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Cytotoxicity-guided fractionation of the crude methanol
extract of a marine sponge,Ircinia sp., yielded tedanolide C
(1), a new 18-membered macrolide. The structure was solved
by interpreting NMR and MS data, and the relative stereo-
chemistry was determined from a combination of homo- and
heteronuclear coupling constants in conjunction with mo-
lecular modeling. Compound1 exhibited potent cytotoxicity
against HCT-116 cells in vitro. Cell cycle analysis showed
that treatment of cells with compound1 arrested cells in the
S-phase.

The promising bioactivity and the structural diversity within
the marine environment continue to yield new secondary
metabolites.1 The encouraging current number of marine natural
products and related compounds in clinical and advanced
preclinical trials is evidence that marine secondary metabolites
are important sources of new drugs.2 As part of our natural
products screening program for new anticancer lead com-
pounds,3 the extract of the marine sponge,Ircinia sp. collected
in Milne Bay, Papua New Guinea, was shown to be very active
in cytotoxicity assays against an HCT-116 cell line. Cytotox-
icity-guided fractionation of the extract yielded (1), a new highly
potent 18-membered macrolide. Over the past few years, several
classes of macrolides have been isolated from marine sponges.

These include two closely related 18-membered macrolides,
tedanolide (2)4 and 13-deoxytedanolide (3)5 from Tedania ignis
and Mycale adhaerens, respectively, laulimalide,6 a 20-
membered ring fromCacospongia mycofijiensis, Hyatella sp.,
Fasciospongiasp.,Dactylospongiasp., and also from a chro-
modorid nudibranch, and peloruside A,7 a 16-membered ring
macrolide fromMycale hentscheli. Tedanolide C (1) has the
same macrolide ring size as tedanolide and 13-deoxytedanolide
but a different oxygenation and methylation pattern. Herein, we
report the isolation, the structure elucidation, the relative
stereochemistry, cytotoxic evaluation of tedanolide C (1), and
its activity on the cell cycle progression of HCT-116 cells.

The specimen ofIrcinia collected from Papua New Guinea
was extracted with MeOH. The crude extract was subjected to
a solvent partition scheme to yield hexane, CHCl3, and aqueous
MeOH extracts. The CHCl3 extract was subjected to reversed-
phase flash column chromatography using a MeOH/H2O gradi-
ent. The fraction eluting with 50:50 MeOH/H2O was concen-
trated to provide 145.4 mg of material that was further separated
by HPLC using a reversed-phase semipreparative column to
provide 15.7 mg of tedanolide C (1) (0.003% wet weight).

Compound1 was obtained as a white amorphous solid. The
HRESIMS gave an [M+ Na]+ ion at m/z 621.3242 (calcd
621.3250) corresponding to the formula C31H50O11Na+, which
was consistent with both the1H and13C NMR spectra. The IR
spectrum contained absorption bands for hydroxyl, ester, and
ketone groups (3418, 1736, 1697 cm-1). 13C and DEPT
experiments confirmed the presence of 31 carbons, which were
distributed as 6 quaternary, 14 methine, 3 methylene, and 8
methyl carbon atoms. Additionally, these spectra revealed the
presence of two saturated ketone carbonyls, one ester carbonyl,
one quaternary olefin carbon, three protonated olefinic carbons,
seven oxymethine carbons, and one quaternary oxygenated
carbon. This carbon inventory explained five of the seven
degrees of unsaturation, indicating1 is bicyclic. The1H NMR
spectrum revealed three downfield olefinic protons, seven
downfield oxymethine protons, three methylene groups, four
upfield methine protons attached to carbons bearing methyls,
four corresponding aliphatic secondary methyl groups (doublets),
two upfield tertiary methyl groups (singlets) and two vinyl
methyls (one singlet, one doublet) (see Table 1). Cross-peaks
in the COSY spectrum indicated five continuous spin systems.
Thereafter, these data along with HSQC, HSQC-TOCSY, and
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HMBC data allowed assignments of the five partial structures
shown in Figure 1.

