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A new catalytic approach for the formation of optically
active bicyclic lactones applying an enantioselective glyox-
ylate-ene reaction is presented; the catalytic reaction pro-
ceeds with formation of the two key stereogenic centers in
good yield and with high diastereo- and enantio-selectiv-
ity.

The bicyclic lactones 1 are key intermediates for the preparation
of a wide range of natural products and biologically active
compounds.1 The lactone 1a is a versatile building block for the
synthesis of e.g. brefeldin A,2a carbovir,2b sesbanimide A and
B,2c menovilin,2d aristeromycin,2e carbodine,2e carboxylic nu-
cleosides2f and carbocyclic analogues of polytoxins and nik-
komycines.2g

The synthesis of optically active 1a has previously been
accomplished by enzyme catalyzed kinetic resolution of the
racemic compound prepared by the Diels–Alder reaction
between glyoxylic acid and cyclopentadiene,3 and more
recently Helmchen et al. presented the preparation of 1a using
an asymmetric palladium-catalyzed allylic alkylation of 2-acet-
oxymalonates with cyclopent-2-enyl chloride.4

Here we present the first catalytic enantioselective ene
reaction of cyclopentene 2a with glyoxylate leading to a novel
synthetic approach for the preparation of (+)-1a and by which
the key stereogenic centres required for the synthesis of (+)-1a
are formed in one step. The synthetic approach for (+)-1a is
outlined in Scheme 1.

Recently, it has been shown that the bicyclic lactones 1b can
be prepared by a catalytic enantioselective hetero-Diels–Alder
reaction of cyclohexadiene with glyoxylates catalyzed by C2
bisoxazoline–copper(ii) complexes followed by a rearrange-
ment reaction.5 Unfortunately, this methodology is not feasible
for the reaction of cyclopentadiene with glyoxylates. However,
the reaction of conjugated dienes with glyoxylates catalyzed by

C2 bisoxazoline–copper(ii) complexes gives two products, the
hetero-Diels–Alder and ene products,5a and recently Evans
et al.6 developed further the latter reaction for 1,1-disubstituted
alkenes, hexene and cyclohexene with high yields and en-
antioselectivities.

The crucial step in the total synthesis of (+)-1a is the catalytic
ene reaction of cyclopentene 2a with ethyl glyoxylate. This
reaction has been investigated in the presence of the C2-
symmetric bisoxazoline ligands 5a,b and copper(ii) salts as the

Lewis acids.† Some representative results are presented in
Table 1.

The results in Table 1 show that the C2 bisoxazoline–
copper(ii) complex catalyzed ene reaction of cyclopentene 2a
with ethyl glyoxylate proceed with excellent enantioselectiv-
ities for both diastereomers formed. The ligand (S)-5b gave the
highest enantioinduction, with up to 98–99% ee (entries 3–5),
while ligand (R)-5a gave the best diastereomeric anti-3+syn-3
ratio (7.7+1) (entries 1, 6). Changing the enantiomer of the
chiral ligand leads to the opposite enantiomer of anti-3 (entries
1, 6), while changing the solvent to MeNO2 leads to higher
yield, however, a slight decrease in diastereo- and enantio-
selectivity (entry 7) is found. In an attempt to improve the
enantioselectivity, the reaction was performed at lower tem-
perature, but the conversion at 0 °C was very low (entry 5). An
increase in the yield was achieved by increasing the catalyst
loading to 25 mol%, without decreasing the diastereo- and
enantio-selectivity of the products (entries 2, 6, 7). We have also
investigated the enantioselective ene reactions catalyzed by (R)-
5a and (S)-5b in other solvents and found that in ButOMe, Et2O
and THF a lower yield of anti-3 was isolated. A decrease in the
diastereo- and enantio-selectivity was observed, except in Et2O,
where the anti-3+syn-3 ratio was 5.1+1 with 91% ee and 89% ee

Scheme 1

Table 1 Reaction of cyclopentene 2a with ethyl glyoxylate in the presence
of C2-symmetric bisoxazoline–CuII salts (10 mol%) in CH2Cl2

Ee (%)

Entry Catalyst T/°C
Yielda

(%) anti-3+syn-3
anti-3
(1S,2S)

syn-3
(1S,2R)

1 (R)-5a–Cu(OTf)2 25 38 7.7+1 91 89
2 (R)-5a–Cu(OTf)2

b 25 56 7.3+1 92 87
3 (S)-5b–Cu(SbF6)2

b 25 66 2.2+1 98 97
4 (S)-5b–Cu(SbF6)2 25 55 2.8+1 98 96
5 (S)-5b–Cu(SbF6)2 0 ~ 5 3.1+1 99 99
6 (S)-5a–Cu(OTf)2

b 25 54 7.7+1 92c 89c

7 (S)-5a–Cu(OTf)2
bd 25 72 3.9+1 83c 53c

a Isolated. b 25 mol% catalyst. c Opposite enantiomer compared with
entry 2. d Solvent MeNO2.
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for the two diastereomers, respectively. It should be noted that
the absolute configuration of the ene-product anti-3 is the same
when using ligands (R)-5a and (S)-5b in combination with
copper(ii) as the Lewis acid (entries 2, 4). This phenomenon has
been observed several times for these catalysts.5,6

From (+)-anti-3 the desired bicyclic lactone (+)-1a can be
obtained in a few steps (Scheme 1). Hydrolysis of the ester
group was achieved using refluxing 3 M NaOH for 1 h giving 4
in quantitative yield. Iodolactonization of 4 using KI3 and
NaHCO3 gave the iodide 6 in 81% yield. Elimination with DBU
leads to (+)-1a in 80% yield.

