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Figure 1. Structure of palau’a
Four diastereomers of palau’amide (1–4), a cytotoxic cyclodepsipeptide, were synthesized. The H NMR
spectrum of 1 was identical to that of natural palau’amide. This established the complete stereostructure
of palau’amide.
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Palau’amide (1) is a 24-membered cyclodepsipeptide that was
isolated in 2003 by Moore and co-workers from a species of the
marine cyanobacterium Lyngbya collected at Palau. It has been
shown to exhibit potent cytotoxicity against KB cells with an IC50

value of 13 nM (Fig. 1).1 The absolute configurations of all but
one (C37) of the nine chiral centers were determined by NMR anal-
ysis of 1 and the a-methoxyphenylacetic acid derivatives and chi-
ral HPLC analysis of the acid hydrolysate of 1. The stereochemistry
of C37 was proposed based on NMR analysis of 1, including NOE
data and theoretical calculations. In 2005, Dawei Ma and co-work-
ers achieved a total synthesis of the proposed structure of palau’a-
mide (1),2 however the NMR data of synthetic 1 were not identical
to those of natural 1. Recently, synthesis of the C33–C44 fragment
of palau’amide was reported by Mohapatra and Nayak.3 It is gener-
ally difficult to determine the stereochemistries of conformational-
ly flexible systems. Since the stereochemistry of C39 was clearly
determined by NMR analysis of the a-methoxyphenylacetic acid
esters,4 the stereochemistries of C37 and C38 should be reconsid-
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mide.
ered. To determine the stereochemistry of palau’amide, we began
by synthesizing 1. We describe here the synthesis of four possible
diastereomers of palau’amide with reference to C37 and C38.
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Scheme 1. Retrosynthesis of palau’amide and its diastereomers with regard to C37
and C38.
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A retrosynthetic analysis of palau’amide and its diastereomers
(1–4) is shown in Scheme 1. A key step in the synthesis of palau’a-
mide is closure of the 24-membered ring. We planned to construct
the cyclic structure by macrolactamization at the N-methylala-
nine-isoleucine site. The precursor of macrocyclization was syn-
thesized from pentapeptide 5, N-Fmoc-N-Me-L-Ala (6), and
protected carboxylic acids (7a–d). Carboxylic acids (7a–d) could
be synthesized by a vinylogous Mukaiyama aldol reaction5 be-
tween 2-methyl-1-triethylsiloxy-1-methoxy-1,3-butadiene (8)6

and aldehydes 9a and 9b.
The synthesis of pentapeptide 5 was carried out in a stepwise

manner starting from N-Boc-N-methylglycine benzyl ester, and 5
was obtained in 64% overall yield (Scheme 2).

The synthesis of protected carboxylic acids 7a and 7b began
with a Roush crotylboration reaction7 between boronate 10 and
6-trimethylsilyl-5-hexynal to afford homoallylic alcohol 12 as a
single diastereomer (Scheme 3). Silylation of a hydroxyl group of
12, removal of a TMS group, re-silylation of a partially deprotected
hydroxyl group, and oxidative cleavage of an olefin moiety pro-
vided aldehyde 9a. The vinylogous Mukaiyama aldol reaction be-
tween 9a and 8 gave alcohol 13 as a single diastereomer.
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Scheme 2. Synthesis of pentapeptide 5. Reagents and conditions: (a) TFA, CH2Cl2, 0 �C, 1
DEPC Et3N, DMF, rt, 17 h, 94% in two steps; (e) TFA, CH2Cl2, 0 �C, 1.5 h; (f) EDCI�HCl, HOBt
HOBt, Et3N, DMF, rt, 12.5 h, 96% in two steps.
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Scheme 3. Synthesis of protected carboxylic acids. Reagents and conditions: (a) MS 4 Å, t
1 h; (d) TBSCl, imidazole, DMF, rt, 2.5 h, 100% in two steps; (e) OsO4, NMO, acetone–H2O, r
8, BF3�Et2O, CH2Cl2–Et2O, –40 �C, 4.5 h; then aq HCl, (13) 80%, (16c) 81% based on recover
rt, 1 h, quant; (i) NaBH4, MeOH, �78 �C, 1.5 h, 83%; (j) LiOH, H2O, MeOH, 40 �C, 17 h; (k) T
in two steps, (7d) 41% in two steps; (l) Bu2BOTf, Et3N, CH2Cl2,�78 �C, 2 h?rt, 1 h, quant; (
0 �C, 4 h, 99%; (o) DIBAL, THF, hexane, �78 �C, 3 h, 91%.
Inversion of the stereochemistry of a hydroxyl group of 13, silyla-
tion of a hydroxyl group, and hydrolysis of a methyl ester afforded
carboxylic acid 7a (see Supplementary data). On the other hand,
manipulation of the protecting groups provided carboxylic acid
7b. The stereochemistry of the newly formed hydroxyl group at
C37 was determined based on the 13C chemical shifts of the aceto-
nide methyls (dC 30.1 and 19.6 ppm)8 of the derived acetonide 17a.

