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Malyngamide X: The First (7R)-Lyngbic Acid that Connects to a New
Tripeptide Backbone from the Thai Sea Hare Bursatella leachii

Suchada Suntornchashwej,[a, b] Khanit Suwanborirux,*[a] Kazushi Koga,[b] and
Minoru Isobe*[b, c]

Introduction

Malyngamides are structurally characterized as N-substitut-
ed amides of long-chain methoxylated fatty acids and exhib-
it a broad spectrum of bioactivities.[1] The fatty acyl portion
in these compounds have structural similarities, with a 7S
configuration and a trans double bond. They are (4E,7S)-7-
methoxydodec-4-enoic acid (2),[2,3] (4E,7S)-7-methoxytetra-
dec-4-enoic acid or lyngbic acid (3),[4] (4E,7S)-7-methoxy-9-
methylhexadec-4-enoic acid (4),[5] and (4E,7S)-7-methoxyei-
cos-4-enoic acid (5).[6] Some of the malyngamides have been
isolated from the extracts of sea hares (family Aplysiidae,
phylum Mollusca), such as Stylocheilus longicauda (malyng-

amides O and P)[7] and Bursatella leachii (malyngamide S),[3]

which are known to accumulate a wide variety of toxic me-
tabolites from their diet. We have investigated, as part of
our research for new biologically active compounds from
marine organisms collected from the Gulf of Thailand, the
chemical content of the sea hare B. leachii and reported two
new hectochlorin and morpholine derivatives.[8] We report
herein a new variety of the malyngamide family, malyng-
ACHTUNGTRENNUNGamide X (1), isolated from this animal from a different col-
lection.
Compound 1 is biosynthetically and pharmacologically in-

teresting as it possesses a novel malyngamide skeleton and
displays antimalarial and antitubercular activities. Unfortu-
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nately, we have a very limited amount of 1 in hand, and we
failed to re-isolate it from other collections of the animals.
We therefore employed several NMR spectroscopic analyses
and molecular mechanics calculations as nonhydrolytic deg-
radation methods for the stereochemical assignment of its
six stereogenic centers. In particular, the stereochemistry of
two isolated chiral carbons C14S and C7’R in 1 were succes-
sively determined through the application of NMR chiral
solvation experiments with 2,2,2-trifluoro-1-(9-anthryl)etha-
nol (TFAE or Pirkle alcohol). The discovery of the (7R)-
lyngbic acid moiety in 1 further highlights its unique struc-
tural feature. We now report the isolation, structure deter-
mination, and biological activity of malyngamide X.
The sea hare B. leachii was collected by hand from the

Gulf of Thailand. Extraction of the internal organs of the
animals with a mixture of EtOH and nPrOH afforded a
green gum, which was solvent-partitioned with EtOAc. Bio-
logical evaluation of the crude EtOAc extract showed anti-
malarial activity with an ED50 of 2.4 mgmL

�1 and cytotoxici-
ty against the Vero cell line and KB and BC cancer cell
lines with ED50 of 16.2, 7.2, and 6.6 mgmL

�1, respectively.
Fractionations of the extract on silica gel and Sephadex LH-
20 columns were guided by colored TLC spots from Dragen-
dorff reagent and by the results of biological activity deter-
minations. Finally, 10 mg of 1 was isolated from the antima-
laria-active fraction.

Results and Discussion

Gross Structure

Malyngamide X (1) was obtained as a pale-yellow oil. The
molecular formula of 1 (C33H57N3O7) was determined from
an intense pseudomolecular ion at m/z 608.4272 [M+H]+

on accounting for seven degrees of unsaturation. The IR
spectrum showed absorptions due to free OH or amide NH
(3438 cm�1), H-bonded OH or amide NH (br, 3200–
3600 cm�1), and amide carbonyl groups (1624, 1684,
1722 cm�1) in the molecule. According to extensive analyses
of 1D and 2D NMR spectra, 1 is a lipopeptide derived from

(E)-7-methoxytetradec-4-enoic acid, N-methylalanine, 4-
amino-3-hydroxy-2-methylpentanoic acid, and 5-isopropyl-4-
methoxy-D3-pyrrolin-2-one (Figure 1, components I–IV, re-

spectively).[9] The characteristic signals for component I in-
clude a carbonyl carbon at C1’ (dC 173.5 ppm), nine methyl-
ene signals for C2’ (dH 2.43, dC 33.8 ppm), C3’ (dH 2.37, dC
28.1 ppm), C6’ (dH 2.19, dC 36.4 ppm), C8’ (dH 1.44, dC
33.4 ppm), and C9’ to C13’ (dH 1.23–1.33, dC 25.3, 29.3, 29.8,
31.8, 22.7 ppm, respectively); a terminal methyl signal for
C14’ (dH 0.88, dC 14.1 ppm), two olefinic signals for C4’ (dH
5.53, dC 127.3 ppm) and C5’ (dH 5.48, dC 131.1 ppm), a
ACHTUNGTRENNUNGmethoxy signal for OC15’H3 (dH 3.32, dC 56.5 ppm), and an
oxygenated methine signal for C7’ (dH 3.15, dC
80.8 ppm).[4,10] Although the aliphatic methylene protons of
9’-H2 to 13’-H2 appeared as overlapping signals in the dH
1.23–1.33 ppm region, its corresponding five carbon signals
were all well-resolved to establish a chain length of 14
carbon atoms. The E geometry of the D4’ olefin was deter-
mined from the 4’-H/5’-H coupling constant of 15.6 Hz.
The CH3CH(X) residue in component II (Figure 1) was

delineated by the 1H,1H-COSY correlations between the
protons at C3 (dH 1.35 ppm) and C2 (dH 5.23 ppm). The
HMBCs of the NCH3 protons (dH 2.95 ppm) to C2 (dC
51.9 ppm) and of the C3 methyl protons to the carbonyl
carbon atom (C4; dC 171.4 ppm) completed this component.
In component III (Figure 1), the amide proton (dH
6.45 ppm) exhibited a 1H,1H-COSY correlation to the
ACHTUNGTRENNUNGmethine proton at C5 (dH 4.06 ppm), which in turn correlated
to the other methine proton at C7 (dH 3.62 ppm,

