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ABSTRACT

r-Lithio cumulenyl ethers can be prepared in situ and converted to r-allenyl cyclopentenones. Isomerization of the product of one such
reaction has led to a furanyl cyclopentenone, the core structure of nakadomarin A.

Our research group has had a long standing interest in
applying the cyclopentannelation methodology that we have
developed to natural products total synthesis.1 One of our
targets is the marine alkaloid nakadomarin A, which was
isolated in 1997 by Kobayashi and co-workers from an
OkinawanAmphimedonsp. sponge.2 Nakadomarin A has a
fairly complicated bridged system of six heterocyclic and
carbocyclic rings, and is without precedent, although it
appears to be biosynthetically related to the manzamines3

and ircinals.4 It is cytotoxic in the L1210 assay with an IC50

of 1.3 µg/mL and shows inhibitory activity against cyclin-

dependent kinase 4 (IC50 ) 9.9 µg/mL). Some antifungal
activity againstTrichophyton mentagrophytesand some
antibacterial activity against Gram-positiveCorynebacterium
xerosiswas also determined. For a chemical structure of this
complexity there will obviously be a large number of possible
retrosynthetic disconnections. We focused on the central
cyclopentene ring (highlighted in the structure of naka-
domarin A in Figure 1) and reasoned that furanyl cyclopen-
tanone1 might serve as an advanced intermediate in a
nakadomarin A synthesis. Since a number of methods are
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Figure 1. Nakadomarin A retrosynthesis.
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known to isomerizeR-allenyl ketones to furans,5 we further
reasoned that1 might be accessible through an isomerization
of the type that is summarized in eq 1. Such a process would

require us to solve two problems. First, we would have to
demonstrate a synthesis ofR-allenyl cyclopentenones such
as2, and second, we would have to develop conditions for
the isomerization step leading to3. In this Letter we report
solutions to each of these problems.

The preparation ofR-allenyl cyclopentenones such as2
appears to be a straightforward extension of the cationic
cyclopentannelation, a process that we have developed and
used successfully in the context of several total syntheses
(eq 2).6 In brief, addition of lithioallene5 to morpholino

amide4 produces cyclopentenone7 following acidic workup,
presumably via intermediate allenyl ketone6, that undergoes
spontaneous cyclization. To adapt this method to the
synthesis of2, all that needs to be done is to “extend”5 to
include a third cumulatedπ bond. We postulated that the
combination of morpholino amide4 with butatrienyl anion
8 would lead to2 through a similar series of steps. The
fundamental difficulty in putting this into practice is related
to the lability of the cumulenes. Allenyl ethers are generally

air-stable, but somewhat sensitive to acid. They can be
purified and isolated by flash column chromatography on
silica gel, provided one or two percent of triethylamine is
added to the mobile phase so as to inhibit hydrolysis of the
enol ether function. By contrast, we were unable to purify
the butatrienyl ethers by chromatography, as they underwent
oxidative degradation on the column.

We chose Brandsma and co-workers’ simple and conve-
nient method for preparing the butatrienyl ethers (Scheme
1).7 (Methoxy)methoxypropargyl ether9 was first converted

to the lithioacetylide, then quenched with a ketone or an
aldehyde. Silylation of the free hydroxyl group of the product
led to silyl ethers10. Exposure to a small excess of
n-butyllithium in THF at -40 °C led to the desired
cumulenes11 through initial selective deprotonation of the
propargylic methylene groupR to the methoxymethyl group,
followed by elimination of silyloxide. It is necessary to use
at least 2 equiv ofn-butyllithium because deprotonation of
11 is faster than deprotonation of10. All cumulenes in which
R2 ) H were isolated as 3-1.5/1 mixtures of geometrical
isomers. Stereochemistry of the cumulene ethers has been
assigned by1H NMR, by following Brandsma’s reasoning.7c

Brandsma mentions that thetrans isomer of ethyl ortert-
butyl cumulenyl ethers is the favored product, and he
assigned stereochemistry based on the fact that “Of the
isomers,cis presumably has a somewhat smallerJ1,4 than
trans.” In the examples Brandsma reported,∆J1,4 for the two
isomers was never greater than 0.9 Hz; however, of the three
cumulenyl ethers that we have described in no case was∆J1,4

greater than 0.1 Hz. This suggests that any assignment of
cumulene stereochemistry be considered tentative at this time.
The crude cumulenes were characterized by1H NMR and
IR spectroscopy. Diagnostic absorbances in the IR for the
cumulene and the enol ether functions occurred at 2055 and
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Scheme 1a

a Reaction conditions: (a)n-BuLi, THF, -78 °C; add R1COR2;
(b) TMSCl, Et2O, Et3N (+ cat. DBU when R1 ) t-Bu, R2 ) H or
R1 ) R2 ) Et, or R1 ) R2 ) -(CH2)11-); (c) 2.3-2.5 equiv of
n-BuLi, THF, -40 °C, 30 min; aq NH4Cl workup.
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1640 cm-1, respectively. The proton at C1 appeared near
6.50 ppm in the1H NMR spectrum (CDCl3). The terminally
disubstituted cumulene in which R1 ) R2 ) Et was also
characterized by13C NMR (157.6, 142.3, 119.6, and 116.9
ppm for the sp- sp2-hybridized carbon atoms).

