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Abstract Eight cembrane-type diterpenoids, namely, (þ)-(6R)-6-hydroxyisosarcophytoxide (1),
(þ)-(6R)-6-acetoxyisosarcophytoxide (2), (þ)-17-hydroxyisosarcophytoxide (3), sarcomililatins A–D
(4–7), and sarcomililatol (8), were isolated from the soft coral Sarcophyton mililatensis collected from
Weizhou Island, Guangxi Autonomous Region, together with 2 known related analogues, (þ)-isosarco-
phytoxide (9) and (þ)-isosarcophine (10). The structures of these compounds were elucidated by a
combination of detailed spectroscopic analyses, chemical methods, and comparison with reported data.
The absolute configuration of compound 1 was established by the modified Mosher's method, while the
absolute configurations of compounds 4 and 5 were assigned by electronic circular dichroism (ECD)
spectroscopy and that of compound 8 was established by time-dependent density functional theory
electronic circular dichroism (TD-DFT ECD) calculation. In in vitro bioassays, compound 9 displayed
significant cytotoxicity against the human cancer cell lines human promyelocytic leukemia cells (HL-60)
and human lung adenocarcinoma cells (A-549) with IC50 values of 0.7870.21 and 1.2670.80 μmol/L,
respectively. Compounds 4 and 9 also showed moderate inhibitory effects on the TNFα-induced Nuclear
factor kappa B (NF-κB, a therapeutical target in cancer) activation, showing IC50 values of 35.23712.42
and 22.5274.44 μmol/L, respectively.
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Cembrane-type diterpenoids from the South China Sea soft coral Sarcophyton mililatensis 945
1. Introduction

Literature reports concerning the natural products chemistry of soft
corals of the cosmopolitan genus Sarcophyton (Alcyonacea,
Alcyoniidae) indicate that they are well-known to be a rich source
of specialised metabolites, particularly diterpenoids of the
cembrane-type1,2. To date, more than 220 cembranes have been
discovered, besides undefined species, from approximately 18
species of this genus. Moreover, some of them have been reported
to be responsible for a diverse range of significant bioactivities,
especially cytotoxic and anti-inflammatory effects2–4. Their excel-
lent bioactivities have for a long time attracted great interest from
synthetic organic chemists as challenging targets for total
synthesis5,6.

Sarcophyton species are prolific in the South China Sea. In the
course of our ongoing search for bioactive secondary metabolites from
the South China Sea marine invertebrates7–9, we collected the soft coral
S. mililatensis from Weizhou Island, Guangxi Autonomous Region,
China. Notably, only 2 prior phytochemical studies have been
performed on this species collected from Baycanh Island, Vietnam,
resulting in the isolation of one 9,11-secosteroid and 6 cembranes10,11.
The present investigation of the Et2O-soluble fraction from the acetone
extract of S. mililatensis has now led to the discovery of eight
previously undescribed cembrane-type diterpenoids, namely, (þ)-(6R)-
6-hydroxyisosarcophytoxide (1), (þ)-(6R)-6-acetoxyisosarcophytoxide
(2), (þ)-17-hydroxyisosarcophytoxide (3), sarcomililatins A–D (4–7),
and sarcomililatol (8), along with 2 known structural analogues,
(þ)-isosarcophytoxide (9) and (þ)-isosarcophine (10) as shown in
Fig. 1. The absolute configuration of compound 1 was established by
the modified Mosher's method. The absolute configurations of
compounds 4 and 5 were assigned by ECD spectroscopy, while for
compound 8 TD-DFT ECD calculation was used.

Cancer is a group of diseases characterized by uncontrolled cell
growth, which has become the major public health concern over
the last several decades12–15. NF-κB, as a family of inducible
transcription factors in all cells discovered by Sen and Baltimore16

in 1986, has become one of the major targets for drug develop-
ment17. In particular, the aberrant activation of NF-κB has been
Figure 1 Chemical structu
frequently observed in various types of human cancers, and
suppression of NF-κB can limit the proliferation of cancer cells18.
Hence, we focus on testing cytotoxic activity and the NF-κB
inhibitory effects. According to the results, compound 9 exhibited
moderate cytotoxic activity, both compounds 4 and 9 showed
moderate NF-κB inhibitory effects on the TNFα-induced NF-κB.
Reported herein are the isolation and structural elucidation of these
compounds as well as their biological properties.
2. Results and discussion

Compound 1 was isolated as a colorless oil, and had a molecular
formula of C20H30O3 as established by (þ)-HR-ESI-MS ion peak at
m/z 341.2096 [M þ Na]þ (Calcd. for C20H30O3Na, 341.2087) and
13C NMR data (Table 1), implying 6 degrees of unsaturation. Its IR
spectrum showed the presence of a hydroxyl group (3363 cm�1).
The 1H NMR spectrum (Table 1) displayed signals due to 3 vinyl
methyls at δH 1.83 (3 H, s, H3-19), 1.66 (3 H, s, H3-17), and 1.60
(3 H, s, H3-18), a tertiary methyl at δH 1.29 (3 H, s,
H3-20), and 2 olefinic protons appearing as doublets at δH 5.22
(1 H, d, J ¼ 9.2 Hz, H-7) and 5.09 (1 H, d, J ¼ 10.0 Hz, H-3),
which were attributed to 2 trisubstituted double bonds. In addition,
proton signals were also observed for one oxymethylene at δH 4.52
(1 H, dd, J ¼ 12.0, 4.0 Hz, H-16a) and 4.47 (1 H, dd, J ¼ 12.0, 3.2
Hz, H-16b) and 2 oxymethines at δH 5.38 (1 H, ddd, J ¼ 10.0, 4.0,
3.2 Hz, H-2) and 2.39 (1 H, dd, J ¼ 11.2, 2.8 Hz, H-11) in the
1H NMR spectrum. The 13C NMR spectrum indicated the presence
of 20 signals which were attributed by DEPT and HSQC experi-
ments to 4 methyls, 6 methylenes, 5 methines, and 5 quaternary
carbons. Of these carbons, 5 were bonded to oxygen and 6 were
olefinic (2 were trisubstituted). These data suggested that
1 was a cembrane-type diterpenoid.

A comparison of the NMR data of 1 with those of the co-
occurring known cembrane diterpenoid, (þ)-isosarcophytoxide
(9)19,20, revealed that they were structural analogues, with the
only difference being the presence of an additional hydroxyl group
at C-6 in 1, in agreement with the mass data. The hydroxyl group
res of compounds 1–10.



Table 1 1H NMR and 13C NMR spectroscopic data for compounds 1–4 in CDCl3
a.