By comparing the optical rotations of the bicyclic lactone 1a
to literature values7 the absolute configuration was determined
as (+)-1a, which leads to assignment of the absolute configura-
tion as shown in Scheme 1.

We believed that an increase in the yield of the ene adduct
could be obtained if a more active cyclopentenyl derivative was
used. The allyl stannane 2b8 was therefore reacted with ethyl
glyoxylate (Scheme 2), in the presence of C2 bisoxazoline–
copper(ii) complexes; some results are presented in Table 2.

The allyl stannane 2b was found to be more reactive than
cyclopentene 2a in the C2 bisoxazoline–copper(ii) catalyzed
ene reaction with ethyl glyoxylate. At room temperature full
conversion was observed in 5 min when using 2 equiv. of 2b
(entry 5). The yield for this reaction was very high, but the ee of
the products was low (20% ee). When 1 equiv. of 2b was used
with 2 equiv. of ethyl glyoxylate the reaction was finished after
30 min (entry 1). The yield of the ene products syn-3 and anti-3
were also very good and the ee of the minor product increased
to 54% ee. However the ee of the major diastereomer syn-3
remained below 25% ee. By using a larger excess of ethyl
glyoxylate at room temperature the ee of the major diastereomer
was increased to 43% ee, with 81% ee for the minor
diastereomer (entry 2). When the reaction was performed at
lower temperatures (225 and 278 °C) no improvement in the
ee of the products was observed (entries 3,4). When using 1
equiv. of ethyl glyoxylate the yield was found to decrease from
98% at room temperature to 55% at 278 °C (entries 5,6). The
reason for this drop in yield is attributed to the ethyl glyoxylate
oligermerizing due to the extended reaction time. The ee of the
major product is not dependant on the temperature of the

reaction, whereas an increase from 24 to 53% ee was observed
for the minor diastereomer by decreasing the temperature to
278 °C. The diastereoselectivity was also improved from 2.3+1
to 4.4+1 by reducing the temperature (entries 5,6).

The formation of (+)-syn-3 in the catalytic enantioselective
ene reaction using the allyl stannane 2b as the substrate leads to
a simple synthetic procedure for the formation of the other
diastereomer, (+)-7, of (+)-1a in 65% overall yield as presented
in Scheme 2.

In conclusion we have presented the development of highly
diastereo- and enantio-selective ene reactions of cyclopentenes
with ethyl glyoxylate leading to the formation of products,
which in a few steps give highly attractive optically active
bicyclic lactones. Work is in progress to develop this approach
further.

We are indebted to The Danish National Research Founda-
tion for financial support.

Notes and references
† General procedure for the catalytic ene reaction: A flame dried Schlenk
tube was charged with ligand (S)-5a (84 mg, 0.25 mmol) and Cu(OTf)2 (90
mg, 0.25 mmol) and stirred vigorously in vacuo for 1.5 h. Dry CH2Cl2 (3
ml) was added and the green suspension stirred until a clear solution formed
(2 h). Freshly distilled ethyl glyoxylate (1.02 g, 10 mmol) in toluene (0.25
ml) was added at room temperature followed by the addition of
cyclopentene 2a (88 ml, 1.0 mmol) and stirred for 48 h. The reaction solution
was purified by flash chromatography (25% Et2O–hexane) to give anti-3 in
48% yield (82 mg, 0.48 mmol). A small amount of the lower Rf

diastereomer syn-3 was isolated in 6% yield (10 mg, 0.06 mmol). Selected
data for (+)-anti-3: [a]D

20 +1.25 (c 2.5, CHCl3); dH(CDCl3) 5.94 (ddd, J 5.5,
4.4, 2.2, 1H), 5.50 (ddd, J 6.1, 4.4, 2.2, 1H), 4.30–4.19 (m, 2H), 4.11 (dd,
J 7.5, 4.5, 1H), 3.16–3.00 (m, 1H), 2.51 (d, J 7.5, 1H), 2.40–2.18 (m, 2H),
2.10–1.98 (m, 1H), 1.92–1.80 (m, 1H), 1.30 (t, J 7.2, 3H). dC(CDCl3)

174.37, 135.02, 128.16, 73.11, 61.42, 49.89, 32.48, 25.85, 14.23; nmax-

(film)/cm21 3496, 2941, 2852, 1732, 1446, 1368, 1259, 1197, 1159, 1097,
1027. (HRMS: calc. 170.0943, found 170.0945); m/z (EI) 170 (M+), 152,
133, 123, 104, 97, 79, 76, 67 (100%); GC (Chiralsil-DEX CB, T. 100 °C,
flow rate = 2 ml min21, retention time = 10.74 min (major, 1R,2R), 11.90
min (minor, 1S,2S). For (2)-syn-3: [a]D