3J5-H,7-H=
2.4 Hz) and the methyl protons at C6 (dH 1.21 ppm). Fur-
thermore, 7-H coupled to the methine proton at C8 (dH
3.88 ppm, 3J7-H,8-H=9.0 Hz), which in turn showed correla-
tion to the methyl protons at C9 (dH 1.14 ppm). The
HMBCs of 6-H3 to C7 (dC 77.4 ppm) and of 9-H3 to C7 and
the imide carbonyl C10 (dC 175.7 ppm) concluded the as-
signment. To date, only two other natural compounds have
this component in the molecules: janolusimide (6) from the
nudibranch Janolus cristatus[9a] and bleomycin A2 from
Streptomyces verticillus.[11] The last component IV (Figure 1)
was established by HMBCs of the methine proton at C14
(dH 4.53 ppm) to the imide carbonyl C11 (dC 171.0 ppm) and

Abstract in Thai:

Figure 1. Components of 1, their connectivities, and 2D NMR
ACHTUNGTRENNUNGcorrelations.
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the olefinic carbon atoms C12 (dC 94.6 ppm) and C13 (dC
179.9 ppm). The methoxy substitution on C13 was located
through the HMBC cross-peak of the methoxy proton signal
of 18-H3 (dH 3.85 ppm) to the olefinic C13 and is responsible
for a pair of unusual carbon chemical shifts at C12 and
C13.[12] The isopropyl side chain was placed at C14 (dC
64.5 ppm) on the basis of 1H-1H COSY correlations of both
16-H3 (dH 0.77 ppm) and 17-H3 (dH 1.10 ppm) to 15-H (dH
2.63 ppm), which was, in turn, coupled to 14-H. The connec-
tion of components I and II was deduced from the HMBC
observed from the NCH3 proton signal of 1-H3 to C1’ of the
fatty acid component. Further connection to component III
was suggested by the interpretation of the NOE observed
between 2-H and NH. Finally, the last component IV was
placed at C10, and this completed the determination of the
gross structure of malyngamide X.

Stereochemistry of Malyngamide X

Component III

The relative stereochemistry of the three adjacent stereo-
genic centers along C5–C9 was established by NMR cou-
pling (J) and NOE analysis as well as by molecular mechan-
ics calculations. For a pair of vicinal carbons C7/C8, the typi-
cal anti-coupling value of 3J7-H,8-H=9.0 Hz pointed to an anti
H/H orientation, which was consistent with the 3JH,H values
observed for other anti-configured a-methyl-b-hydroxy car-
bonyl compounds.[13] Cross-peaks in the NOESY spectrum
from 9-H3 to both 5-H and 7-H and between 5-H and 8-H
revealed that 9-H3 are gauche to C5 and C5 is gauche to 8-
H; taken together, this is in agreement with the anti H/H
configuration of 7S*,8R*.[14] For the determination of the
configuration at C5, two diastereomers were analyzed to
find the preferential conformation; thus, 5S*,7S*,8R* and
5R*,7S*,8R* were compared by calculations performed on
MacroModel with an MM2 force field. In the case of the
C5S isomer, the anti type A was found to be the most-stable
conformer (Figure 2), with a dihedral angle C8–C7/C5–C6H3

of 1738 and the corresponding calculated 3J5-H,7-H of 2.0 Hz.
On the other hand, the C5R isomer assumes two low-energy
conformers A’ and B’ (Figure 2), with the latter having a
higher energy of 0.56 kcalmol�1. The coupling constants and

populations of A’ and B’ are 9.5 Hz (73%) and 1.6 Hz
(27%), respectively; this gives a calculated average coupling
constant 3J5-H,7-H of 7.4 Hz. As the observed 3J5-H,7-H was
2.6 Hz, the configuration of C5 was assigned to be S. There-
fore, the relative stereochemistry of 1 was concluded to be
5S*,7S*,8R*.
To establish the absolute configuration of 1, we started at

the C7 position, whose stereochemistry could be solved by
modified Mosher analysis (Figure 3).[15] For this purpose,

(+)-MTPA ester 1a and (�)-MTPA ester 1b (MTPA = a-
methoxy-a-(trifluoromethyl)phenylacetic acid) were pre-
pared from 1. The chemical shifts of the proton signals were
assigned to each ester derivative from the 1H,1H-COSY
data. The DdSR values (�0.02 for 8-H, �0.01 for 9-H3, +0.01
for 5-H, +0.08 for 6-H3, +0.15 ppm for NH) revealed a 7S
configuration for 1 (Figure 3). With the relative stereochem-
istry for C5–C9 established, the absolute stereochemistry of
the pentanoic fragment was consequently deduced to be
5S,7S,8R.