Position 1b 2c 3c 4c

δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz)

1 132.1, C 131.9, C 136.8, C 161.3, C
2 83.0, CH 5.38, ddd (10.0, 4.0, 3.2) 82.9, CH 5.37, br d(10.2) 83.8, CH 5.45, ddd (10.2, 4.8, 3.6) 79.1, CH 5.42, d (10.2)
3 128.4, CH 5.09, d (10.0) 128.9, CH 5.11, d (10.2) 125.8, CH 5.09, d (10.2) 120.4, CH 4.91, d (10.2)
4 136.9, C 136.0, C 141.0, C 143.4, C
5 48.4, CH2 2.16, dd (12.4, 10.8) 44.9, CH2 2.22, dd (12.6, 10.8) 39.0, CH2 2.18, m 42.1, CH2 2.80, dd (13.8, 7.2)

2.70, dd (12.4, 5.2) 2.67, dd (12.6, 4.8) 2.31, m 2.86, dd (13.8, 7.2)

6 65.4, CH 4.65, ddd (10.8, 9.2, 5.2) 67.9, CH 5.78, ddd (10.8, 10.2, 4.8) 22.8, CH2 1.09, m 129.6, CH 5.97, dt (15.6, 7.2)
2.42, m

7 128.5, CH 5.22, d (9.2) 124.3, CH 5.16, d (9.6) 125.7, CH 5.00, br d (9.0) 135.7, CH 5.62, d (15.6)
8 139.5, C 141.8, C 133.4, C 84.3, C
9 36.8, CH2 2.02, m 36.6, CH2 2.01, m 36.8, CH2 1.97, m 35.4, CH2 1.81, m

2.35, m 2.36, m 2.29, m 1.85, m

10 23.7, CH2 1.28, m 23.7, CH2 1.28, m 24.3, CH2 1.25, m 24.0, CH2 1.66, m
2.13, m 2.15, m 1.69, m 1.76, m

11 62.1, CH 2.39, dd (11.2, 2.8) 61.8, CH 2.38, dd (10.2, 1.8) 62.5, CH 2.51, dd (10.8, 3.0) 61.7, CH 2.69, dd (7.8, 4.8)
12 61.7, C 61.5, C 61.5, C 61.0, C
13 37.5, CH2 0.92, m 37.3, CH2 0.92, m 38.0, CH2 0.97, m 35.8, CH2 1.30, m

1.85, m 1.86, m 1.84, m 1.87, m

14 22.5, CH2 1.71, m 22.3, CH2 1.68, m 23.8, CH2 1.84, m 23.4, CH2 2.18, m
2.33, m 2.33, m 2.15, m 2.35, dt (13.2, 4.8)

15 128.8, C 128.7, C 132.0, C 123.8, C
16 78.5, CH2 4.47, dd (12.0, 3.2) 78.4, CH2 4.47, br d (11.4) 75.9, CH2 4.66, dd (12.0, 3.6) 174.7, C

4.52, dd (12.0, 4.0) 4.52, br d (11.4) 4.76, dd (12.0, 4.8)

17 10.1, CH3 1.66, s 10.0, CH3 1.66, s 57.0, CH2 4.26, d (12.6) 9.1, CH3 1.85, br s
4.32, d (12.6)

18 15.5, CH3 1.60, s 15.1, CH3 1.64, s 14.8, CH3 1.61, s 17.1, CH3 1.83, br s
19 14.9, CH3 1.83, s 15.3, CH3 1.83, s 14.9, CH3 1.66, s 21.2, CH3 1.47, s
20 15.8, CH3 1.29, s 15.7, CH3 1.29, s 15.9, CH3 1.28, s 16.7, CH3 1.30, s
6-OAc 170.2, C 2.03, s

21.4, CH3

8-OOH 7.35, s

aδ in ppm, assignments made by DEPT, COSY, HSQC, HMBC, and NOESY experiments.
bAt 400MHz for 1H and 100MHz for 13C NMR experiments.
cAt 600MHz for 1H and 150MHz for 13C NMR experiments.
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Figure 2 Selected 1H–1H COSY and HMBC correlations of 1, 4, 6,
and 8.

Figure 3 Key NOESY correlations for compounds 1, 4, 6, and 8.
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was connected to C-6, as evidenced by the observation of the
downfield chemical shift of C-6 from δC 24.5 to δC 65.4 in 1. This
assignment was further established by the 1H–1H COSY cross-
peaks (Fig. 2) of H-6 (δH 4.65) with both H2-5 (δH 2.70 and 2.16)
and H-7 (δH 5.22) and the HMBC correlation (Fig. 2) from H-7 to
C-6. The geometries of the double bonds at Δ3 and Δ7 were
assigned to be both E by the shielded carbon resonances of the
2 vinyl methyls at δC 15.5 (C-18) and 14.9 (C-19)21, which was
further supported by the NOESY correlations (Fig. 3) of H3-18 (δH
1.60)/H-2 (δH 5.38) and of H3-19 (δH 1.83)/H-6 (δH 4.65). The
relative configurations of C-2, C-11, and C-12 in 1 were proven to
be the same as those of 9 due to the diagnostic NOESY
correlations of H3-20 (δH 1.29)/H2-10 (δH 2.13 and 1.28) and
H2-14 (δH 2.33 and 1.71); H-11 (δH 2.39)/H-7 (δH 5.22) and
H-13a (δH 0.92); and H-2/H-13a and H3-18. Moreover, the
NOESY correlations of H3-18/H-6 and H-2 suggested that 6-OH
was β-oriented.
The absolute configuration at C-6 of 1 was assigned via a
modified Mosher's method. Esterification of 1 with (R)- and
(S)-MTPA chloride occurred at the C-6 hydroxyl group to give
the (S)- and (R)-MTPA ester derivatives, 1s and 1r, respectively.
The observed ΔδH(S-R) value distribution pattern (Fig. 4) estab-
lished the 6R-configuration for 1. Therefore, the structure of 1 was
elucidated as (þ)-(6 R)-6-hydroxyisosarcophytoxide.

Compound 2, which was obtained as a colorless oil, gave the
molecular formula C22H32O4 on the basis of its (þ)-HR-ESI-MS ion
peak at m/z 383.2197 [M þ Na]þ (Calcd. for C22H32O4Na,
383.2193), requiring 7 degrees of unsaturation. The IR spectrum
displayed a strong absorption at 1732 cm–1, consistent with the
presence of a saturated ester carbonyl group. The 1H and 13C NMR
spectra (Table 1) of 2 were virtually identical to those of 1, with the
exception of an acetoxy moiety in 2 instead of the C-6 hydroxyl
group in 1. This replacement caused the 13C NMR resonance of C-6
to be shifted downfield (from δC 65.4 to δC 67.9). The position of the
acetoxy group at C-6 was further secured by the HMBC correlation
(Fig. 2) from H-6 (δH 5.78) and the ester carbonyl carbon (δC 170.2).
The similar NOESY correlation (Fig. 3) patterns of 2 and 1 indicated
that they have the same relative configuration. Finally, the absolute
configuration of 2 was assigned as 2S,6R,11R,12R, the same as those
of 1. This is because acetylation of 1 yielded 2, which gave optical
rotations {½α�25D þ51 (c 0.09, CH3OH); ½α�25D þ65 (c 0.09, CHCl3)},
compared to those {½α�25D þ53 (c 0.5, CH3OH); ½α�25D þ63 (c 0.24,
CHCl3)} observed for the natural sample of 2. The structure of 2 was
thereby proposed as (þ)-(6 R)-6-acetoxyisosarcophytoxide.

