field and only very few
reactions have been reported. Examples include the
intramolecular hetero Diels–Alder reactions of 1-oxa-
1,3-butadienes, which are obtained in situ by a Knoeve-
nagel condensation of N,N-dimethylbarbituric acid and
the aromatic aldehydes possessing a dienophile moiety.
The cycloaddition of these molecules has been carried
out in the presence of an excess of diisopropylideneglu-
cose–titanium complex as chiral catalyst (30–88% ee).3

Recently, we have developed a new type of intramolec-
ular HDA reaction of 1-oxa-1,3-butadienes, which are
obtained in situ by a transetherification under thermal
conditions of �-alkoxy-substituted �,�-unsaturated car-
bonyl compounds, activated with an additional elec-

tron-withdrawing substituent, and �,�-unsaturated
alcohols.4 This tandem transetherification–intramolecu-
lar HDA reaction proceed stereoselectively to afford
trans-fused hydropyranopyrans. This new methodology
of an intramolecular HDA reaction is useful as an
effective synthetic route in the stereoselective prepara-
tion of fused heterocycles. Thus, our attention was
directed to the development of enantioselective trans-
formation of this new type of tandem reaction process
by the use of chiral Lewis acid catalysts.

Here, we present the preliminary results of the enan-
tioselective tandem transetherification–intramolecular
HDA reaction by the use of methyl (E)-4-methoxy-2-
oxo-3-butenoate 1 and primary- and tertiary-�,�-unsat-
urated alcohols 2a–c in the presence of catalytic
amounts of chiral Lewis acid catalysts A–E (Scheme 1).
We began our study by examining the enantioselectivity
of intramolecular HDA reaction with enone 3a in order
to find a suitable chiral Lewis acid catalysts. The enone
3a was isolated as the E-isomer in 70% yield by the
transetherification of enone 1 with 5-methyl-4-hexen-1-
ol 2a (2 equiv.) at 40°C with removal of methanol in
vacuo at 40 mm/Hg. The cyclization of 3a was exam-
ined with chiral Lewis acid catalysts such as titanium–
TADDOLate and bis(oxazoline)–copper(II) complexes,
which are known to be effective catalysts in the enan-
tioselective intermolecular HDA reaction of 1-oxa-1,3-
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Scheme 1.

butadienes with vinyl ethers.2 The results are summa-
rized in Table 1.

At first the cyclization of enone 3a using 10 mol% of
titanium–TADDOLate catalysts A and B was carried
out in CH2Cl2 in the range of room temperature to
−78°C. The corresponding intramolecular HDA adduct
4a was obtained as a single stereoisomer with 4a,8a-
trans-configuration (J8a–4a=9.9 Hz) in moderate to
good yields (41–70%), but enantioselectivity was not
observed (entries 1–4).

Next, the cyclization of 3a was investigated with bis(ox-
azoline)–Cu(II) complexes as catalysts at room temper-
ature. When (S,S)-t-Bu-Box-CuX2 C (X=OTf) and D
(X=SbF6) were used as catalysts, the racemic cycload-
duct 4a was obtained (entries 5 and 6). These results
indicate that the formation of racemic 4a is caused by
the action of a strong acid generated from the Lewis
acids [Cu(OTf)2 and Cu(SbF6)2] contaminated with a
small amount of water, as it was found that methane-
sulfonic acid (10 mol%) catalyzes the sequential trans-
formation of enone 1 with alcohol 2a leading to

Table 1. Asymmetric intramolecular HDA reaction of transetherified enone 3a with chiral catalysts A–E leading to hydropy-
ranopyran 4aa

Yield (%)cTime (h)Temp. (°C)AdditivebCatalystEntry % eed

– rt1 0.5A 70 0
– −252 24A 75 0

0722−403 –B
– −784 86B 41 0

C – rt5 96 75 0
3821rt6 –D

C 4 A� MS rt7 96 50 (15) 73
5 A� MS rt 248 83C 55

D 4 A� MS rt9 96 12 (63) 93
D 5 A� MS rt10 1 63 96
D 5 A� MS 011 1.5 71 98

8124−405 A� MSD12 98
51 (5)96rt4 A� MS13 E 13e

48rt5 A� MS 51E14 14e

a All reactions were performed in the presence of catalysts A–E (10 mol%) in CH2Cl2.
b 0.5 g/mmol weight of 4 A� MS and 5 A� were used as additive.
c Yields of isolated cycloadduct 4a. Yields of the recovered 3a are in parenthesis.
d Determined by chiral HPLC analysis (DAICEL CHIRALPAK AD).
e The sense of enantioselectivity is reversal.
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racemic 4a (76%) in 15 minutes at room temperature.
Therefore, molecular sieves (MS) was used as a dehy-
dration agent to remove this small amount of water
existing in the reaction mixture in order to prevent the
acid-induced cyclization.5

When the cyclization of 3a was performed with catalyst
C in the presence of 4 A� MS, it took a long time to
obtain 4a in moderate yield (96 h, 50% and 15% of
unchanged 3a) with good enantioselectivity (73% ee)
(entry 7). When 5 A� MS was used as an additive, the
same reaction showed complete conversion within 24 h
to afford 4a (83%, 55% ee) (entry 8). By the use of
catalyst D in the presence of 4 A� MS, the reaction was
too slow (96 h, 12 and 63% of unchanged 3a), but the
enantioselectivity was increased (93% ee) (entry 9). Sur-
prisingly, the presence of 5 A� MS forced the reaction to
completion within 1 h to afford 4a with high enantiose-
lectivity (63%, 96% ee) (entry 10). Under the same
catalytic conditions, the reaction proceeded smoothly
even at lower temperature to afford 4a with more
satisfactory results (71%, 98% ee at 0°C; 81, 98% ee at
−40°C) (entries 11 and 12). The reaction catalyzed by
(S,S)-Ph-Box-Cu(SbF6)2 E in the presence of MS also
proceeded to afford 4a having opposite absolute stereo-
chemistry with poor enantioselectivity (13 and 14% ee)
(entries 13 and 14).2b–g As described above, we fortu-
nately found that (S,S)-t-Bu-Box-Cu(SbF6)2 D in com-
bination with 5 A� MS was highly effective Lewis acid
catalyst for both reactivity and enantioselectivity in the
intramolecular HDA reaction of 3a.