Component IV

NMR chiral solvating agents (CSAs) are optically pure com-
pounds that bind in situ to the substrate through noncova-
lent, intermolecular forces.[16] They are widely applied for
the analysis of enantiomeric excess through recording of the
19F or 1H NMR spectra of diastereomers formed from a pair
of enantiomers with a chiral solvent for NMR spectroscopy.
The solvated complexes show NMR nonequivalence due to
differences in the shielding influences of the anthryl sub-
stituent at the chiral center of the CSA on protons of the
enantiomers. The use of CSAs for absolute stereochemical
assignments is very limited and can only be applied to a
chiral compound whose diastereomeric solvated complexes
with both enantiomers of the CSA are well-understood.[17]

We found that this method could be extended to the de-
termination of the absolute configuration at isolated chiral
carbon atoms of 1 when NMR spectroscopic experiments
are carried out with molecular synthetic fragments of 1 with
known stereochemistry at the observed chiral carbon. The
senses of the chemical shift nonequivalence of protons at
the chiral carbon atoms of each diastereomeric solvated
complex were then analyzed to match their configurational
relationships. By extension, the absolute stereochemistry at

Figure 2. Conformers analyzed for the assignment of the relative
ACHTUNGTRENNUNGconfiguration at C5 of 1.

Figure 3. The DdSR (d1b�d1a) values for the MTPA esters of 1 in CDCl3.
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the chiral carbon atom in the parent molecule can then be
established with some confidence. The chemical shift non-
ACHTUNGTRENNUNGequivalence was defined as DdRS=dR�dS, where dR and dS

are the 1H NMR chemical shifts of the solvated substrate in
(R)- and (S)-TFAE, respectively. The NMR spectroscopic
experiments were carried out at low temperature and with a
high CSA/substrate stoichiometry. This pushed the equilibri-
um towards formation of the diastereomeric solvated com-
plexes and provided larger DdRS values.

[18] Although the
choice of cosolvent has been reported to lead to variations
in DdRS values, the most commonly used, CDCl3, appeared
to be the first choice of cosolvent.[16]

Using TFAE (Pirkle alcohol) as a chiral solvating agent,
we analyzed several synthetic pyrrolinone fragments with
both S (7a–9a and 10) and R (8b and 9b) configurations
(Figure 4) to develop a sense of the relation between the

DdRS value of 5-H and its configuration. Authentic samples
were synthesized in three steps from R and S enantiomers
of N-Boc-valine (Boc= tert-butoxycarbonyl), which was cou-
pled with Meldrum acid then decarboxylated and O-meth-
ACHTUNGTRENNUNGylated to afford the (5R)- and (5S)-isopropyl-4-methoxy-D3-
pyrrolin-2-one product under conditions described by Akaji
et al.[19]

As shown in Table 1, the chemical shifts of the 5S-H
proton with (R)-TFAE-solvated complexes generally ap-
peared at higher field than with (S)-TFAE-solvated com-
plexes, and vice versa for those of 5R-H at lower field. This
implies that if DdRS of a proton at a chiral center of the N-
acylpyrrolinone ring of 1 is negative, the absolute configura-
tion of a chiral carbon is S. If DdRS is positive, then the abso-
lute configuration of the N-acylpyrrolinone ring in 1 should
be R.
We now repeated the experiments with compound 1. The

14-H proton signal of the solvated complex between 1 and
(R)-TFAE appeared at dH 4.44 ppm, whereas that of the sol-
vated complex with (S)-TFAE appeared at dH 4.46 ppm; this
corresponds to a 14-H chemical shift nonequivalence DdRS

of �0.02 ppm (in the presence of 20 equiv TFAE, 14-H

DdRS=�0.07). The observation that the 14-H DdRS<0 there-
fore agrees with the diastereomeric complexes of TFAE and
N-acylpyrrolinones having the S configuration. We can thus
conclude that C14 of 1 has the S configuration.

Component II

After four of the five stereogenic centers in the tripeptide
portion of 1 were established, we solved the configuration at
C2 by use of NOE data combined with a molecular mechan-
ics study.[20] The lowest-energy conformations of models of
the 2S and 2R isomers (3000 structures searched for each)
were obtained from the MacroModel molecular modeling
program with Monte Carlo conformational searching. After
energy minimization of each isomer running on the
MMFF94S force field in CDCl3 solution, the lowest-energy
structures of each isomer (Figure 5a and b, respectively)
were then analyzed to determine a single structure that did
not contradict any of the NOE interaction and coupling con-
stant data of 1. The distances obtained by NOE experiments
were generally classified semiquantitatively into strong
ACHTUNGTRENNUNG(<2.5 M), medium (2.5–3.5 M), and weak (3.5–5.0 M) NOE
interactions.[20b] The presence of the observed medium inter-
residual NOE cross-peak between 1-H3 and 8-H was satis-
fied only by the conformation obtained for the 2S isomer
(Figure 5b), in which this calculated NOE distance was
2.94 M. Therefore, the stereostructure in the peptide portion
of 1 was finally solved as having the 2S,5S,7S,8R,14S config-
uration. This stereochemistry was proved by the total syn-
thesis of malyngamide X.[23]

Component I

The configuration at C7’ in 1 was first presumed to be S, as
it is a homologue of other malyngamides.[22] However, the
synthetic sample of (7’S)-1 showed a different specific-rota-
tion value from that of the natural compound, and this sug-
gests that these are diastereomers of one another.[23] There-
fore, we reconsidered the assignment at C7’ of 1, and carried
out NMR chiral solvation experiments on natural 1, synthet-
ic (7’S)-1, molecular synthetic fragments 11–12, and known
isomalyngamide A (13) (Figure 6). For the synthesis of the
model fatty acyl fragments, the C7 stereochemistry and C14

Figure 4. Compounds used for the determination of experimental DdRS=

dR�dS values for 5-H or 14-H (CDCl3, 273 K, 600 MHz).

Table 1. Determination of the stereochemistry of component IV by
NMR nonequivalence determined by the NMR chiral solvation method.