A literature search revealed that the assigned structure of 2 was the
same as that of sarcophytonoxide A, a known cembrane diterpenoid
isolated previously from the soft coral Sarcophyton ehrenbergi22.
Furthermore, the 1H and 13C NMR data of 2 were also the same as
those of sarcophytonoxide A. However, when the optical rotation of
2{dextrorotatory, ½α�25D þ53 (c 0.5, CH3OH)}, recorded in the same
conditions, was compared with that reported for sarcophytonoxide A
{levorotatory, ½α�25D –36.8 (c 0.5, CH3OH)}

22, it appeared quite equal
in value but opposite in sign. This result indicated that the
2 compounds are enantiomers and that the absolute configuration
of sarcophytonoxide A should be 2R,6S,11S,12S.

Compound 3 was isolated as a colorless oil. Its molecular
formula of C20H30O3, the same as that of 1, was deduced from the
(þ)-HR-ESI-MS ion peak at m/z 341.2077 [M þ Na]þ (Calcd. for
C20H30O3Na, 341.2087). A comparison of the 1H and 13C NMR
data (Table 1) of 3 and 1 indicated similarities between them. In
fact, the structure of 3 differed from that of 1 only by the location
of the hydroxyl group from C-6 to C-17 in 3. This deduction was
based on the chemical shift observed for C-6 (δC 22.8) and C-17
(δC 57.0), which was further confirmed by the 1H–1H COSY
cross-peaks (Fig. 2) of H2-5 (δH 2.31 and 2.18)/H2-6 (δH 2.42 and
1.09)/H-7 (δH 5.00) and the HMBC correlations (Fig. 2) from
H2-17 to C-1 (δC 136.8), C-15 (δC 132.0), and C-16 (δC 75.9). The
relative configurations of all the asymmetric centers were deter-
mined to be the same as those of 1 on the basis of the NOESY
experiment (Fig. 3). According to the previous findings2,19, the
absolute configuration at C-2 of 3 was proposed as S from the
large dextrorotatory optical rotation {½α�25D þ98 (c 0.1, CHCl3)}.
The absolute configuration of 3 was tentatively assigned as
2S,11R,12R. Hence, the structure of 3 was shown to be (þ)-17-
hydroxyisosarcophytoxide.

Compound 4 was obtained as a colorless oil with the molecular
formula of C20H28O5 on the basis of (þ)-HR-ESI-MS ion peak at
m/z 371.1822 [M þ Na]þ (Calcd. for C20H28O5Na, 371.1829) and
13C NMR data (Table 1), suggesting that 4 possessed 7 degrees of



Figure 4 ΔδH values [Δδ (in ppm) ¼ δS–δR] obtained for (S)- and
(R)-MTPA esters of compound 1 in pyridine-d5.

Figure 5 ECD spectra for compounds 4 (0.0014 mol/L, CH3CN, cell
length 2 cm) and 5 (0.0014 mol/L, CH3CN, cell length 2 cm).
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unsaturation. Its IR spectrum exhibited a broad absorption at
3356 cm�1 (OH) and strong absorptions at 1751 and 1678 cm�1,
consistent with the presence of an α,β-unsaturated γ-lactone
moiety. This were supported by the 13C NMR signals at
δC 174.7 (C-16), 161.3 (C-1), 123.8 (C-15), and 79.1 (C-2) and
UV absorption maxima at 246 and 275 nm23. The third oxygen
atom was determined to be part of a trisubstituted epoxy ring,
which was confirmed by the appearance of signals at δH 2.69 (1 H,
dd, J ¼ 7.8, 4.8 Hz, H-11) and δC 61.7 (C-11) and 61.0 (C-12).
The NMR signals of an oxygenated quaternary carbon and an
exchangeable proton were observed at δC 84.3 (C-8) and δH 7.35
(1 H, s, 8-OOH), respectively, strongly implying that the remain-
ing 2 oxygen atoms were involved in a hydroperoxy group24. This
conclusion was also supported by the significant downfield shift of
the resonance for C-8 in 4 with respect to that of the corresponding
carbon (δC 72.6) for mayolide B, a known cembranoid with the
same 14-membered ring substituted with a hydroxy group at C-8
previously isolated the soft coral Sinularia mayi25. Further analysis
of the 13C NMR and DEPT spectra of 4 displayed 20 signals for
4 methyls, 5 methylenes, 5 methines (3 olefinic and 2 oxygenated),
5 quaternary carbons (3 olefinic and 2 oxygenated), and one
conjugated ester carbonyl carbon (C-16). The planar structure of 4
was extensively elucidated by 1H–1H COSY and HMBC spectra
(Fig. 2). The 1H–1H COSY cross-peaks readily determined the
presence of 4 spin systems from H-2 to H-3; H2-5 to H-7; H2-9 to
H-11; and H2-13 to H2-14. The significant HMBC correlations
from Me-17 to C-1, C-15, and C-16; Me-18 to C-3, C-4, and C-5;
Me-19 to C-7, C-8, and C-9; Me-20 to C-11, C-12, and C-13;H-2
to C-1, C-15, and C-16; and H2-14 to C-1 and C-15 constructed
the cembrane skeleton as depicted in Fig. 1. The hydroperoxy
group and the epoxy ring in 4 were placed at C-8 and C-11/C-12,
respectively, based on the strong HMBC correlations from Me-19
to C-8 and from Me-20 to C-11 and C-12.

The relative configuration of 4 was deduced from interpretation
of the coupling constants and a NOESY experiment (Fig. 3).
The large coupling constants (J6,7 ¼ 15.6 Hz) and the chemical
shift of the C-18 methyl group (δC 17.1) established the E
geometries of the Δ3 and Δ6 double bonds, and this was further
supported by the strong NOESY cross-peaks of H-6 (δH 5.97)/Me-
18 (δH 1.83) and Me-19 (δH 1.47) and of H-5a (δH 2.86)/H-3
(δH 4.91) and H-7 (δH 5.62). The observed correlations in the
NOESY spectrum as shown in Fig. 3 assigned H-11, Me-19,
and Me-20 as β-oriented, while H-2 was the α-orientation.
Furthermore, the absolute configuration at C-2 in 4 was
defined by an ECD experiment. The ECD spectrum of 4 (Fig. 5)
showed a negative Cotton effect at 249 nm (Δɛ ¼ –3.1) and a
positive Cotton effect at 221 nm (Δɛ ¼ þ33.4), indicative of a 2S-
configuration26–28. Accordingly, the structure of 4 was
characterized as shown, and the compound was designated with
the trivial name sarcomililatin A.