For partial structure A,1H and13C chemical shifts indicated
the presence of oneZ double bond (J21,22 ) 10.8 Hz) between
C-21 [δH 5.27;δC 131.6] and C-22 [δH 5.54;δC 127.1]. C-17
was oxygenated as judged by chemical shifts [δH 3.51;δC 75.1].
The methine proton H-20 showed an HMBC correlation with
the methyl carbon C-31 [δ 18.0]. On the basis of1H and 13C
chemical shift data, C-19 [δH 2.74;δC 62.3] and C-18 [δH 2.99;
δC 59.1] was part of atrans (J18,19 ) 2.0 Hz) epoxide and was
confirmed by comparison with data from tedanolide4 and 13-
deoxytedanolide.5 An HMBC correlation between the methine
proton H-17 [δ 3.51] and the oxygenated carbon C-16 [δ 84.5]
established the last connection for the remaining portion of the
partial structure A. Partial structures D and E were established

by interpretation of COSY and HMBC spectra. The contiguous
nature of C-9 through C-14 in partial structure D was easily
assigned from the COSY spectrum. C-11 and C-13 were
oxygenated, based on their13C chemical shifts,δ 73.8 and 70.2,
respectively. The1H and13C chemical shifts of C-9 [δH 5.18;
δC 134.1] indicated it was part of a trisubstituted double bond.
NOE correlations between the methyl group H3-27 and the
proton H-10 showed that the C-8-C-9 double bond was in the
E configuration. Partial structure E shared a characteristic COSY
pattern for the sequence CH(CH3)CH(OH). This piece was
connected to C-8 by an HMBC correlation with H-6 and to
C-5 by an HMBC correlation from H-6.

Partial structure C was deduced by a combination of COSY
and HMBC data. The COSY spectrum revealed the C-2-C-3
unit. A quaternary carbon atδ 53.2 showing HMBC correlations
with H-3, H3-24, and H3-25 could be assigned as C-4.

The 1H shifts for H2-30 (δ 4.02, 4.18) indicated that these
protons were an oxymethylene that displayed clear HMBC
correlations to the ester carbonyl C-1 (δ 172.6) and to the
quaternary oxygenated carbon C-16 (δ 84.5). Long-range proton
coupling correlations from the oxymethine proton H-17 to
carbons C-15, and C-16 and from methylenic proton H2-30 to
ketone C-15 revealed the attachment points between C-15-C-
16-C-30. The attachment point provided supportive evidence
for the connection of partial structures A, B and D. Cross-peaks
in the HMBC spectrum from H3-24 to C-5, H-6 to C-5 and
from H3-26 to C-5 allowed connection of partial structures C

TABLE 1. NMR Data for Tedanolide C (1) (CD3OD)a

pos δC multiplicity δH multiplicity (Hz) COSY HMBC NOESY HETLOC, HSQMBC (Hz)b

1 172.6 s
2 39.3 t 2.17 dd, 14.6, 11.2 2a, 3 1,3 3 3 (-6.0)

2.26 dd, 14.6, 2.8 2b, 3 3 3 (-2.0)
3 73.1 d 4.14 dd, 11.2, 2.8 2a, 2b 2, 4, 24, 25 2a, 2b, 14, 24
4 53.2 s
5 220.5 s
6 46.9 d 3.21 dq, 9.2, 7.2 7, 26 5, 7, 8, 26 7, 24, 27 7 (-4.6)
7 81.3 d 4.06 d, 9.2 6 6, 26, 27 6 6 (3.3), 26 (3.3)
8 136.0 s
9 134.1 d 5.18 d, 9.2 10 7, 10, 11, 27 11, 12a, 28 11 (3.3)

10 40.4 d 2.20 ddq, 9.2, 6.9,<1.0 9, 11, 28 8, 9, 11, 28 28 11 (5.5)
11 73.8 d 3.53 dd, 10.3, 2.9 10, 12b 10, 13, 28 9, 12a, 28 13 (3.6), 28 (3.2)
12 41.5 t 1.15 ddd, 15.3, 10.3, 3.6 11, 12a 12a, 14 11 (-5.5), 13 (1.2), 14 (5.5),