Substrate[a] d (5-H or
14-H) [ppm][b]

DdRS (5-H or
14-H) [ppm][c]

Config. at
C5 or C14

(R)-TFAE (S)-TFAE

1 (5) 4.44 4.46 �0.02 S
1 (20) 4.25 4.32 �0.07 S

7a (10) 4.23 4.24 �0.01 S
8a (10) 3.63 3.72 �0.09 S
9a (10) 4.31 4.35 �0.04 S
8b (10) 3.72 3.64 +0.08 R
9b (10) 4.36 4.33 +0.03 R
10 (10) 4.33 4.38 �0.05 S

[a] See Figure 4 for substrate structures. The values given in parentheses
are the number of equivalents of TFAE present. [b] 1H NMR conditions:
CDCl3, 273 K, 600 MHz. [c] DdRS=dR�dS.
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skeleton were constructed from the two enantiomers of gly-
cidyl tosylate ((S)-glycidyl tosylate for (7’S)-1, 11a, and 12a,
and (R)-glycidyl tosylate for 11b and 12b) coupled with O-
protected pent-4-yn-1-ol, followed by trans-reduction and O-
methylation. As shown in Table 2, the chemical shifts of the
7’S-OCH3 protons with (R)-TFAE-solvated complexes ap-
peared downfield relative to the (S)-TFAE-solvated com-
plexes (7’S-OCH3 of (7’S)-1, 11a, 12a : DdRS>0) and vice
versa for those of C7’R (7’S-OCH3 of 11b–12b : DdRS<0).

We also checked our conclusion with isomalyngamide A
(13), a known (7’S)-malyngamide (Figure 7).[4d] The 7’S-
OCH3 DdRS observed for 13 and TFAE was positive (in the
presence of 5 equiv TFAE, 7’S-OCH3 DdRS=++0.01 ppm,
whereas with 20 equiv reagent, 7’S-OCH3 DdRS=

+0.03 ppm). This implies that, as the 7’-OCH3 DdRS value of
natural 1 is positive, the absolute configuration at C7’ is S.
The solvated complex between 1 and TFAE gave 7’-OCH3

DdRS<0, or the opposite value for both 13 and synthetic
(7’S)-1. In the presence of (R)-TFAE, the 7’-OCH3 proton
signals of 1 appeared at dH 3.288 ppm, whereas with (S)-
TFAE, they appeared at dH 3.296 ppm; this corresponds to
7’-OCH3 DdRS=�0.01 ppm (with 20 equiv TFAE, 7’-OCH3

DdRS=�0.04 ppm). The results (7’S-OCH3 DdRS>0 for
(7’S)-1, 11a, 12a, 13 ; 7’R-OCH3 DdRS<0 for 11b, 2b) show
that 1 is the first natural malyngamide derived from (7R)-
lyngbic acid.

Conclusions

To date, more than 30 structures of malyngamides have
been isolated from cyanobacteria and sea hares. Some of
them display potential activity as immunosuppressive (ma-
lyngamide G),[24] anticancer (malyngamide J),[25] and anti-
HIV (serinol-derived malyngamides) agents.[6] Although the
new malyngamide X (1) has been isolated from the sea hare
B. leachii, the biosynthetic origins of 1 could be the cyano-
bacteria fed on by these molluscs, and this is the reason why
structurally unrelated molecules are isolated from different
collections of these sea hares.[8] Compound 1 contains six
stereogenic centers, one of which is located at a remote po-
sition in the fatty acyl part. Generally, the C7’ configuration
of malyngamides is assigned by analysis of the [a]D values of
the hydrolysate[26] or co-isolated free fatty acids and compar-
ison with the literature values of free acid 3.[5b] However, it
is still very difficult when a limited amount of isolated natu-
ral compounds is available and the co-occurring free acid is
not present in the extract.[22] Our studies showed that the ap-

Figure 5. Overlay of conformers of (2R)-1 (A) and (2S)-1 (B) within
1.00 kcalmol�1 of the global minimum, as obtained by the MacroModel
Monte Carlo conformational search. Fatty acyl groups were deleted
before the structures were superimposed.[21]

Table 2. Determination of the stereochemistry of component I by NMR
nonequivalence determined by the NMR chiral solvation method.

Substrate[a] d (7’-OCH3) [ppm]
[b] DdRS (7’-OCH3)

[ppm][c]
Config.
at C7’(R)-TFAE (S)-TFAE

Natural 1 (5) 3.29 3.30 �0.01 R
Natural 1 (20) 3.19 3.23 �0.04 R
Synthetic (7’S)-1 (5) 3.30 3.29 +0.01 S
Synthetic (7’S)-1 (20) 3.24 3.22 +0.02 S
11a (5) 3.24 3.23 +0.01 S
12a (5) 3.26 3.26 +0.00 S
11b (5) 3.24 3.25 �0.01 R
12b (5) 3.25 3.27 �0.02 R
13 (5) 3.29 3.28 +0.01 S
13 (20) 3.20 3.17 +0.03 S

[a] See Figure 6 for substrate structures. The values given in parentheses
are the number of equivalents of TFAE present. [b] 1H NMR conditions:
CDCl3, 273 K, 600 MHz. [c] DdRS=dR�dS.