Compound 5 was isolated as a colorless oil, possessing the
same molecular formula of C20H28O5 as 4 by (þ)-HR-ESI-MS ion
peak at m/z 371.1830 [M þ Na]þ (Calcd. for C20H28O5Na,
371.1829). The IR, UV, and 1D NMR data (Table 2) of 5 were
similar to those of 4, except for the migration of the Δ6 double
bonds in 4 to Δ8(19) [δH 5.24 (1 H, br s, H-19a) and 5.18 (1 H, br s,
H-19b); δC 148.4 (s, C-8) and 113.8 (t, C-19)] and the position of
the hydroperoxy group at C-8 in 4 to C-7 [δH 7.71 (1 H, s, 7-OOH)
and 4.22 (1 H, dd, J ¼ 7.6, 5.6 Hz, H-7); δC 83.3 (d, C-7)].
However, a literature survey revealed that 5 showed exactly the
same 1H and 13C NMR data as trocheliolide A, a known cembrane
diterpenoid isolated previously from the soft coral Sarcophyton
trocheliophorum29. This observation readily prompted us to assign
the structure of 5 as trocheliolide A. Nevertheless, the optical
rotations {dextrorotatory, ½α�25D þ34 (c 0.1, CHCl3) and ½α�25D þ23
(c 0.1, CH3OH)} sign of 5 as opposite to that of trocheliolide A
{levorotatory, ½α�26D –76 (c 0.3, CHCl3)}

29. These results suggested
that 5 is the enantiomer of trocheliolide A. Moreover, the absolute
configuration at C-2 in 5 was deduced to the same (S) as in 4 on
the basis of an ECD spectrum with ɛ values (–1.5 at 249 nm and
þ11.3 at 223 nm). Thus, the structure of 5 (the trivial name
sarcomililatin B) was assigned as depicted.

Compound 6 was obtained as a colorless oil. The molecular
formula of 6 was established as C20H28O6 based on the [M – H]–

ion peak at m/z 363.1813 (Calcd. for C20H27O6, 363.1813) in its
(–)-HR-ESI-MS, which was 16 mass units more than that of 4,
appropriate for 7 degrees of unsaturation. The IR spectrum of 6
closely resembled that of 4, showing similar functionalities in the
molecule. Analysis of the 1H and 13C NMR spectra (Table 2) of 6
also revealed similarities to 4, except for the location of one of the
double bond from the Δ3 to Δ2 accompanied by hydroxylation
occurring at C-3 in 6. These observations were supported by the
HMBC correlations (Fig. 2) from the olefinic proton H-3 resonat-
ing at δH 5.31 to C-1 (δC 151.0), C-2 (δC 147.8), C-4 (δC 73.7),
C-5 (δC 47.0), and C-18 (δC 29.6) and from the methyl proton
singlet H3-18 (δH 1.55) to C-3 (δC 115.6), C-4, and C-5. Its relative
configurations at C-8, C-11, and C-12 were proven the same as
those of 4 on the basis of a NOESY experiment (Fig. 3). The
diagnostic NOESY cross-peaks of H3-19/H-7 and of H3-18/one of
the H2-5 protons (δH 2.53) and H-6 (δH 5.81) suggested that Me-18
was α-oriented. Finally, from a biogenetic point of view, the



Table 2 1H and 13C NMR spectroscopic data for compounds 5–8 in CDCl3
a.

Position 5c 6b 7c 8b

δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz)

1 161.2, C 151.0, C 151.3, C 149.0, C
2 78.9, CH 5.49, dd (10.0, 1.6) 147.8, C 147.4, C 119.0, CH 6.02, d (10.8)
3 122.5, CH 5.05, dt (10.0, 1.2) 115.6, CH 5.31, s 116.4, CH 5.50, s 119.0, CH 5.93, d (10.8)
4 142.8, C 73.7, C 72.9, C 137.7, C
5 35.8, CH2 2.22, m 47.0, CH2 2.53, m 42.7, CH2 1.82, ddd (13.6, 9.6, 2.4) 38.1, CH2 2.20, m

2.47, ddd (13.2, 9.6, 6.8) 1.97, ddd (13.6, 5.2, 2.0)
6 27.5, CH2 1.81, m 126.8, CH 5.81, dt (15.6, 7.2) 23.2, CH2 2.22, m 25.0, CH2 2.21, m

2.41, m 2.30, m
7 83.3, CH 4.22, dd (7.6, 5.6) 136.1, CH 5.63, d (15.6) 127.4, CH 5.26, t (6.8) 127.3, CH 5.15, dd (6.0, 4.2)
8 148.4, C 84.3, C 134.0, C 133.3, C
9 31.5, CH2 2.22, m 35.0, CH2 1.50, m 36.5, CH2 2.07, m 36.9, CH2 1.09, m

2.35, m 1.97, m 2.26, m 2.24, m
10 30.3, CH2 1.54, m 22.7, CH2 1.45, m 24.6, CH2 1.53, m 24.5, CH2 1.70, m

2.08, m 1.73, m 1.85, m 1.78, m
11 62.9, CH 2.61, dd (10.0, 2.8) 62.5, CH 2.70, dd (7.2, 4.8) 60.6, CH 2.71, dd (7.2, 5.2) 62.4, CH 2.68, dd (7.2, 3.0)
12 61.2, C 60.3, C 60.4, C 61.6, C
13 35.3, CH2 1.35, td (13.2, 4.0) 35.9, CH2 1.60, m 35.3, CH2 1.64, m 46.0, CH2 1.28, dd (14.4, 1.8)

2.03, m 2.19, m 2.17, ddd (14.4, 8.4, 6.8) 2.31, dd (14.4, 7.8)
14 22.8, CH2 2.26, m 20.1, CH2 2.40, ddd (15.0, 10.2, 4.8) 19.8, CH2 2.28, m 69.4, CH 4.86, dd (7.8, 1.8)

2.38, m 2.55, m 2.42, m
15 124.0, C 124.4, C 123.8, C 27.6, CH 2.55, septet (6.6)
16 174.7, C 169.7, C 169.7, C 24.5, CH3 1.07, d (6.6)
17 9.1, CH3 1.85. dd (1.6, 1.2) 9.4, CH3 1.93, s 9.3, CH3 1.94, s 25.2, CH3 1.09, d (6.6)
18 16.0, CH3 1.84, br s 29.6, CH3 1.55, s 30.1, CH3 1.41, s 17.6, CH3 1.71, br s
19 113.8, CH2 5.18, br s 23.2, CH3 1.43, s 15.5, CH3 1.66, br s 15.3, CH3 1.65, br s

5.24, br s
20 17.0, CH3 1.29, s 17.4, CH3 1.24, s 17.6, CH3 1.30, s 18.2, CH3 1.40, s
7-OOH 7.71, s
8-OOH 7.40, s

aδ in ppm, assignments made by DEPT, COSY, HSQC, HMBC, and NOESY experiments.
bAt 600MHz for 1H and 150MHz for 13C NMR experiments.
cAt 400MHz for 1H and 100MHz for 13C NMR experiments.
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Figure 6 Experimental ECD spectrum of 8 [0.0016 mol/L, CH3CN,
cell length 2 cm] (black) compared with the calculated ECD spectra of
8 (red) and its enantiomer (blue).
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absolute configurations at C-8, C-11, and C-12 of 6 were
suggested to be the same as those of 4. The absolute configuration
of 6 was tentatively defined as 4S,8R,11R,12R. Accordingly, the
structure of 6 (the trivial name sarcomililatin C) was characterized
as depicted.