The synthesis of carboxylic acids 7c and 7d began with an Evans
aldol reaction9 between imide 14 and 5-hexynal to afford hydroxy
imide 15 as a single diastereomer (Scheme 3). Transamidation and
protection of a hydroxyl group of 15 followed by reduction of the
amide provided aldehyde 9c. The vinylogous Mukaiyama aldol
reaction between 9c and 8 gave alcohols 16c and 16d (dr = 8:1),
which were transformed into 7c and 7d, respectively, in the same
manner as described above. The stereochemistry of C37 in 7b, 7c,
and 7d was determined by 13C NMR analysis of the derived aceto-
nides, respectively.

The condensation of carboxylic acids 7a, 7b, 7c, and 7d with
pentapeptide 5 followed by selective desilylation afforded alcohols
18a, 18b, 18c, and 18d, respectively (Scheme 4). Esterification of
18a, 18b, 18c, and 18d with N-Fmoc-N-Me-L-Ala (6), removal of
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Scheme 4. Synthesis of palau’amide and its diastereomers. Reagents and conditions: (a) EDCI�HCl, DMAP, CH2Cl2, rt, 16 h; (b) AcOH, H2O, THF, rt, 6 h; (c) Fmoc-N-Me-L-Ala
(6), 2,4,6-trichlorobenzoyl chloride, Et3N, DMAP, toluene, rt, 16 h; (d) Zn, NH4OAc, THF, rt, 3 h; (e) Et2NH, MeCN, rt 3 h; (f) EDCI�HCl, HOAt, Et3N, DMF–CH2Cl2 (1:10, 1 mM), rt,
45 h; (g) HF�pyridine, pyridine, rt, 2 h.
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the 2,2,2-trichloroethyl and Fmoc-protecting groups, and macro-
lactamization provided proposed palau’aminde and its diastereo-
mers (1–4)10 after desilylation, respectively. Among the 1H NMR
spectra of the four synthetic diastereomers, 1, 2, 3, and 4, that of
1 was identical to that of natural palau’amide, except for exchange-
able protons (see Supplementary data). Furthermore, the 13C NMR
spectrum of synthetic 19 was identical to that of natural palau’a-
mide (see Supplementary data). Based on these findings, the com-
plete stereostructure of palau’amide was determined, as shown in
formula 1.

In summary, the synthesis of four possible diastereomers of pa-
lau’amide with regard to C37 and C38 was achieved. Among the 1H
NMR spectra of the four synthetic diastereomers (1–4), that of 1
was identical to that of natural palau’amide. This established the
complete stereostructure of palau’amide.
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Signals due to three protons (NH � 2, OH) were not observed. The ratio of
rotamers was ca. 13:3:1.
Compound 3: 1H NMR (400 MHz, CDCl3) (major rotamer) d 8.05 (d, J = 9.8 Hz,
1H), 7.27–7.12 (m, 6H), 6.46 (d, J = 9.8 Hz, 1H), 5.54 (dd, J = 3.2, 4.0 Hz, 1H),
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Compound 4: 1H NMR (400 MHz, CDCl3) (major rotamer) d 7.50–7.16 (m, 5H),
6.54 (t, J = 7.6 Hz, 1H), 5.33 (m, 2H), 5.10 (dd, J = 3.4, 6.8 Hz, 1H), 4.94 (m, 1H),
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were not observed. The ratio of rotamers was ca. 15:1.