Figure 6. Compounds used for the determination of experimental DdRS=

dR�dS values observed for 7’-OCH3 (CDCl3, 273 K, 600 MHz).
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plication of the NMR chiral solvating agent TFAE is an effi-
cient method for the absolute configurational assignment of
isolated stereogenic centers such as C7’ and C14 of 1. Com-
pound 1 was completely recovered from the CSA–substrate
mixtures after each NMR measurement. Note that this
chiral solvation method is only valuable when the data are
compared with those of similar authentic samples, which
may be provided by synthesis in most cases. Therefore, sev-
eral synthetic model fragments with both enantiomers could
be used for confirming the assignment by using this nondes-
tructive method. Finally, we solved the stereochemical as-
signment of 1 as 2S,5S,7S,8R,14S,7’R. The origin of the 7’R
fattyl acyl group in 1 is unknown. It may be a metabolite of
other marine organisms, as several (R)-methoxylated fatty
acids have been isolated from sponge cells or bacteria living
in symbiosis with sponges.[27]

Compound 1 showed moderate cytotoxicity against oral
human epidermoid carcinoma of the nasopharynx (KB),
human small cell lung cancer (NCI-H187), and breast
cancer (BC) cell lines with ED50=8.20, 4.12, and 7.03 mm, re-
spectively. Compound 1 also exhibited antitubercular activi-
ty against the Mycobacterium tuberculosis H37Ra strain,
with MIC=80 mm, and antimalarial activity against Plasmo-
dium falciparum (K1, multidrug-resistant strain) with
ED50=5.44 mm. Further studies on the total synthesis of ma-
lyngamide X and more-extensive biological evaluations are
in progress.[23]

Experimental Section

General

All moisture-sensitive reactions were carried out under a nitrogen or
argon atmosphere. Optical rotations were measured on a Perkin–Elmer
341 polarimeter with a sodium lamp operating at 589 nm. IR and UV/Vis

spectra were obtained on a Perkin–
Elmer 2000 FTIR spectrometer and a
Spectronic 3000 UV/Vis spectrometer,
respectively. 1H and 13C NMR, distor-
tionless enhancement by polarization
transfer (DEPT), 1H,1H-COSY, heter-
onuclear multiple-quantum coherence
(HMQC), HMBC, and NOE experi-
ments were carried out on a Bruker
AVANCE DPX-300 FTNMR, a
Bruker AV-400, or a Bruker AMX-600
spectrometer. ESI/Q/TOF MS spectra
were recorded on a Micromass LCT
mass spectrometer. FAB MS and EI
MS spectra were obtained on a JEOL
JMS-700 mass spectrometer. All ex-
periments were performed in the posi-
tive-ion mode. Conformational analy-
ses were calculated by the Monte
Carlo method with an MMFF94S
force field, and the calculation of
NOE interaction distances in M by
MacroModel was performed on a
Power IRIS GTX200BII instrument
(Silicongraphics Limited).

Animal Material

Four specimens of the sea hare B. leachii (230 g wet weight) were collect-
ed by hand from Sichang Island, the Gulf of Thailand in October 2000.
They were frozen on site before extraction. The voucher specimens and a
photo of the live animal are available from our laboratory.

Extraction and Isolation

The internal organs (65 g wet weight) of the specimens (four animals)
were blended into small pieces and macerated three times with a 1:1 mix-
ture of EtOH/nPrOH (150 mL each). The combined extracts were con-
centrated under reduced pressure, and the residue was partitioned be-
tween EtOAc and H2O to give the crude EtOAc extract (1.4 g) as a
dark-green oil. It was subjected to chromatography (silica gel, MeOH/
CHCl3 gradient); this gave four fractions. The fraction eluting with 5%
MeOH in CHCl3 gave a positive spot to Dragendorff spraying reagent of
1 (TLC: Rf=0.34, silica gel, CHCl3/EtOAc/Et2NH=1:3:0.05). It was fur-
ther purified by a combination of flash column chromatography (silica
gel, 1.5% Et2NH in CHCl3/EtOAC=1:3) and Sephadex LH-20 chroma-
tography (hexane/CHCl3/MeOH=20:75:5); this afforded 1 as a pale-
yellow oil (10 mg, 0.015% yield wet weight).

1: Pale-yellow oil; a½ �27D =�6.8 (c=0.18, CHCl3); UV/Vis (MeOH): lmax
(loge)=219 (5.11), 241 nm (5.03 dm3mol�1 cm�1); IR (film): ñmax=3600–
3200, 3438, 2930, 1722, 1684, 1624, 1460, 1380, 1319, 1247, 1093, 953 cm�1;
1H NMR (600 MHz, CDCl3): d=0.77 (d, J=6.6 Hz, 16-H3), 0.88 (t, J=
6.6 Hz, 14’-H3), 1.10 (d, J=7.2 Hz, 17-H3), 1.14 (d, J=7.2 Hz, 9-H3), 1.21
(d, J=7.2 Hz, 6-H3), 1.23–1.33 (m, 9’-H2–13’-H2), 1.35 (d, J=7.2 Hz, 3-
H3), 1.44 (m, 8’-H2), 2.19 (t, J=6.0 Hz, 6’-H2), 2.37 (m, 3’-H2), 2.43 (m, 2’-
H2), 2.63 (m, 15-H), 2.95 (s, 1-H3), 3.15 (quint, J=6.0 Hz, 7’-H), 3.32 (s,
15’-H3), 3.62 (dd, J=9.0, 2.4 Hz, 7-H), 3.85 (s, 18-H3), 3.88 (dq, J=9.0,
7.2 Hz, 8-H), 4.06 (m, 5-H), 4.53 (d, J=2.4 Hz, 14-H), 5.07 (s, 12-H), 5.23
(q, J=7.2 Hz, 2-H), 5.48 (dt, J=15.6, 6.0 Hz, 5’-H), 5.53 (dt, J=15.6,
6.0 Hz, 4’-H), 6.45 ppm (d, J=7.8 Hz, NH); 13C NMR (75 MHz, CDCl3):
d=13.7 (C3), 14.2 (C9), 14.1 (C14’), 15.4 (C16), 18.2 (C6), 18.7 (C17),
22.7 (C13’), 25.3 (C9’), 28.1 (C3’), 29.0 (C15), 29.3 (C10’), 29.8 (C11’),
30.6 (C1), 31.8 (C12’), 33.4 (C8’), 33.8 (C2’), 36.4 (C6’), 42.4 (C8), 46.7
(C5), 51.9 (C2), 56.5 (C15’), 58.5 (C18), 64.5 (C14), 77.4 (C7), 80.8 (C7’),
94.6 (C12), 127.3 (C4’), 131.1 (C5’), 171.0 (C11), 171.4 (C4), 173.5 (C1’),
175.7 (C10), 179.9 ppm (C13); MS (HR FAB): m/z calcd for C33H58N3O7:
608.4275 [M+H]+ ; found: 608.4272.