Compound 7 was isolated as a colorless oil. The HR-ESI-MS of
7 showed a fragment ion peak at m/z 315.1957 [M – H2O þ H]þ

(Calcd. for C20H27O3, 315.1955) corresponding to the loss of
water from 7, suggesting a molecular formula of C20H28O4 with
7 degrees of unsaturation. The 1H and 13C NMR spectra (Table 2)
of 7 showed similarities to those of 6. However, the signal
resonating at δH 7.40 (1 H, s) for the hydroperoxy group at C-8
in 6 was absent. Also, the 2 mutually coupled olefinic proton
signals at δH 5.81 (1 H, dt, J ¼ 15.6, 7.2 Hz, H-6) and 5.63
(1 H, d, J ¼ 15.6 Hz, H-7) in 6 were replaced by an olefinic proton
triplet at δH 5.26 (1 H, t, J ¼ 6.8 Hz, H-7) in 7. The above
observations, combined with the 1H–1H COSY cross-peaks
(Fig. 2) of H2-6 (δH 2.41 and 2.22) with H-7 and the HMBC
correlations from H3-19 (δH 1.66) to C-7 (δC 127.4) and C-8
(δC 134.0), indicated the loss of the hydroperoxy group in
6 accompanied by the isomerization of the olefin from the Δ6 to
Δ7. The E geometry of the Δ7 double bond in 7 was suggested
by the chemical shift of the signal for the C-19 methyl group
(δC 15.5), which was further confirmed by the NOESY cross-peaks
(Fig. 3) of H3-19/H2-6 and of H-7/H2-9 (δH 2.26 and 2.07). The
relative configurations of all the asymmetric centers in 7 remained
intact, with respect to those of 6, which was supported by a
NOESY experiment. Analogously, the absolute configurations at
C-11 and C-12 of 7 were suggested to be the same as those of 4.
The absolute configuration of 7 was tentatively defined as
4S,11R,12R. Therefore, the structure of 7 (the trivial name
sarcomililatin D) was proposed as depicted.

Compound 8, assigned the trivial name sarcomililatol, was
isolated as a colorless oil and exhibited the molecular formula
C20H32O2 as determined by its HR-EI-MS peak at m/z 304.2409
[M]þ (Calcd. for C20H32O2, 304.2402), suggestive of 5 degrees of
unsaturation, of which one was accounted for by a 14-membered
macrocyclic ring, 3 by 2 olefinic bonds, and one by an ether
linkage. The intense IR absorption at 3362 cm�1 was indicative of
the presence of a hydroxyl group. The 1H NMR spectrum
(Table 2) showed typical signals for a cembrane nucleus with
2 geminal methyls at δH 1.09 (3 H, d, J ¼ 6.6 Hz, H3-17) and 1.07
(3 H, d, J ¼ 6.6 Hz, H3-16), a tertiary methyl at δH 1.40 (3 H, s,
H3-20), and 2 vinyl methyls at δH 1.71 (3 H, br s, H3-18) and 1.65
(3 H, br s, H3-19). The

13C NMR spectrum (Table 2) showed the
presence of 20 carbon signals which were classified with the aid of
DEPT and HSQC experiments as 5 methyl, 5 methylene, 6 methine
(3 sp2 hybridized and 2 oxygenated), and 4 quaternary (2 sp2

hybridized and one oxygenated) carbons. The aforementioned data
of 8 revealed that it should be a stereoisomer of (þ)-11,12-
epoxysarcophytol A, which was first isolated from the soft coral
Lobophytum sp.30. When comparing their 13CNMR spectra, the
signals of C-11and C-12 were shown to be markedly different
[δC 62.4 and 61.6 for 8; δC 58.4 and 59.8 for (þ)-11,12-
epoxysarcophytol A, respectively], indicating that the structural
difference between them resided in the different configuration of
the 11,12-ether linkage. Detailed analysis of its 1H–1H COSY,
HSQC, and HMBC spectra (Fig. 2) allowed the assignment for all
proton and carbon resonances of 8.

The relative configuration of 8 was deduced from interpretation
of a NOESY experiment (Fig. 3).The NOESY cross-peaks of H-14
(δH 4.86)/H-11(δH 2.68) and Me-20 implied that these protons
were cofacial and were assigned a β-orientation. The geometries of
the Δ1(2), Δ3, and Δ7 double bonds were assigned as Z, E, and E,
respectively, on the basis of the carbon chemical shifts of Me-18
(δC 17.6) and Me-19 (δC 15.3), and this was supported by the key
NOESY cross-peaks of H-2 (δH 6.02)/H3-16, H3-17, and H3-18;
H-3 (δH 5.93)/H2-5 (δH 2.20) and H-14; H-7 (δH 5.15)/H2-9
(δH 2.24 and 1.09); and H3-19/H2-6 (δH 2.30 and 2.21).
Thus, the relative configuration of 8 was determined as
1Z,3E,7E,11R*,12R*,14S*. However, the absolute configuration
of the chiral center at C-14 in 8 was not determined by a modified
Mosher's method due to the limited quantity of sample.

In order to determine the absolute configuration of 8, the
TD-DFT ECD calculation method was applied, which has proven
to be a powerful and reliable method for the elucidation of the
absolute configurations of natural products9. As shown in Fig. 6,
the ECD spectrum (CH3CN) of 8 displayed a positive π�π*
Cotton effect at 242 nm. The conformational searches of
(11R,12R,14S)-8 were carried out using the torsional sampling
(MCMM) method and OPLS_2005 force field. Conformers above
1% population were re-optimized at the B3LYP/6–311 G(d,p)
level with IEFPCM (Polarizable Continuum Model using the
Integral Equation Formalism variant) solvent model for acetonitrile
(Supplementary Information Fig. S1 and Table S1). For the
resulting geometries, ECD spectra were obtained by TD-DFT
calculations performed with the same functional basis set and
solvent model as the energy optimization. Finally, the Boltzmann-
averaged ECD spectrum of (11 R,12 R,14 S)-8 highly matched to
the experimental ECD spectrum of 8, while the enantiomer
showed completely opposite curve. Consequently, the absolute
configuration of 8 was determined to be 11R,12R,14S.

The known diterpenoids were characterized as (þ)-isosarco-
phytoxide (9)19,20 and (þ)-isosarcophine (10)31 by comparing their
observed and reported spectroscopic data. Their HR-MS spectra
are also supplied in the Supplementary Information Fig. S72 and
Fig. S73, respectively.