The catalytic system using catalyst D and MS was
applied to the sequential transformation reaction of
enone 1 (1.5 equiv.) and alcohols 2a–c leading to 4a–c.
The results are summarized in Table 2.7 It again
became apparent that the presence of 5 A� MS (0.5
g/mmol) is essential to attain 4a in high yield with high
enantioselectivity in the reaction of 1 with 2a (76%,

97% ee) using D as catalyst (entry 4 versus entries 1, 2,
3, and 5). The reaction with 2b having a gem-dimethyl
substituent at C-2 position at room temperature
afforded a mixture (4b:5=96:4) of trans-fused 4b (J8a–4a

=10.1 Hz) and cis-fused 5 (J8a–4a=6.4 Hz) in 62%
combined yield with high enantioselectivity (94% ee) of
4b (entry 6). When this reaction was carried out at
lower temperature, the chemical yields, enantioselectivi-
ties of 4b, and stereoselectivities were improved (90%,
95% ee, 4b:5=98:2 at 0°C; 83%, 98% ee, 4b:5=>99:<1
at −20°C) (entries 7 and 8). Furthermore, the reaction
with bulky tertiary alcohol 2c proceeded slowly to
afford trans-fused 4c (J8a–4a=9.9 Hz) with high enan-
tioselectivities (92–98% ee) and showed that the chemi-
cal yield was dependent on the amount of 5 A� MS
added. The chemical yields of 4c after 96 h are 34, 63,
and 74% in the presence of 0.5, 1, and 2 g of 5 A� MS,
respectively (entries 9–11). When 5 equiv. of 2c was
used, this reaction proceeded smoothly to afford 4c (24
h, 69%, 98% ee) (entry 12). In the course of our
investigation, MS has been found to act as absorbent of
H2O and/or acid moiety, however, the reason for the
novel observation of the significant difference of 4 A�
MS and 5 A� in the catalytic activity aid on the chemical
yield, catalyst D is used, is unclear.6,8

The absolute configuration of cycloadducts 4a–c
obtained, when using C and D as catalyst, is assumed
to be 4aS,8aR, based on the previously proposed model
for asymmetric induction of intermolecular HDA with
catalyst C and D.2b–g The sense of asymmetric induc-
tion can be rationalized by assuming that the vicinal
carbonyl functionalities of transetherified enone 3 coor-
dinates to the copper(II) center in bidentate fashion
leading to a square-planar intermediate, in which the
re-face of the reacting enone is available for an
intramolecular approach of the si-face of alkene with
an exo-E-anti conformation (TS-6 in Scheme 1).

Table 2. Asymmetric tandem transetherification–intramolecular HDA reaction of enone 1 with alcohols 2a–c leading to
hydropyranopyrans 4a–c by the use of chiral catalyst Da

Entry Time (h)Alcohols 2a–c Temp. (°C)Additive (0.5 g/mmol) Yield of 4a–c (%)b % eec

2a – rt1 7 4a 65 0
2 4a 22 (40)168rt4 A� MS 922a

rt5 A� MSd2a 73 4a 88 30
974 4a 767rt5 A� MS2a

5 A� MSd 4a 715 7rt2a 97
946 4b 622b 0.5rt5 A� MS

2b 955 A� MS 0 2 4b 907
2b 985 A� MS −20 18 4b 838

924c 34969 rt5 A� MS2c
10 2c 5 A� MSd rt 96 4c 63 98

2c 5 A� MSd rt11 96 4c 74 98
4c 6924rt5 A� MS2c 9812e

a Unless otherwise noted, all reactions were performed with 1 (1.5 equiv.) and 2a–c using 10 mol% of the chiral Lewis acid catalyst D in CH2Cl2
in the presence of MS.

b Yield of isolated cycloadduct 4a–c. Yield of transetherified 3a is in parenthesis. The cycloadduct 4b was obtained as a mixture with cis-fused
5; 4b:5=96:4, 98:2, and >99:<1 (entries 6, 7, and 8, respectively).

c Determined by chiral HPLC analysis (4b: Daicel Chiralcel OD-H, 4c: Daicel Chiralpak AD).
d 5 A� MS: 0.25, 0.75, 1 and 2 g/mmol (entries 3, 5, 10 and 11, respectively).
e 5 equiv. of alcohol 2c was used.
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In summary, a new type of catalytic enantioselective
tandem transetherification–intramolecular HDA reac-
tion leading to enantiomerically enriched hydropyra-
nopyrans has been achieved successfully by using
methyl (E)-4-methoxy-2-oxo-3-butenoate and �,�-
unsaturated alcohols in the presence of (S,S)-t-Bu-Box-
Cu(SbF6)2 D (10 mol%) and 5 A� MS. To the best our
knowledge, this is the first report of a highly effective
asymmetric intramolecular HDA reaction with inverse
electron demand by the use of a catalytic amount of
chiral Lewis acid. Currently, efforts are under way to
probe the scope and limitations of this new enantiose-
lective sequential transformation reaction.
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