1a : A solution of 1 (0.6 mg, 0.99 mmol), 4-dimethylaminopyridine
(DMAP; 1.22 mg, 10 mmol), and triethylamine (100 mL, 720 mmol) in
CH2Cl2 (1 mL) was treated with (+)-(S)-MTPA-Cl (30 mL, 160 mmol),

Figure 7. Variation of DdRS for 7’-OCH3 of 1 and 13 with temperature in the presence of 20 equiv (R)-TFAE
(c) and (S)-TFAE (a).

Chem. Asian J. 2007, 2, 114 – 122 C 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 119

Characterization of Malyngamide X



and the mixture was vigorously stirred at room temperature for 37 h. 3-
[(Dimethylamino)propyl]amine (20 mL, 160 mmol) was added, and the
residue after evaporation of the solvent was partitioned between 20%
aqueous MeOH and EtOAc (2:1). The EtOAc extract was evaporated
and purified by preparative TLC (hexane/EtOAc=1:3); this gave pure
1a (Rf=0.3, 0.6 mg, 73%).

1a : 1H NMR (CDCl3, 600 MHz, CDCl3): d=0.52 (d, J=7.2 Hz, 16-H3),
0.88 (t, J=6.4 Hz, 14’-H3), 1.05 (d, J=7.2 Hz, 6-H3), 1.08 (d, J=7.2 Hz,
17-H3), 1.21 (d, J=7.2 Hz, 9-H3), 1.25 (br s, 9’-H2–13’-H), 1.35 (d, J=
7.2 Hz, 3-H3), 1.43 (m, 8’-H2), 2.19 (dd, J=5.6, 5.6 Hz, 6’-H2), 2.31 (m, 3’-
H2), 2.35 (m, 2’-H2), 2.46 (m, 15-H), 2.90 (s, 1-H3), 3.15 (m, 7’-H), 3.50 (s,
15’-H3), 3.83 (s, 18-H3), 4.22 (m, 8-H), 4.48 (d, J=2.4 Hz, 14-H), 4.49 (m,
5-H), 5.04 (s, 12H), 5.16 (q, J=7.2 Hz, 2-H), 5.45 (m, 5’-H), 5.52 (m, 4’-
H), 5.62 (dd, J=9.6, 1.6 Hz, 7-H), 6.04 ppm (d, J=9.6 Hz, NH); MS
(ESI/Q/TOF): m/z calcd for C43H65O9N3F3: 824.47; found: 824.52.

1b : By the same method described for 1a, 1b was prepared from (�)-
(R)-MTPA-Cl instead of (+)-(S)-MTPA-Cl. The reaction mixture was
vigorously stirred at room temperature for 56 h. The workup and purifi-
cation method was the same as that used for 1a ; this gave 1b (Rf=0.3,
0.6 mg, 73%). 1H NMR (CDCl3, 600 MHz, CDCl3): d=0.35 (d, J=
7.2 Hz, 16-H3), 0.88 (t, J=6.4 Hz, 14’-H3), 0.98 (d, J=7.2 Hz, 17-H3), 1.13
(d, J=7.2 Hz, 6-H3), 1.19 (d, J=7.2 Hz, 9-H3), 1.25 (br s, 9’-H2–13’-H),
1.37 (d, J=7.2 Hz, 3-H3), 1.43 (m, 8’-H2), 2.11 (m, 15-H), 2.19 (dd, J=5.6,
5.6 Hz, 6’-H2), 2.37 (m, 3’-H2), 2.39 (m, 2’-H2), 2.92 (s, 1-H3), 3.15 (m, 7’-
H), 3.40 (s, 15’-H3), 3.80 (s, 18-H3), 4.20 (m, 8-H), 4.38 (d, J=2.4 Hz, 14-
H), 4.50 (m, 5-H), 5.01 (s, 12-H), 5.20 (q, J=7.2 Hz, 2-H), 5.46 (m, 5’-H),
5.53 (m, 4’-H), 5.63 (dd, J=9.6, 1.6 Hz, 7-H), 6.19 ppm (d, J=9.6 Hz,
NH); MS (ESI/Q/TOF): m/z calcd for C43H65O9N3F3: 824.47; found:
824.52.

NMR Chiral Solvation Experiments

Samples for NMR chiral solvation experiments were typically prepared
by separately mixing a sample with the desired amount of the CSA
TFAE (Pirkle alcohol) in a very clean NMR tube with CDCl3 as the sol-
vent. If not indicated otherwise, 1H NMR spectra were recorded at 273 K
on a 600-MHz NMR spectrometer. Chemical shifts were reported in ppm
relative to the chemical shift of tetramethylsilane (TMS) as internal stan-
dard. The digital resolution of the final spectra was 0.386 Hz/point, that
is, 0.000643 ppm/point. The chemical shifts of the proton signals were as-
signed from the 1H,1H-COSY data.