Scheme 1 Putative biosynthetic pathways toward the formation of compounds 4–6.
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Despite numerous cembrane-type diterpenoids isolated from soft
corals of the genus Sarcophyton, the investigation of the Et2O-
soluble portion of the acetone extract of the soft coral S. mililatensis
led to the identification of eight new cembrane diterpenoids
(1–8), of which sarcomililatins A–C (4–6) possess a rare hydro-
peroxy group at C-7 or C-8 in the family of cembrane diterpenoids.
To explain the biogenetic origin of compounds 4–6, putative
biosynthetic pathways are proposed as shown in Scheme 1.
The 3 metabolites can be considered to derive from a
common precursor, the co-occurring known cembrane (þ)-isosar-
cophytoxide (9).

The growth inhibitory potential towards various cancer cell lines
of numerous cembrane-type diterpenoids has been documented
widely. Accordingly, the cytotoxicities of all the isolates were
evaluated in vitro against HL-60 and A-549 by using the MTT and
SRB methods, respectively. However, all of the tested compound,
except for the known compound (þ)-isosarcophytoxide (9), were
inactive (IC50410 μmol/L). Compound 9 exhibited strong cytotoxic
activities, with IC50 values of 0.7870.21 and 1.2670.80 μmol/L
against HL-60 and A-549 cells, respectively, comparable to the
positive control (adriamycin, IC50 0.07 μmol/L for HL-60 and
0.01 μmol/L for A-549). In addition, all of the isolated compounds
were also subjected to testing in vitro for their inhibitory activities
against the tumor necrosis factor (TNF)-α-induced nuclear factor
(NF)-κB, a transcription factor that plays a critically important role
in regulation of cell cycle as well as influencing cell death
pathways and has been used as a key target for the treatment of
inflammatory diseases and cancer32,33. The results indicated that
sarcomilitatin A (4) and (þ)-isosarcophytoxide (9) showed
moderate inhibitory activities, showing IC50 values of
35.23712.42 and 22.5274.44 μmol/L, respectively, compared
with the positive control bortezomib (IC50, 0.03 μmol/L),
whereas the other compounds were inactive (% inhibition
o 50% at 20 μg/mL).
3. Conclusions

A large amount of scientific research has been reported on the
specialised metabolite chemistry of soft corals of the genus Sarcophy-
ton, whereas related reports on S. mililatensis are relatively rare.
In the present study, eight new cembrane-type diterpenoids, (þ)-(6R)-
6-hydroxyisosarcophytoxide (1), (þ)-(6R)-6-acetoxyisosarcophytoxide
(2), (þ)-17-hydroxyisosarcophytoxide (3), sarcomililatins A–D (4–7),
and sarcomililatol (8), were isolated and characterized from the soft
coral S. mililatensis, along with 2 known ones (9 and 10). The absolute
configurations of compounds 4 and 5 were elucidated by ECD
spectroscopy, while the absolute configurations of compounds 1 and
8 were established by the modified Mosher's method and TD-DFT
ECD calculation, respectively. Among these isolates, compounds 4 and
9 showed inhibitory effects on the TNFα-induced NF-κB activation,
while compound 9 also exhibited promising cytotoxicity.
4. Experimental

4.1. General experimental procedures

Optical rotations were measured on a Perkin-Elmer 241MC
polarimeter (PerkinElmer, Fremont, CA, USA). UV spectroscopic
spectra were recorded in chromatographic grade CH3OH on a
Varian Cary 300 UV�Vis spectrophotometer (Varian, Palo Alto,
CA, USA); peak wavelengths are reported in nm. ECD spectra were
recorded on a Jasco J-810 spectropolarimeter (JASCO, Japan) at
ambient temperature using chromatographic grade CH3OH and
acetonitrile as solvent. IR spectra were recorded on a Nicolet 6700
spectrometer (Thermo Scientific, Waltham, MA, USA); peaks are
reported in cm–1. The NMR spectra were measured at 300 K on
Bruker DRX 400 and Avance 600MHz NMR spectrometers
(Bruker Biospin AG, Fallanden, Germany). Chemical shifts are
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reported in parts per million (δ) in CDCl3 (δH reported referred to
CHCl3 at 7.26 ppm; δC reported referred to CDCl3 at 77.16 ppm)
and coupling constants (J) in Hz; assignments were supported by
1H–1H COSY, HSQC, HMBC, and NOESY experiments. EIMS
and HREIMS spectra (70 eV) were recorded on a Finnigan-MAT-95
mass spectrometer (ThermoFisher Scientific, Waltham, USA). ESI-
MS and HR-ESI-MS were carried out on a Bruker Daltonics
Esquire 3000 plus instrument (Bruker Daltonics K. K., Kanagawa,
Japan) and a Waters Q-TOF Ultima mass spectrometer (Waters,
MA, USA), respectively. Semi-preparative HPLC was performed on
an Agilent-1260 system equipped with a DAD G1315D detector
using ODS-HG-5 (250 mm � 9.4mm, 5 mm) by eluting with
CH3OH–H2O or CH3CN–H2O system at 3 mL/min. Commercial
silica gel (200�300 and 400�500 mesh; Qingdao, China) was
used for column chromatography (CC). Precoated SiO2 plates
(HSGF-254; Yantai, China) were used for analytical TLC. Spots
were detected on TLC under UV light or by heating after spraying
with anisaldehyde H2SO4 reagent. Sephadex LH-20 (Amersham
Biosciences) was also used for CC. All solvents used for extraction
and isolation were of analytical grade.

4.2. Biological material

Specimens of Sarcophyton mililatensis, identified by Prof. Hui
Huang from South China Sea Institute of Oceanology, Chinese
Academy Sciences, were collected along the coast of Weizhou
Island (21 10058″ N, 109 16050″ E), Beihai, Guangxi Autonomous
Region, China, in May 2007, at a depth of –20 m, and were frozen
immediately after collection. A voucher specimen is available for
inspection at Shanghai Institute of Materia Medica, SIBS-CAS
(No. WZ82).

4.3. Extraction and isolation

The frozen animals (170 g, dry weight) were cut into pieces and
ultrasonically extracted with acetone at room temperature (1 L � 3).
The combined acetone extracts were filtered and concentrated
in vacuo, affording a brown residue, which was suspended in
H2O (4 L) and then partitioned with Et2O (3 times with 2 L each).
The Et2O-soluble portion (5.0 g) was concentrated in vacuo, and then
fractionated by silica gel CC (column: 40 cm� 8 cm) eluting with
petroleum ether (PE, 60–90 1C)–acetone (98:2–0:100) to afford nine
fractions (A–I), which were combined on the basis of the analysis
of TLC.