1.40 ddd, 15.3, 9.9, 2.9 12b, 13 9, 11, 12b, 13, 14 11 (-1.1), 13 (-5.8), 14 (0)
13 70.2 d 4.05 ddd, 9.9, 3.6, 3.3 12a 12a 11 (3.3), 29 (3.3)
14 48.9 d 3.31 dq, 7.2, 3.3 29 12, 13, 15, 29, 30 3, 12a, 12b, 29 13 (-2.8), 15 (4.0)
15 219.7 s
16 84.5 s
17 75.1 d 3.51 d, 7.4 18 15, 16, 18, 19 18, 19, 30a, 30b 15 (1.7), 16 (2.0), 18 (4.0)
18 59.1 d 2.99 dd, 7.4, 2.0 17, 19 17, 19, 20 17, 19, 20, 23, 30a, 31 17 (4.5), 19 (1.3)
19 62.3 d 2.74 dd, 6.9, 2.0 18, 20 17, 18, 20, 21, 23, 31 17, 18, 20, 21, 30a, 30b, 31 17 (2.0), 18 (1.3), 20 (6.3),

21 (1.3), 31 (2.6)
20 35.3 d 2.41 ddq, 10.3, 6.9, 6.9 19, 21, 31 18, 19, 21, 22, 23, 31 18, 19, 23, 31 19 (-7.0)
21 131.6 d 5.27 ddq, 10.8, 10.3, 1.6 20, 22, 23 19, 20, 23, 31 19, 22, 31
22 127.1 d 5.54 dq, 10.8, 6.8 21, 23 20, 23 21, 23
23 13.5 q 1.61 dd, 6.8, 1.6 21, 22 19, 20, 21, 22 18, 20, 22
24 25.0 q 1.16 s 3, 4, 5, 25 3, 6
25 18.7 q 1.22 s 3, 4, 24
26 17.6 q 1.21 d, 7.2 6 5, 6, 7
27 11.3 q 1.54 s 7, 8, 9 6, 28
28 17.7 q 0.97 d, 6.8 10 9, 10, 11 9, 10, 11, 27
29 12.6 q 1.21 d, 7.2 14 14, 15 14
30 70.3 t 4.02 d, 11.0

4.18 d, 11.0
30a
30b

1, 15, 16 17, 19, 30a
17, 18, 19, 30b

15 (1.5)
15 (5.5), 16 (5.0)

31 18.0 q 1.06 d, 6.9 20 19, 20, 21 18, 19, 20, 21

a Data obtained on a 400 MHz instrument.b Data obtained on a 500 MHz instrument. Signs for the2JCH coupling constants measured from the HSQMBC
experiments are not mentioned.

FIGURE 1. Partial structures A-E determined for tedanolide C (1).
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and E. Proton H2-2 showed an HMBC correlation to C-1, linking
partial structures B and C.

Initially, we planned to establish the relative stereochemistry
using theJ-based configuration analysis8 and DPFGSE 1D
NOE9 experiments in conjunction with molecular modeling.
Several limitations regarding compound1 made it clear that
we had to take an iterative approach that combined extensive
molecular modeling studies with an extension10 of J-based
method followed by repetitive adjustments to the structure and
finally DFT calculations on the intact molecule. Measurement
of homonuclear coupling data was achieved utilizing1H and
DQF-COSY experiments. Heteronuclear couplings were mea-
sured using a GHETLOC11 and a G-BIRDR-HSQMBC.12 A
lowest energy conformer was first identified by molecular
dynamics using AMBER.13 Subsequently, GAUSSIAN0314 was
used for geometry optimization (d95** basis set, B3LYP density
functional) of the system and computation ofJ values on the
intact molecule (EPRII basis set, B3LYP density functional).15

The complete approach we used to help elucidate the relative
stereochemistry, as well as a detailed account of the Gaussian
calculations and evaluation of basis sets using model compounds
will be presented elsewhere.

The epoxide was the starting point for the assignment of the
relative stereochemistry. The1JHH for H-18 and H-19, 2.0 Hz,
is typical of atrans-substituted epoxide.16 The coupling constant
between H-19 and H-20 was large in1 (6.9 Hz) and in
tedanolide (9.4 Hz),4 but the stereochemistry of C-20 could still
be different between the two compounds. This large homo-
nuclear coupling suggested an anti relationship in1 between
these two protons. Measurement of2JCH coupling constant of
-7.0 Hz between H-20 and C-19 indicated that H-20 was
gauche to the electronegative oxygen substituent at C-19. Two
3JCH of 1.3 and 2.6 Hz between H-19 and C-21, and H-19 and