Synthesis of Model Compounds

Model compounds were designed to serve the correlation of the configu-
rations of the CSA–1 diastereomeric complexes about the C14 and C7’
stereogenic centers. Syntheses of model compounds for models of the 5-
isopropyl-4-methoxy-D3-pyrrolin-2-one system in 1 (C14) started with the
coupling of the pure enantiomer of N-Boc-valine (l-valine for the 5S
isomer and d-valine for the 5R) and Meldrum acid by the method of
Akaji et al.[19] After deprotection and N-propionylation of each isomer,
the model compounds 7–9 were afforded. By the Lewis acid mediated
aldol reaction developed by Walker and Heathcock,[28] the N-protected
C1–C18 fragment of 1 (model 10) was prepared from the boron enolate
of 9a and N-Boc-l-alaninal in the presence of Et2AlCl. Syntheses of
model compounds 11 and 12 as models of the chiral methoxylated homo-
allyl ether in the fatty acid part of 1 (C7’) were achieved by the coupling
of the pure enantiomer of glycidyl tosylate (2S isomer for 7’S model com-
pounds and 2R isomer for 7’R model compounds) and hexyl organocup-
rate; this was followed by coupling to pent-4-ynol, D4’,5’-trans reduction,
and O-methylation.

7a : Pale-yellow solid; a½ �28D =++83.5 (c=0.20, CH2Cl2);
1H NMR (CDCl3,

400 MHz, CDCl3): d=0.80 (d, J=7.2 Hz, 7-H3), 1.09 (d, J=7.2 Hz, 8-H3),
1.54 (s, 9H, tBu), 2.42 (m, 6-H), 3.81 (s, 9-H3), 4.37 (d, J=2.4 Hz, 5-H),
5.06 ppm (s, 3-H); MS (ESI/Q/TOF): m/z calcd for C13H21NO4Na:
278.1368 [M+Na]+ ; found: 278.1373.

8a : White solid; a½ �28D =++5.6 (c=1.00, CH2Cl2);
1H NMR (CDCl3,

400 MHz, CDCl3): d=0.80 (d, J=6.8 Hz, 7-H3), 1.00 (d, J=6.8 Hz, 8-H3),
2.08 (m, 6-H), 3.79 (s, 9-H3), 3.98 (dd, J=1.2, 2.8 Hz, 5-H), 5.03 (d, J=

1.2 Hz, 3-H), 5.40 ppm (br s, NH); MS (ESI/Q/TOF): m/z calcd for
C8H14NO2: 156.1024 [M+H]+ ; found: 156.1016.

9a : Pale-yellow solid; a½ �28D =++75.3 (c=0.60, CH2Cl2);
1H NMR (CDCl3,

400 MHz, CDCl3): d=0.74 (d, J=7.2 Hz, 7-H3), 1.11 (d, J=7.2 Hz, 8-H3),
1.15 (t, J=7.2 Hz, 3’-H3), 2.55 (m, 6-H), 2.94 (q, J=7.2 Hz, 2’-H2), 3.83 (s,
9-H3), 4.37 (d, J=2.4 Hz, 5-H), 5.06 ppm (s, 3-H); MS (ESI/Q/TOF): m/z
calcd for C11H17NO3Na: 234.1106 [M+Na]+ , found: 234.1108.

8b : White solid; a½ �28D =�6.5 (c=1.00, CH2Cl2);
1H NMR (CDCl3,

400 MHz): spectrum was identical to that of 8a ; MS (ESI/Q/TOF): m/z
calcd for C8H14NO2: 156.10 [M+H]+ ; found: 156.44.

9b : Pale-yellow solid; a½ �28D =�60.9 (c=0.60, CH2Cl2);
1H NMR (CDCl3,

400 MHz): spectrum was identical to that of 9a ; MS (ESI/Q/TOF): m/z
calcd for C11H17NO3Na: 234.11 [M + Na]+ ; found: 234.51.

10 : Yellow oil; a½ �29D =++8.15 (c=0.10, CHCl3);
1H NMR (CDCl3,

400 MHz, CDCl3): d=0.76 (d, J=6.8 Hz, 8-H3), 1.10 (d, J=6.8 Hz, 7-H3),
1.19 (d, J=6.8 Hz, 14-H3), 1.21 (d, J=6.8 Hz, 15-H3), 2.61 (m, 6-H), 3.59
(dd, J=8.0, 2.4 Hz, 12-H), 3.82 (m, 13-H), 3.85 (s, 9-OCH3), 3.98 (dq, J=
8.0, 6.8 Hz, 11-H), 4.54 (d, J=2.8 Hz, 5-H), 4.80 (br s, NH), 5.09 ppm (s,
3-H); MS (ESI/Q/TOF): m/z calcd for C19H32N2O6Na: 407.2168 [M+

Na]+ ; found: 407.2167.

11a : Yellow oil; a½ �27D =�10.3 (c=0.50, CHCl3);
1H NMR (CDCl3,

400 MHz, CDCl3): d=0.88 (t, J=7.2 Hz, 14-H3), 1.10–1.40 (br s, 10H, 9-
H2–13-H), 1.14–1.90 (m,10H, 2-H2, 8-H2, 2’-H2–4’-H), 2.0–2.4 (m, 4H, 3-
H2, 6-H2), 3.14 (m, 1a-H2), 3.32 (s, 7-OCH3), 3.39 (m, 5’a-H2), 3.50 (m, 7-
H), 3.73 (m, 1b-H2), 3.88 (m, 5b-H2), 4.58 (t, J=4.4 Hz, 1’-H), 5.42 (dt,
J=15.2, 6.4 Hz, 5-H), 5.49 ppm (dt, J=15.2, 6.4 Hz, 4-H); MS (EI): m/z
calcd for C20H38O3: 326.2821 [M]

+ ; found: 326.2802.