20
20.48 (c 3.5, CHCl3); dH(CDCl3)

5.89 (ddd, J 5.5, 4.4, 2.2, 1H), 5.66 (ddd, J 6.1, 4.4, 2.2, 1H), 4.31–4.20 (m,
3H), 3.20–3.10 (m, 1H), 2.75 (br s, 1H), 2.48–2.24 (m, 2H), 1.95–1.67 (m,
2H), 1.30 (t, J 7.1, 3H); dC(CDCl3) 174.49, 133.66, 130.19, 72.37, 61.65,
49.94, 32.35, 23.41, 14.26; nmax(film)/cm21 3495, 2962, 1733, 1457, 1368,
1260, 1195, 1157, 1096, 1021 (HRMS: calc. 170.0943, found 170.0944);
m/z (EI) 170 (M+), 152, 133, 123, 104, 97, 79, 76, 67 (100%). GC (Chiralsil-
DEX CB, T 100 °C, flow rate = 2 ml min21, retention time = 12.55 min
(major, 1R,2S), 13.70 min (minor, 1S,2R).

1 See e.g. K. C. Nicolaou and E. J. Sorensen, Classics in Total Synthesis,
VCH, New York, 1996.

2 (a) V. Betina, L. Drobinica, P. Nemec and M. J. Zenanova, J. Antibiot.,
Ser. A, 1964, 17, 93; G. Tamura, K. Ando, S. Susuki, A. Takatsuki and K.
Arina, J. Antibiot., 1968, 21, 160; (b) R. A. MacKeith, R. McCague, H. F.
Olivo, C. F. Palmer and S. M. Roberts, J. Chem. Soc., Perkin Trans. 1,
1993, 313; B. M. Trost and Z. Shi, J. Am. Chem. Soc., 1996, 118, 3037;
(c) P. A. Grieco, K. J. Henry, J. J. Nunes and J. E. Matt Jr., J. Chem. Soc.,
Chem. Commun., 1992, 368; (d) R. McCague, H. F. Olivo and S. M.
Roberts, Tetrahedron Lett., 1993, 34, 3785; (e) F. Burlina, A. Favre, J. L.
Fourrey and M, Thomas, Bioorg. Med. Chem. Lett., 1997, 7, 247; (f) H. F.
Olivo and J. Yu, Tetrahedron: Asymmetry, 1997, 8, 3785; (g) V. K.
Aggarwal, N. Monterio, G. J. Tarver and S. D. Lindell, J. Org. Chem.,
1996, 61, 1192.

3 A. Lubineau, A. Augé and N. Lubin, Tetrahedron Lett., 1991, 32, 7528;
F. Burlina, P. Clivio, J.-F. Fourrey, C. Riche and M. Thomas,
Tetrahedron Lett., 1994, 35, 8151; A. Lubineau, A. Augé, E. Grand and
N. Lubin, Tetrahedron, 1994, 50, 10 265.

4 S. Kudis and G. Helmchen, Tetrahedron, 1998, 54, 10 449.
5 (a) M. Johannsen and K. A. Jørgensen, J. Org. Chem., 1995, 60, 5757; (b)

Tetrahedron, 1996, 52, 7321; (c) J. Chem. Soc., Perkin Trans. 2, 1997,
1183; (d) S. Yao, M. Johannsen, R. G. Hazell and K. A. Jørgensen,
J. Org. Chem., 1998, 63, 118; (e) K. A. Jørgensen, M. Johannsen, S. Yao,
H. Audrain and J. Thorhauge, Acc. Chem. Res., 1999, 32, 605.

6 D. A. Evans, C. S. Burgey, N. A. Paras, T. Vojkovsky and S. W. Tregay,
J. Am. Chem. Soc., 1998, 120, 5824.

7 R. A. Mackeith, R. McCague, H. F. Olivo, C. F. Palmer and S. M.
Roberts, J. Chem. Soc., Perkin Trans. 1, 1993, 313.

8 I. W. Muderawan, R. C. Bott and D. J. Young, Synthesis, 1998, 1640.

Communication 9/05637H

Table 2 Reaction of allyl stannane 2b with ethyl glyoxylate in the presence
of (R)-5a–Cu(OTf)2 (10 mol%) in CH2Cl2

Ee (%)

Entry
2b
(equiv.)

Ethyl
glyoxylate
(equiv.) T/°C

Yield
(%)

syn-3+
anti-3

syn-3
(1S,2R)

anti-3
(1S,2S)

1 1 2 25 98 2.2+1 24 54
2 1 10 25 99 2.4+1 43 81
3 1 10 225 97 2.5+1 33 77
4 1 10 278 99 2.7+1 35 69
5 2 1 25 98 2.3+1 22 24
6 2 1 278 55 4.4+1 23 53

Scheme 2
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