For the cyclopentannelation reaction it was not necessary
to isolate the cumulenyl ethers. This represents a major
simplification of the procedure. For example, treatment of
ether12 with slightly more than 2 equiv ofn-butyllithium
at -40 °C in carefully degassed THF led to lithio cumulene
13. Addition of a solution of 0.75 equiv of morpholino amide
14, relative to12, followed by warming to-40 °C and
quenching into aq KH2PO4 led to allenyl cyclopentenone15

in 74% yield based on14, following purification by flash
column chromatography. Because both the allene and the
sp3-hybridized ring carbon atom in the product are stereo-
genic, 15 was isolated as a ca. 4/1 mixture of diastereo-
isomers.8 There were some differences between cyclopen-
tannelations leading to allenyl cyclopentenones2 and those
leading to cyclopentenones7. When R2 was an alkyl group,
it was necessary to induce cyclization with 1 M HCl.
Whereas cyclization to7 invariably took place upon exposure
to phosphate during workup, this was only true for cyclo-
pentenones2 in which R2 was aromatic. Figure 2 summarizes
our results.

Cyclopentenones15-22 were isolated as mixtures of
diastereomers (dr ca. 2/1-4/1) that were inseparable by flash
column chromatography. The terminally disubstituted cu-
mulenes and the cumulene substituted by a singletert-butyl
group were a bit less labile than the monosubstituted ones,
and were more easily manipulated. The reason for the low
yield for brominated cyclopentenone17 is not clear to us.
In the case of the allene cyclization, bromine is well tolerated
at that position, and leads to no diminution of the yield. It is
likely that the yields in Figure 2 are not fully optimized.
Although some of these are modest, it should be pointed
out that these are overall yields from the respective mor-

pholino amides for the two steps, addition and cyclization.
The synthesis of15has been scaled up to 3.4 mmol of amide
with only a small erosion of the yield (>600 mg of15; 66%
yield). This version of the cyclopentannelation reaction
generates a great deal of molecular complexity in a single
operation.

The first goal for this project having been realized, we
turned our attention to the second goal, conversion of a
(monosubstituted) allenyl product of the Nazarov reaction
to a fused bicyclic furanyl cyclopentanone. Allenyl ketones
are known to be easily isomerized to furans under mild
conditions with Rh(I),5 Ag(I),9 Pd(II),10 Au(III), 11 or Cu(I)
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determined in the case of15 and16. See Supporting Information.
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Scheme 2a

a Reaction conditions: (a)n-BuLi, -40 °C, THF; (b) add14 at
-78 °C; 1 h; -40 °C, 30 min; add to aq KH2PO4.

Figure 2. R-Allenyl cyclopentenones. Yields were calculated from
the corresponding amides.
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catalysis.12 We were surprised to find that Marshall’s
conditions, AgNO3 in refluxing acetone, failed to convert
15 to furan 29 (eq 3). A limited survey of silver salts

(AgSbF6, AgClO4) and solvents (acetonitrile, 3-pentanone)
did not lead to success. Protection of the free hydroxyl group
in 15 as the benzoate led to no improvement. Several
attempts to use PdCl2(MeCN)2 to catalyze the isomerization
of 15 resulted in complex mixtures that were devoid of29.
The failure of these methods that have been used successfully
to isomerize open chain allenyl ketones to furans suggested
that the conformational rigidity of15 was frustrating our
efforts. We next decided to explore mercuric salts as
alternative catalysts for the isomerization.13 Simply exposing
15 to 0.2 equiv of mercuric trifluoroacetate and 1 equiv of
trifluoroacetic acid (TFA) in dichloromethane at room
temperature led to slow but clean conversion to furanyl
cyclopentanone29 in 71% yield, as a 1/1 mixture ofcis and
trans isomers. This result suggests that a nakadomarin A
synthesis based on the cumulene ether cyclization may be
possible.

In conclusion, we have demonstrated a method that
transforms a cumulene ether to a furanyl cyclopentanone,

the core of the structure of nakadomarin A. Cumulenes are
not much exploited for synthesis.14 Most of the work in this
area during the past 10 years or so has been done in the
context of the neocarzinostatin chromophore.14e,f,15 The
activated form of neocarzinostatin incorporates a butatriene.
Cumulenes would appear to have much to offer in synthesis.
They are easily prepared, they can react along a large number
of mechanistic manifolds, and their reactions are facilitated
by the loss of strain.
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