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ABSTRACT

The first asymmetric total synthesis of the marine natural product apratoxin D, a highly potent inhibitor of H-460 human lung cancer cell growth
(IC50 value of 2.6 nM), is described. Asymmetric N-amino cyclic carbamate (ACC) R,R-bisalkylation was utilized to establish the isolated C-37
methyl group with excellent selectivity. Other key asymmetric transformations employed were an Evans syn-aldol and a Paterson anti-aldol, both
of which also proceeded with excellent stereoselectivity.

Apratoxin D (5) was recently isolated from two
species of cyanobacteria, L. majuscula and L. sordida.1

It exhibits highly potent in vitro cytotoxicity against
H-460 human lung cancer cells with an IC50 value of 2.6
nM. Lung cancer is the deadliest form of cancer for both
men and women and is responsible for 1.3 million
deaths worldwide, annually. In fact, more people die
of lung cancer than breast, colon, and prostate cancers
combined.2 Apratoxin D belongs to a family of cyclic
depsipeptides that also includes compounds 1�4
(Figure 1).3 All known apratoxins are potent inhibitors
of cancer cell growth.4 The potent biological activity
exhibited by the apratoxins in general, combined
with their intriguing molecular architecture, has drawn
attention from the synthetic community. To date, only
apratoxin A (1) has been prepared by total synthesis.

Forsyth was the first to complete the asymmetric total
synthesis of 1,5 and three other syntheses have since been
described.6,7 Herein, we report the first asymmetric total
synthesis of apratoxin D.
Our plan for the synthesis of apratoxin D is shown in

Scheme 1. Macrocyclization would be achieved by cou-
pling between the proline and isoleucine residues, thereby
avoiding late-stage esterification of the sterically congested
C-39 hydroxyl.5a Coupling of tripeptide 6 and carboxylic
acid 7 would set the stage for the macrocyclization event.
Formation of the thiazoline moiety of 7 would be achieved
by using Kelly’s procedure,8 which would require the pre-
parationofD-cysteine-derived intermediate 8andpolyketide
fragment9. Fragment9wouldbe reached from intermediate
10 utilizing a syn-selective Evans aldol addition to set the
C-39�C-40 stereochemistry, followed by a Paterson anti-
aldol addition to establish the C-34 and C-35 stereogenic
centers. The former transformationwould also be leveraged
as a means to install the C-41 tert-butyl group, giving rise to
the neopentyl moiety. The neopentyl group of apratoxin D
is unique in comparison to all other known apratoxins.
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At this stage, installation of the isolated C-37 methyl group
had to be considered.Wedecided to approach this using our
recently developed asymmetric N-amino cyclic carbamate
(ACC) R,R-bisalkylation method (12f11).9

The first phase of our synthesis of apratoxin D focused
on the preparation of aldehyde 10. This began with the
acid catalyzed condensation of commercially available
benzyloxyacetone (13) and ACC auxiliary 14 to give
ACC hydrazone 12 (Scheme 2).9,10 To set the required
(R)-configuration at theR-carbon of 15, compound 12was
subjected to methylation, and the product of that reaction
was then allylated to give 11 as a single diastereomer.
Auxiliary removal provided ketone 15. Transformation of
the ketone function of 15 to the required methylene began
with LiAlH4 reduction, which was followed by conver-
sion of the resulting alcohols to xanthates 16. Barton�
McCombie reduction and Lemieux�Johnson oxidation
then gave aldehyde 10 in very good overall yield.
With an effective route to aldehyde 10 secured, we

undertook the preparation of advanced carboxylic acid 9
(Scheme 3). To do so,N-acyl oxazolidinone 17 and 10were
engaged in an Evans syn-aldol addition.11 Silica gel chro-
matography of the productmixture gave the desired stereo-
isomer (18) in excellent yield, and this was then converted
to silyl ether 19. Reductive removal of the oxazolidinone
auxiliary provided alcohol 20. With 20 in hand, we at-
tempted to convert it to the tert-butylated compound 22 in
a variety of ways, none of which were suitably successful.
We then tried a newmethod reported by Terao andKambe
for the cuprate-based alkylation of various electrophiles
(chlorides, bromides, tosylates).12 We were pleased to find
that these conditions worked remarkably well in the case
of tosylate 21, providing compound 22 reliably and in very

Scheme 1. Retrosynthetic Analysis of Apratoxin D (5)

Scheme 2. Synthesis of Aldehyde 10

Figure 1. Apratoxins.
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good yield. We next removed the TES protecting group
from 22 to enable incorporation of the C-39 proline residue
via the Yamaguchi procedure.13 This was followed by
hydrogenolysis of the benzyl ether to give alcohol 24.
Oxidation of 24 provided aldehyde 25, as required for the
planned anti-selective Paterson aldol using R-benzoyloxy
ketone 26.14 In the event, the aldol addition produced
compound 27 in both excellent yield and diastereoselec-
tivity. A sequence of TBS protection, benzoate hydrolysis,
and oxidation produced carboxylic acid 9.
As indicated above, we planned to generate the required

thiazoline moiety via the Kelly procedure, which, in this
instance,would be conducted on compound 30 (Scheme 4).
Preparation of 30 began with the coupling of carboxylic acid 9 and compound 8. At this stage the Boc protecting

group on the proline residue was exchanged for an Fmoc
group to simplify the pending macrocyclization event
in a practical sense. In addition, the TBS group on the
C-37 hydroxyl was exchanged for a Troc group,5,6 giving

Scheme 3. Synthesis of Carboxylic Acid 9 Scheme 4. Synthesis of Carboxylic Acid 7

Scheme 5. Completion of the Synthesis of Apratoxin D (5)

(13) Inanaga, J.; Hirata,K.; Katsuki, T.; Yamaguchi,M.Bull. Chem.
Soc. Jpn. 1979, 52, 1989–1993.

(14) Paterson, I.; Wallace, D. J.; Cowden, C. J. Synthesis 1998, 639–
652.



Org. Lett., Vol. 14, No. 20, 2012 5195

compound 30. Compound 30 smoothly underwent cycliza-
tion to produce the desired thiazoline (31) in excellent yield.
Removal of the Troc group from 31 was followed by
deprotection of the C-terminal carboxylic acid, providing
advanced intermediate 7.
With compound 7 in hand, we embarked on the final

steps of the synthesis of apratoxin D (Scheme 5). Thus, 7
was coupled to the tripeptide 66a usingHATUandH€unig’s
base, giving 33 in very good yield. At this stage, conversion
of the allyl ester to the corresponding carboxylic acid was
achieved by treatment with Pd(PPh3)4 and N-methylani-
line. Removal of the Fmocmoiety from the proline residue
was followed by HATU-mediated macrolactamization,
which successfully provided apratoxin D. The spectro-
metric data obtained for our synthetic material matched
in all respects with the data reported for its isolation.15

In conclusion, we have achieved the first asymmetric
total synthesis of apratoxin D, a compound that exhibits
highly potent cytotoxicity against H-460 human lung
cancer cells. Evaluation of the cytotoxicity of our synthetic

material against a range of cancer cell lines, as well as
related SAR studies, are currently underway and will be
described in due course.
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