12a : Yellow oil; a½ �27D =�13.8 (c=0.12, CHCl3);
1H NMR (CDCl3,

400 MHz, CDCl3): d=0.88 (t, J=6.8 Hz, 14-H3), 1.15–1.25 (br s, 9-H2–13,
2’-H3), 1.40 (m, 8-H2), 2.20 (m, 6’-H2), 2.25–2.45 (m, 2-H2, 3-H2), 3.13 (m,
7-H), 3.32 (s, 7-OCH3), 4.14 (q, J=7.2 Hz, 1’-H), 5.40–5.51 ppm (m, 4-H,
5-H); MS (EI): m/z calcd for C17H32O3: 284.2351 [M]

+ ; found: 284.2388.

11b : Yellow oil; a½ �27D =++13.3 (c=0.50, CHCl3);
1H NMR (CDCl3,

400 MHz): spectrum was identical to that of 11a ; MS (EI): m/z calcd for
C20H38O3: 326.28 [M]

+ ; found: 326.28.

12b : Yellow oil; a½ �27D =++9.4 (c=0.12, CHCl3);
1H NMR (CDCl3,

400 MHz): spectrum was identical to that of 12a ; MS (EI MS): m/z calcd
for C17H32O3: 284.24 [M]

+; found: 284.24.

ACHTUNGTRENNUNG(7’S)-1:[23] Pale-yellow oil; a½ �27D =�15.4 (c=0.8, MeOH); 1H NMR
(600 MHz, CDCl3): d=0.77 (d, J=7.2 Hz, 16-H3), 0.88 (t, J=6.6 Hz, 14’-
H3), 1.10 (d, J=6.6 Hz, 17-H3), 1.14 (d, J=6.6 Hz, 9-H3), 1.21 (d, J=
6.6 Hz, 6-H3), 1.23–1.33 (m, 9’-H2–13’-H2), 1.35 (d, J=7.2 Hz, 3-H3), 1.44
(m, 8’-H2), 2.19 (t, J=6.0 Hz, 6’-H2), 2.37 (m, 3’-H2), 2.43 (m, 2’-H2), 2.63
(m, 15-H), 2.95 (s, 1-H3), 3.15 (quint, J=6.0 Hz, 7’-H), 3.32 (s, 15’-H3),
3.63 (dd, J=9.0, 2.4 Hz, 7-H), 3.85 (s, 18-H3), 3.88 (dq, J=9.0, 6.6 Hz, 8-
H), 4.07 (m, 5-H), 4.53 (d, J=2.4 Hz, 14-H), 5.08 (s, 12-H), 5.23 (q, J=
7.2 Hz, 2-H), 5.48 (dt, J=15.6, 6.0 Hz, 5’-H), 5.53 (dt, J=15.6, 6.0 Hz, 4’-
H), 6.48 ppm (d, J=9.0 Hz, NH); 13C NMR (150 MHz, CDCl3): d=13.7
(C3), 14.2 (C9), 14.1 (C14’), 15.4 (C16), 18.1 (C6), 18.7 (C17), 22.6 (C13’),
25.3 (C9’), 28.1 (C3’), 29.0 (C15), 29.3 (C10’), 29.7 (C11’), 30.6 (C1), 31.8
(C12’), 33.4 (C8’), 33.8 (C2’), 36.4 (C6’), 42.4 (C8), 46.7 (C5), 51.9 (C2),
56.5 (C15’), 58.5 (C18), 64.5 (C14), 77.4 (C7), 80.8 (C7’), 94.6 (C12),
127.3 (C4’), 131.1 (C5’), 171.0 (C11), 171.4 (C4), 173.5 (C1’), 175.7 (C10),
179.9 ppm (C13); MS (FAB): m/z calcd for C33H58N3O7: 608.4275 [M+

H]+ ; found: 608.4305.

Cytotoxicity Test[29]

The cytotoxicity against breast cancer (BC), oral human epidermoid car-
cinoma of the nasopharynx (KB), and human small cell lung cancer
(NCI-H187) cell lines was examined by employing the colorimetric
method described by Collins and Franzblau. Ellipticine was used as a ref-
erence substance, with activity toward BC, KB, and NCI-H187 cell lines
in the IC50 range 0.4�0.1 mgmL�1.

Antimalarial Test[30]

The parasite Plasmodium falciparum (K1, multidrug-resistant strain) was
cultured continuously according to the method of Trager and Jensen.
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Quantitative assessment of antimalarial activity in vitro was determined
by means of the microculture radioisotope technique based on the
method described by Desjardins et al. The inhibitory concentration (IC50)
represents the concentration that causes 50% reduction in parasite
growth as indicated by the in vitro uptake of [3H]hypoxanthine by P. fal-
ciparum. An IC50 value of 0.001 mgmL

�1 was observed for the standard
sample, artemisinin, in the same test system.

Antitubercular Test[31]

Antitubercular activity was assessed against Mycobacterium tuberculosis
H37Ra with Microplate Alamar Blue (MABA). The mycobacterium was
cultured in Middle-brook 7H9 broth. The standard drugs isoniazid and
kanamycin sulfate showed MIC values of 0.040–0.090 and 2.0–
5.0 mgmL�1, respectively. The MIC values of the compounds were deter-
mined in the same experiment as experimental samples.
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