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ABSTRACT

A convergent asymmetric total synthesis of (þ)-danicalipin A is accomplished, in which two chlorinated fragments are stereoselectively joined by
1,3-dipolar coupling, leading to the confirmation of the absolute configuration of the natural product.

Certain types of algae produce uniquemolecules that are
necessary for survival in the natural environment. Poly-
chlorosulfolipids have been shown to exist in some algae
and feature heavily chlorinated linear hydrocarbon motifs
that are rarely seen in other natural products. The dawn of
polychlorosulfolipid research was first recorded in the
literature that described the discovery of unusual sulfoli-
pids from the freshwater algaOchromonas danica in the late
1960s by the groups of Haines, Elovson, and Vagelos.1a-j

Shortly after that discovery, various chlorosulfolipids from
other species were identified by several research groups,
including those of Mercer and Davies.1k-n More recently,
Gerwick and co-workers discovered malhamensilipin A, a
biologically active chlorosulfolipid metabolite from the

cultured freshwater alga chrysophyte Poterioochromonas
malhamensis.2 However, details of the stereochemical struc-
tures of chlorosulfolipids had long been unclear until quite
recently due to the lack of means to elucidate their complex
stereochemistry, and this had led to the delay in under-
standing their properties at the molecular level.
In 2001, Fattorusso, Ciminiello, and co-workers es-

tablished the stereochemistry of a cytotoxic hexachlorosul-
folipid (Mytilipin A) isolated from Adriatic mussels3a by
conducting extensive NMR studies using Murata’s
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J-based configuration analysis (JBCA),4 which was later
utilized in the stereochemical assignment of undecachloro-
sulfolipid (Mytilipin B),3b a cytotoxin that is structurally far
more complex than hexachlorosulfolipid. Okino and co-
workers also applied the Murata method to the elucidation
of the stereochemistry of danicalipin A (1).5 Besides such
progress in structural analysis, the recent development of a
syntheticmeans to install chlorine functionalitieshasallowed
synthetic chemists to gain access to this class of natural
compounds.6 In this context, avid research aimed at the
establishment of stereoselective routes to chlorosulfolipids
has culminated in the total synthesis of (()-hexachlorosul-
folipid by Carreira and co-workers7 and in the syntheses of
(()-danicalipin A (1)8 and (þ)-malhamensilipin A by
Vanderwal’s group,9 all of which have revealed the unique
reactivity of the chlorinated molecular architecture toward
chemical reactions.
Our group has also been engaged in the synthesis of

natural chlorosulfolipid toxins and has developed a
method for the asymmetric construction of chlorinated
hydrocarbon motifs relevant to the polychlorosulfo-
lipids.10 Application of the method has allowed us to ac-
complish the asymmetric total synthesis of (þ)-hexachlo-
rosulfolipid.11 As part of our continuing efforts to establish
a chlorosulfolipid library that would enable us to pursue
structure-activity relationship studies of this new class of
natural toxins, we have initiated a research program todevise
an enantioselective access to thealgal toxin (þ)-danicalipinA
(1). In thepresent study,wedisclose a convergent asymmetric
total synthesis of (þ)-danicalipin A (1), in which two chlori-
nated fragments are stereoselectively joined by a 1,3-dipolar
coupling reaction, establishing a successful route to the
polychlorinated molecular architecture.
(þ)-Danicalipin A (1), isolated from the cellular and

flagellar membranes of the freshwater algaOchromonas
danica, contains six chlorine atoms in its linear hydro-
carbonmotif bearing two sulfates. The chemical synthesis of
thismolecule in the racemic formwas recently accomplished
by Vanderwal and co-workers, which features the sequen-
tial use of stereoselective chlorination of an unsaturated
hydrocarbon motif.8 Okino’s group also succeeded in the

isolation of natural (þ)-danicalipin A (1) from the cultured
chrysophyte O. danica (IAM CS-2) and confirmed its
absolute stereochemistry and toxicological properties.5

Our convergent synthesis of danicalipin A is retro-
synthetically outlined in Scheme 1. In our approach, target
compound 1 was dissected into two parts, i.e., C12-C22
fragment 4 and C1-C11 fragment 5. C12-C22 unit 4was
prepared in an enantiomerically pure form from a dichlor-
ide readily obtainable from a chiral epoxide. C1-C11
fragment 5, a 1,3-dipolar precursor, would be connected
to fragment 4, giving rise to the whole hydrocarbon motif
bearing oxygen functionalities suitable for the stereoselec-
tive installation of twomore chlorine atoms at a later stage.
C12-C22 fragment 4 was synthesized from known

chiral epoxy alcohol 6 with 80% ee, which was prepared
by the asymmetric epoxidation of commercially available
cis-2-nonene-1-ol (Scheme 2).12 Epoxy alcohol 6 was in-
itially protected as pivalate 7 (95%), which, by dichlorina-
tionwith the chlorophosphonium reagent generated in situ
fromNCS and triphenylphosphine, furnished dichloride 8
in 86% yield. DIBAL reduction of resultant dichloride 8
allowed the removal of the ester group, providing alcohol 9
in 94% yield. This compound 9 was then oxidized with
Dess-Martin periodinane to furnish unstable aldehyde i,
which was immediately reacted with vinylmagnesium
bromide at -78 to 0 �C in Et2O to deliver alcohol 10
stereoselectively. The facial selectivity observed for the
vinylation (ds =1.7: 1 determined by 1H NMR analysis
of the crudemixture; for details, see Supporting Information)
can be rationalized by considering the Cornforth transition