C-31 respectively indicated that this proton was gauche to these
two groups. A NOESY correlation was observed between H-20
and H-23. Only one rotamer (see Figure 3) fits all these data
and thus represents the relative configuration of these two
centers.J coupling values have been computed for each rotamer
about the C-19-C-20 bond (see Figure 2). The calculated values
(-7.7 and 6.1 Hz) for the erythro (-) gauche rotamer (13C-at-
tached oxygen relative to the proton) showed the best correlation
to the experimental data (-7.0 and 6.3 Hz respectively) for the
C-19-C-20 bond of1, providing additional support for the
assigned stereochemistry. Measured and calculated2JC20-H19 are
large, positive values with no angular dependence. Based on
the energies (Figure 2), the Boltzmann distribution indicates
that the threo system should be mostly in the anti conformation.
This result clearly does not agree with our experimental data,
especially the3JH19-H20 and2JC19-H20.

For the C-17-C-18 bond, a large vicinal coupling constant
between H-17 and H-18 (7.4 Hz) suggested that H-17 and H-18
were anti. A large two-bond C-H coupling constant measured
for C-18/H-17 (4.0 Hz) suggested that H-17 was gauche to 18-
OR. At this point the number of possible rotamers that would
allow a large coupling constant between H-17 and H-18 is still
two. From the calculated and measured vicinal1H coupling,
there is no evidence of conformational averaging. A NOESY
correlation was observed between H-17 and H-19. Thus, the
relation between 17-OH and 18-OR was assigned as anti on
the basis of these data.
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FIGURE 2. Energies, Newman projections, and comparison of
experimental and calculatedJ values for the C-19-C-20 bond of1.

FIGURE 3. Diagram of the rotamers determined for the C-C bonds
of tedanolide C (1).
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The relative stereochemistry at position C-16 was established
through theJ-based analysis for C-16-C-17 and C-16-C-30
bonds. Measurement of a small2JC16-H17 (2.0 Hz) and small
3JC15-H17 (1.7 Hz) coupling constants indicated that H-17 was
anti to 16-OH and gauche to C-15. At this point, two rotamers
satisfied these data. Molecular modeling was used to predict
NOE patterns for each rotamer. One rotamer could be eliminated
due to an observed NOE correlation between H-30a/H-18 which
suggested a gauche orientation between these two protons. For
the C-16-C-30 bond, a large2JC16-H30a (5.0 Hz), a large
3JC15-H30a(5.5 Hz) and a small3JC15-H30b (1.5 Hz) heteronuclear
couplings were measured, indicating that H-30a was gauche to
16-OH, anti to C-15 and that H-30b was gauche to C-15. NOE
correlations between H-30a/H-17 and H-30b/H-17 finally
established the relative stereochemistry depicted in Figure 3.

The relative orientation of H-9 and H-10 was demonstrated by
a large homonuclear3JH9-H10 (9.2 Hz) coupling constant, which
suggested that these two protons should have an anti relationship
and created confusion. However, a careful analysis of the best
minimized molecular model revealed that the two protons were
eclipsed. The two protons, H-9 and H-10, considered as eclipsed,
indicated the relative stereochemistry depicted in Figure 3.

The rest of the stereocenters were also established using
J-based analysis (see Figure 3). The relations between fragments
were established through NOESY correlations analysis. NOESY
correlations were observed for H-3/H-24, H-24/H-6, suggesting
that H-3, H-6 and H-24 had gauche orientations. Similarly, frag-
ments D and E (Figure 1) were related through an NOE cor-
relation for H-6/H-27, H-27/H-28, and H-14/H-3. As explained
above, for the determination of the relative stereochemistry at
position C-16, fragments A, B and D (Figure 1) were related
through theJ-based analysis for C-16-C-17 and C-16-C-30
bonds and through observed NOESY correlations for H-30a/
H-17 and H-30b/H-17 in conjunction with molecular modeling.

Compound1 was tested against a colorectal cancer cell line
(HCT-116, wild type) and displayed an IC50 of 0.057µg/mL
(9.53× 10-8 M). Cell cycle analysis showed that treatment of
HCT-116 cells with 0.2µg/mL of tedanolide C (1) resulted in
a strong accumulation of cells in the S-phase after 24-h exposure
and was sustained through 48-h exposure.