Fraction D (1.2 g), eluted with PE–acetone (9:1), was initially
chromatographed over Sephadex LH-20 (column: 150 cm� 2 cm),
using PE (60–90 1C)–CH2Cl2–CH3OH (2:1:1) as the mobile
phase, to give 5 subfractions (D1–D5). Subfraction D3 (219 mg)
was further separated by silica gel CC (column: 20 cm� 2 cm)
eluting with PE (60–90 1C)–CH2Cl2 (8:2–3:7), and successively
purified by reversed-phase semi-preparative HPLC (column: ODS-
HG-5, 250 mm� 9.4 mm, 5 mm; mobile phase: CH3OH–H2O,
87:13; flow rate: 3 mL/min) to afford compounds 8 (1.5 mg,
tR ¼ 14.3 min) and 9 (51.0 mg, tR ¼ 19.8 min).

Fraction E (251mg), eluted with PE–acetone (8.5:1.5), was initially
fractionated by Sephadex LH-20 CC (column: 150cm� 2cm) eluting
with PE (60–90 1C)–CH2Cl2–CH3OH (2:1:1) to give 4 subfractions
(E1–E4). Purification of subfraction E2 (79.7mg) by silica gel CC
(column: 20 cm� 2 cm) eluting with PE (60–90 1C)–Et2O (7.5:2.5) to
afford compound 2 (4.2mg). Subfraction E3 (56.9mg) was further
chromatographed over silica gel (column: 20 cm� 2 cm) eluting
with PE (60–90 1C)–Et2O (8:2) followed by semi-preparative
RP-HPLC (CH3CN–H2O, 55:45), affording compound 10 (35.7mg,
tR ¼ 22.8min).

Fraction F (280mg), eluted with PE–acetone (8:2), was initially
chromatographed over silica gel (column: 20 cm� 3 cm) eluting with
CH2Cl2–acetone (10:0–9:1), affording 3 subfractions (F1–F3). Sub-
fraction F2 (70.1mg) was further separated by Sephadex LH-20 CC
(column: 150 cm� 2 cm) eluting with PE (60–90 1C)–CH2Cl2–
CH3OH (2:1:1), and then purified by semi-preparative RP-HPLC
(CH3CN–H2O, 60:40) to afford compounds 4 (3.1mg, tR ¼ 5.8min)
and 5 (6.1mg, tR ¼ 4.9min).

Fraction G (1.3 g), eluted with PE–acetone (7:3–6:4), was
initially fractionated by Sephadex LH-20 CC (column: 150 cm
� 2 cm) eluting with PE (60–90 1C)–CH2Cl2–CH3OH (2:1:1)
to give 6 subfractions (G1–G6). Subfraction G4 (91.3 mg) was
further subjected to silica gel CC (column: 25 cm� 2 cm)
eluting with PE (60–90 1C)–acetone (1:1), yielding compound
7 (2.1 mg) and 3 subfractions (G4-1–G4-3). Purification of
subfraction G4-2 (18.5 mg) by semi-preparative RP-HPLC
(CH3CN–H2O, 55:45) yielded compound 6 (2.0mg, tR ¼ 7.6min).
Purification of subfraction G6 (170.7 mg) through silica gel CC
(column: 20 � 2 cm) eluting with PE (60–90 1C)–Et2O (1:1–3:7)
followed by semi-preparative RP-HPLC (CH3CN–H2O, 50:50)
yielded compounds 1 (6.0 mg, tR ¼ 6.7 min) and 3 (3.0 mg, tR ¼
11.7 min).

4.3.1. (þ)-(6R)-6-Hydroxyisosarcophytoxide (1)
Colorless oil; ½α�25D þ100 (c 0.25, CHCl3); IR (KBr) νmax 3363,
2961, 2925, 2855, 1755, 1261, 1077, 1033 cm–1; For 1H and
13C NMR spectroscopic data, see Table 1; (þ)-HR-ESI-MS
m/z 341.2096 [M þ Na]þ (Calcd. for C20H30O3Na, 341.2087).

4.3.2. (þ)-(6R)-6-Acetoxyisosarcophytoxide (2)
Colorless oil; ½α�25D þ63 (c 0.24, CHCl3); ½α�25D þ53 (c 0.5, MeOH);
IR (KBr) νmax 2921, 2850, 1732, 1240, 1195, 1131, 1077 cm–1;
For 1H and 13C NMR spectroscopic data, see Table 1; (þ)-HR-
ESI-MS m/z383.2197 [M þ Na]þ (Calcd. for C22H32O4Na,
383.2193).

4.3.3. (þ)-17-Hydroxyisosarcophytoxide (3)
Colorless oil; ½α�25D þ98 (c 0.1, CHCl3); IR (KBr) νmax 3358, 2921,
2851, 1661, 1180, 1131, 1077 cm–1; For 1H and 13C NMR
spectroscopic data, see Table 1; (þ)-HR-ESI-MS m/z 341.2077
[M þ Na]þ (Calcd. for C20H30O3Na, 341.2087).

4.3.4. Sarcomilitatin A (4)
Colorless oil; ½α�25D þ43 (c 0.5, CHCl3); ECD {CH3CN, λ[nm]
(Δɛ), c 0.0014M}: 249 (–3.1), 221 (þ33.4); UV (MeOH) λmax

(logɛ) 246 (2.86), 275 (2.68) nm; IR (KBr) νmax 3356, 2924, 2853,
1751, 1678, 1450, 1180, 1132, 1077 cm–1; For 1H and 13C NMR
spectroscopic data, see Table 1; (þ)-HR-ESI-MS m/z 371.1822
[M þ Na]þ (Calcd. for C20H28O5Na, 371.1829).

4.3.5. Sarcomilitatin B (5)
Colorless oil; ½α�25D þ34 (c 0.1, CHCl3); ½α�25D þ23 (c 0.1, MeOH);
ECD { CH3CN, λ[nm](Δɛ), c 0.0014M}: 249 (–1.5), 223 (þ11.3);
UV (MeOH) λmax (logɛ) 247 (2.87), 275 (2.69) nm; IR(KBr) νmax

3358, 2921, 2851, 1659, 1468, 1180, 1132, 1077 cm–1; For 1H and
13C NMR spectroscopic data, see Table 2; (þ)-HR-ESI-MS
m/z 371.1830 [M þ Na]þ (Calcd. for C20H28O5Na, 371.1829).