Scheme 1. Retrosynthesis of (þ)-Danicalipin A
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state model.13 Fortunately, numerous efforts at this stage to
increase the ee of enantiomerically enriched intermediate 10
eventually led to the discovery that an enzymatic separation
usingLipase PS IMAmanowas best suited for obtaining the
optically pure material. Enantiomerically pure alcohol 10
was then transformed intoC12-C22 fragment 4 (>99%ee)
by protecting the hydroxyl group as TBS ether.

The preparation of C1-C11 fragment 5 was initiated by
the sequential chlorination of diene 11 (E/Z = 3:2), which
was prepared by the Wittig methoxy alkenylation of 10-
undecenal (Scheme 3). The chlorination of diene 11 with
NCS, followed by treatment of the resultant crude mixture
with TFA, gave an R-chloroaldehyde that, by enamine
formation with t-BuNH2 followed by further chlorination
with NCS in one pot, furnished R,R-dichloroimine 12.14

Hydrolysis of imine 12with 3NHCl, followed by reduction
of the resultant aldehyde (structure not shown) withNaBH4

in MeOH, afforded β,β-dichloroalcohol 13 in 63% overall
yield from diene 11. Then, the hydroxyl group of compound
13was silylated with TBSOTf in the presence of 2,6-lutidine
to provide TBS ether 14 in 95% yield. Alcohol 15 was
prepared in 84% yield in two steps by cleaving the terminal
double bond of 14 by ozonolysis, followed by the reduction
of the resultant aldehyde with NaBH4. Iodination of the
hydroxyl group and subsequent substitution of the resultant
iodide with sodium nitrite in DMF furnished C1-C11
fragment 5 in 60% yield.15 With these two fragments 4 and
5, the intermolecular nitrile oxide 1,3-dipolar assembly was
examined (Scheme 4).

Scheme 2. Synthesis of C12-C22 Fragment 4

Scheme 3. Synthesis of C1-C11 Fragment 5

Scheme 4. Completion of Total Synthesis of (þ)-Danicalipin A
via 1,3-Dipolar Coupling between C1-C11 Fragment 5 and
C12-C22 Fragment 4
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After numerous attempts were made to optimize the
reaction conditions, we found that desired isoxazoline 3
could be successfully produced in a ratio of C13/C14
anti/syn = 7.3: 1 (determined by 1H NMR analysis) by
the slow and stepwise addition of phenyl isocyanate into
the mixture of compound 4 and nitro compound 5 in
heating toluene.16 The preferential formation of desired
C13/C14 anti-isoxazoline 3 can be rationalized by con-
sidering a stereoelectronically favored transition state
of substrate 4, as proposed by Houk and co-workers.17

The anti-stereochemistry of the C13/C14 positions of
isoxazoline 3was confirmed by its derivatization into an
epoxide by the Payne-type rearrangement.18 Isoxazo-
line 3was then reduced withmolybdenum hexacarbonyl
in aqueous MeCN to afford an aldol (structure not
shown) in 81% yield.19,20 The anti-diol motif necessary for
the installation of chlorine atoms at the C11 and C13
positions was successfully furnished by the anti-selective
reduction of the aldol under Evans conditions to afford diol
2 (anti/syn = 6:1 by 1H NMR analysis).21,22 The next task
was to chlorinate both hydroxyl groups at C11 and C13
positions of compound 2. This transformation was carried
out using Ph3P/NCS to provide desired chlorinatedmotif 17
albeit in moderate yield (38%) along with some byproducts,
including an olefin.23 Then, removal of the two TBS groups
of compound 17 under acidic conditions (97%), followed by
sulfation of the resultant diol 18 with SO3 3Py in DMF,24

smoothly delivered natural (þ)-sulfolipid 1 in 94% yield.
The identity of synthetic diol 18 and danicalipin A (1) was
unambiguously confirmed by comparison with re-
ported spectroscopic data; the 1H and 13C NMR data
of diol 18 and synthetic (þ)-danicalipin A (1) were in
good agreement with those reported by Okino’s group
and Vanderwal’s group.25

In conclusion, the asymmetric total synthesis of natural
(þ)-danicalipin A (1) was accomplished. Our synthesis
features 1,3-dipolar addition that unifies chlorinated frag-
ments 4 and 5 to effect the stereoselective construction of the
requisitemolecular framework of (þ)-danicalipinA, leading
to the confirmationof the reported absolute configurationof
the natural product. The present route, simply by switching
the startingmaterials, would provide a flexible route to all of

the stereoisomericmembersof danicalipin.Weplan toutilize
synthetic danicalipin A in toxicological research to under-
stand how it exerts its toxicity. The next task will include the
preparation of the stereoisomers of (þ)-danicalipin A by
adopting the present route, which would enable us to pursue
structure-activity relationship studies that would provide
vital clues to understand the properties of chlorosulfolipids.
Studies along this line will be disclosed in due course.
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