These potent results indicated that like 13-deoxytedanolide,17

tedanolide C (1) could be an inhibitor of protein synthesis.
In conclusion, tedanolide C (1) is a new 18-membered macro-

lide isolated from the Papua New Guinea spongeIrcinia sp.
This compound bears a different pattern of oxygenation and
methylation when compared to tedanolide4 and 13-deoxytedano-
lide.5 The planar structure was established mainly by NMR
methods. An extension of theJ-based configuration analysis
was applied successfully in conjunction with molecular modeling
and DFT calculations to elucidate the relative stereochemistry
of compound1. We have identified a method to extend theJ-
based method for conformers that present anti relationships be-
tween adjacent protons. Since the coupling constant pattern is
identical for erythro and threo systems, normally theJ-based
method does not allow the stereochemical assignment. However,
using the energies obtained from Gaussian for each possible
rotamer from two diastereoisomers, one can use Boltzmann’s
equation to estimate the populations. Using this approach, we
found that the threo diastereoisomer should be mostly in the
(-) gauche conformation. This conformer clearly does not agree
with the measured coupling values. Tedanolide C (1) exhibited
potent cytotoxicity against HCT-116 cells in vitro with IC50 value

of 9.53× 10-8 M and caused a strong S-phase arrest. A recent
study of SARs of 13-deoxytedanolide5 reported that the southern
hemisphere comprised the pharmacophore, while the epoxide-
bearing side chain was essential for the activity.18 It has also
been shown that 13-deoxytedanolide5 is also a potent protein syn-
thesis inhibitor and the first macrolide to inhibit the eukaryotic
ribosome.17 The study of the mechanism of action of compound
1, as an S-phase arrest agent, is currently under investigation.

Experimental Section
Animal Material. The specimen ofIrcinia sp. was collected in

Milne Bay (S 10° 14.278′ E 150° 54.782′), Papua New Guinea, in
2001. A voucher specimen (PNG01-6-67) is held at the University
of Utah.

Extraction and Isolation. Frozen sponge material (480 g) was
extracted with MeOH (1 L) three times. The MeOH extracts were
combined, filtered, and evaporated to dryness in vacuo to give a
dark brown residue (16.5 g). This residue was dissolved in 10%
water in MeOH (500 mL) and partitioned against hexane (3× 500
mL). The water content of the MeOH phase was adjusted to 30%
by adding 143 mL of water before partitioning against CHCl3 (3
× 500 mL). This solvent partition scheme yielded hexane (1.1 g),
CHCl3 (1.8 g), and 30% aq MeOH (13.3 g) extracts. The CHCl3

extract was fractionated by C18 flash column chromatography using
MeOH gradients in H2O. The last fraction eluted with (50:50)
MeOH/H2O (145.4 mg) was further purified by phenyl hexyl HPLC
using a CH3CN/H2O gradient (30:70 to 85:15 over 30 min) to afford
tedanolide C (1, 15.7 mg).

Tedanolide C (1): white amorphous solid; [R]24
D + 21.4 (c

0.215; MeOH); UV (MeOH)λmax (ε) 208 (8031) 264 (1096) nm;
IR (film) νmax 3418, 2972, 2933, 1736, 1697, 1457, 1372, 1294,
1253, 1169, 1076, 984, 903, 822, 756 cm-1; 1H and13C NMR data
in Table 1; (+)-LRESIMS m/z [M + Na]+ 621.3; HRESIMSm/z
621.32423 (calcd for C31H50O11Na+, 621.32508,∆ -0.85 mmu).

Acknowledgment. This work was supported by NIH Grant
No. CA36622. Funding for the Varian Inova 500 MHz NMR
spectrometer was provided through NCI Grant No. 5 P30 CA
42014 and NIH Grant No. 1 S10RR06262. We acknowledge
the government of Papua New Guinea for permits to collect the
sponge and also Anna Senina and the HSC core facilities for
performing the cell proliferation assay and the flow cytometry
experiments, respectively. An allocation of computer time from
the Center for High Performance Computing at the University
of Utah is gratefully acknowledged. The computational resources
for this project have been provided by the National Institutes
of Health (Grant No. NCRR 1 S10 RR17214-01) on the Arches
Metacluster, administered by the University of Utah Center for
High Performance Computing. We thank Mr. Jay Olsen,
University of Utah, for his assistance in acquiring NMR data.

Note Added after ASAP Publication.The relative energies
of the anti and gauche (-) threo rotamers were switched in
Figure 2 of the version published ASAP February 18, 2006;
the corrected version was published February 21, 2006.
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