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The 4-alkoxy-2-butene-4-lactam skeleton has attracted
much attention because it forms the basic structure of
several pharmacologically promising natural products
such as PI-091,1 epolactaene,2 and so on.3 However, the
construction of this carbon framework with appropriate
substituents is not necessarily easy, and multiple trans-
formations are usually required.4 In a previous paper,
we reported that a new type of propargyl metallic species
is generated by the addition of alkynyllithiums to Fis-
cher-type carbene complexes and that these propargyl
metallic species react with various carbon electrophiles
such as aldehydes, sulfonylimines, and carbon dioxide to
give furans, pyrroles, and 5-alkoxybutenolides, respec-
tively.5 We considered employing an isocyanate, a ni-
trogen analogue of carbon dioxide, as an electrophile with
the expectation that the 4-alkoxy-2-butene-4-lactam skel-
eton bearing various substituents could be constructed
in a single step. In this paper is described a successful
realization of this approach and its application to a
concise enantioselective synthesis of (-)-PI-091.
Examination of several isocyanates revealed that tosyl

isocyanate6 reacts with the propargyl metallic species
generated from Fischer-type carbene complexes and
alkynyllithiums. Thus, propargyl metallic species A,
generated by the addition of (phenylethynyl)lithium to
isopropylcarbene complex 1a (M ) W) at -78 °C, was
reacted with tosyl isocyanate at this temperature over-
night to give either an allenyl intermediate B or a [3 +
2] cycloaddition intermediateC.6,7 The reaction mixture
was then treated with trifluoroacetic acid to promote
either cyclization (in the case of B) or protonation (in the
case of C), giving a mixture of an O-cyclized product 2a
and an N-cyclized product 3a in 69 and 18% yield,
respectively (Scheme 1). When the corresponding mo-

lybdenum complex 1a (M ) Mo) was used for this
reaction, the O-cyclized product 2a was obtained in 92%
yield, and only a trace amount of the N-cyclized product
3a was produced.8 Furthermore, it was found that the
purified 2a was quantitatively isomerized to 3a by
treatment with ethylaluminum dichloride in dichlo-
romethane at -78 °C. To obtain the N-cyclized product
3a selectively, the crude product of the addition reaction
with tosyl isocyanate was directly treated with ethyl-
aluminum dichloride in dichloromethane to give 3a in
79% overall yield based on the carbene complex 1a
(M ) Mo).
We then examined the generality of this reaction. As

summarized in Table 1, N-cyclized product 3 was ob-
tained in good yields in every case.9 Thus, this reaction
is a highly efficient method for the construction of the
4-alkoxy-2-butene-4-lactam skeleton with various sub-
stituents from carbene complexes, alkynyllithiums, and
tosyl isocyanate.
We next applied this reaction to the enantioselective

synthesis of (-)-PI-091. PI-091 was isolated in 1990 by
the research group at Taisho Pharmaceutical Co. from
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Paecilomyces sp. F-3430 and exhibits modest arachidonic
acid-induced platelet aggregation-inhibitory activity.1
PI-091 contains the 4-alkoxy-2-butene-4-lactam skeleton
and was isolated as a 1:1 diastereomeric mixture at the
N,O-acetal carbon. Tadano et al. have already reported
the first total synthesis of PI-091 starting from D-
glucose.10

It was expected that the basic structure of PI-091 could
be synthesized from the isopropyl carbene complex 1a,
(E)-4-methyl-3-decen-1-yne (6), and tosyl isocyanate by
using our procedure.
The requisite enyne 6 was prepared in a straightfor-

ward manner as shown in Scheme 2. Methylalumination
of 1-octyne was carried out employing trimethylalumi-
num and zirconocene dichloride, and the resulting al-
kenyl aluminum species was treated with iodine to give
an alkenyliodide 4 in 78% yield.11 It was then coupled
with (trimethylsilyl)acetylene by using Pd(CH3CN)2Cl2
and CuI in piperidine12 to give 5, which was desilylated
by tetrabutylammonium fluoride to give the enyne 6 in
79% yield from 4.
With the enyne 6 in hand, we examined formation of

the 4-alkoxy-2-butene-4-lactam. According to the proce-
dure described above, the lithiated enyne 6 was reacted
with isopropylcarbene complex 1a to generate a propargyl
metallic species, and then tosyl isocyanate was added.
After two successive acid treatments (trifluoroacetic acid
and then ethylaluminum dichloride), the expected 4-al-
koxy-2-butene-4-lactam 7 was obtained in 87% yield.
Conversion of this intermediate 7 to PI-091 was carried

out in a straightforward manner as shown in Scheme 3.

Regio- and enantioselective dihydroxylation of the side
chain olefin was achieved by using AD-mix R13 to give a
diastereomeric mixture of diols 8a and 8b.14 These two
isomers were easily separated by TLC, and the optical
purities of 8a and 8b were determined to be 93% ee and
91% ee by using chiral shift reagents Eu(hfc)3 and
Pr(hfc)3, respectively. Although reductive removal of the
tosyl group from 8 turned out to be quite troublesome
due to facile over-reduction, finally it was found that
samarium(II) diiodide in methanol gave about 80% yield
of the deprotected product 9. The final stage of the
synthesis was the oxidation of the secondary hydroxyl
group, which was carried out in good yield by using
SO3‚pyridine in DMSO. The 1H and 13C NMR spectra
and optical rotations of the products obtained, 10a and
10b, agreed well with those of the natural product.15
In conclusion, we have developed a facile method for

the construction of the 4-alkoxy-2-butene-4-lactam skel-
eton by the reaction of the propargyl metallic species,
generated from Fischer-type carbene complexes and
alkynyllithiums, and tosyl isocyanate. Furthermore, a
highly efficient total synthesis of PI-091 was achieved
by using this method.
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Table 1. Preparation of 4-Methoxy-2-butene-4-lactams

R R′ M yield of 3 (%)

i-Pr Ph Moa 79 (3a)
i-Pr n-Hex Moa 83
Ph Ph W 80
Ph n-Hex W 87

a The molybdenum complex gave slightly better yield than the
corresponding tungsten complex.
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