Cembrane-type diterpenoids from the South China Sea soft coral Sarcophyton mililatensis 953
4.3.6. Sarcomilitatin C (6)
Colorless oil; ½α�25D þ3 (c 0.2, CHCl3); UV (MeOH) λmax (logɛ)
247 (2.72), 288 (2.52), 295 (2.40) nm; IR (KBr) νmax 3357, 2920,
2850, 1762, 1662, 1463, 1180, 1132, 1077 cm–1; For 1H and
13C NMR spectroscopic data, see Table 2; (–)-HR-ESI-MS
m/z 363.1813 [M – H]– (Calcd. for C20H27O6, 363.1813).
4.3.7. Sarcomilitatin D (7)
Colorless oil; ½α�25D þ35 (c 0.1, CHCl3); UV (MeOH) λmax (logɛ)
247 (2.73), 286 (2.50), 297 (2.39) nm; IR (KBr) νmax 3359, 2921,
2851, 1763, 1659, 1632, 1468, 1180, 1132, 1077 cm–1; For 1H and
13C NMR spectroscopic data, see Table 2; (þ)-HR-ESI-MS
m/z 315.1957 [M – H2O þH]þ (Calcd. for C20H27O3, 315.1955).
4.3.8. Sarcomililatol (8)
Colorless oil; ½α�25D þ24 (c 0.1, CHCl3); ECD { CH3CN, λ[nm]
(Δɛ), c 0.0016M}: 242 (þ13.7); UV (MeOH) λmax (logɛ) 246
(3.87) nm; IR (KBr) νmax 3362, 2922, 2852, 1195, 1132, 1077 cm

–1;
For 1H and 13C NMR spectroscopic data, see Table 2; EI-MS
m/z 304 [M]þ (5), 289 (4), 261 (5), 243 (6), 151 (29), 137 (71), 135
(23), 133 (25), 123 (39), 121 (37), 109 (100), 107 (49); HR-EI-MS
m/z 304.2409 [M]þ (Calcd. for C20H32O2, 304.2402).
4.3.9. (þ)-Isosarcophytoxide (9)
Colorless oil; ½α�25D þ111 (c 0.6, CHCl3); lit.: ½α�24D þ160 (c 0.22,
CHCl3)

20; (þ)-HR-EI-MS m/z 302.2240 [M]þ (Calcd. for
C20H30O2, 302.2246).
4.3.10. (þ)-Isosarcophine (10)
Colorless oil; ½α�25D þ181 (c 0.2, CHCl3); lit.: ½α�24D þ170 (c 1.01,
CHCl3)

20; (þ)-HR-ESI-MS m/z 317.2111 [M þ H]þ (Calcd. for
C20H29O3, 317.2111).
4.4. Preparation of the (S)- and (R)-MTPA ester derivatives of
compound 1

To 0.92 mg of compound 1 was added 450 μL of pyridine-d5, and
the solution was transferred into an NMR tube. To initiate the
reaction, 15 μL of (S)-MTPA-Cl was added with careful shaking
and then monitored immediately by 1H NMR at the following
time points: 0, 5, 10, 15, and 20 min. The reaction was found to be
complete in 20 min, yielding the mono (R)-MTPA ester derivative
(1r) of 1.

In an analogous manner, 0.85 mg of compound 1 dissolved in
450 μL of pyridine-d5 was reacted in a second NMR tube with
15 μL of (R)-MTPA-Cl for 20 min, to afford the mono (S)-MTPA
ester (1s).
4.4.1. (R)-MTPA ester (1r) of 1
1H NMR data of 1r (400MHz, pyridine-d5) δH 7.570�7.351 (5 H,
m, Ar-H), 6.147 (1H, ddd, J ¼ 10.8, 9.2, 5.6 Hz, H-6), 5.513 (1H,
m, H-2), 5.256 (1H, d, J ¼ 9.2 Hz, H-7), 5.157 (1 H, d, J ¼ 9.6
Hz, H-3), 4.581 (1H, dd, J ¼ 12.0, 4.0 Hz, H-16a), 4.497 (1H, dd,
J ¼ 12.0, 3.2 Hz, H-16b), 3.627 (3H, s, OCH3-MPTA), 2.754
(1H, dd, J ¼ 12.4, 5.2 Hz, H-5a), 2.441 (1H, dd, J ¼ 11.2, 2.8
Hz, H-11), 2.316 (1H, dd, J ¼ 12.4, 10.8 Hz, H-5b), 1.851 (3H, s,
H3–19), 1.608 (3H, s, H3–17), 1.523 (3H, s, H3–18), 1.301 (3H, s,
H3–20).
4.4.2. (S)-MTPA ester (1s) of 1
1H NMR data of 1s (400MHz, pyridine-d5) δH 7.628�7.351 (5H,
m, Ar-H), 6.112 (1H, ddd, J ¼ 10.8, 9.2, 5.6 Hz, H-6), 5.518 (1 H,
m, H-2), 5.193 (1H, d, J ¼ 9.2 Hz, H-7), 5.120 (1H, d, J ¼ 9.6
Hz, H-3), 4.586 (1H, dd, J ¼ 12.0, 4.0 Hz, H-16a), 4.502 (1H, dd,
J ¼ 12.0, 3.2 Hz, H-16b), 3.632 (3H, s, OCH3-MPTA), 2.801
(1H, dd, J ¼ 12.4, 5.2 Hz, H-5a), 2.431 (1H, dd, J ¼ 11.2, 2.8
Hz, H-11), 2.444 (1H, dd, J ¼ 12.4, 10.8 Hz, H-5b), 1.850 (3H, s,
H3–19), 1.608 (3H, s, H3–17), 1.532 (3H, s, H3–18), 1.279 (3H, s,
H3–20).

4.5. Acetylation of compound 1

Compound 1 (1.2 mg) was dissolved in pyridine (0.5 mL) and
Ac2O (0.5 mL), and the reaction was left to stir at room
temperature overnight. MeOH (5 mL) was added to the reaction
mixture to remove excess pyridine and Ac2O in vacuo, yielding a
brown oil (3.4 mg). The crude product was purified by silica gel
CC eluting with PE (60–90 1C)–Et2O (8:2–7:3) to afford a
colorless oil {0.8 mg, ½α�25D þ65 (c 0.09, CHCl3); ½α�25D þ51
(c 0.09, MeOH)}, which was identical to the natural sample of 2 in
all respects.

4.6. ECD calculation of compound 8

Torsional sampling (MCMM) conformational searches using
OPLS_2005 force field were carried out by means of the con-
formational search module in the Macro model 9.9.223 software
(Schrödinger; http://www.schrodinger.com/MacroModel) applying
an energy window of 21 kJ/mol, which afforded 74 conformers
for 8. The Boltzmann populations of the conformers were obtained
based on the potential energy provided by the OPLS_2005 force
field, which afforded 13 conformers for 8 above 1% population for
re-optimization. The re-optimization and the following TDDFT
calculations of the re-optimized geometries were all performed with
Gaussian 0934 at the B3LYP/6–311 G(d,p) level with IEFPCM
solvent model for acetonitrile. Frequency analysis was performed as
well to confirm that the re-optimized geometries were at the energy
minima. Finally, the SpecDis1.62 software35 was used to obtain the
Boltzmann-averaged ECD spectrum of the compound and visualize
the results as shown (Fig. 6).

4.7. Cytotoxicity bioassays

The cytotoxicities of compounds 1–10 against human promyelo-
cytic leukemia cells (HL-60) and human lung adenocarcinoma
cells (A-549) was evaluated by using the MTT and SRB methods,
respectively, according to the protocols described in previous
literature36,37. The half-maximal inhibition (IC50) was calculated
with Graphpad Prism 5.0. IC50410 μmol/L was considered
inactive. Adriamycin was used as the positive control, with IC50

values of 0.07 μmol/L for the HL-60 cell line and 0.01 μmol/L for
the A-549 cell line, respectively.

4.8. NF-κB signaling pathway inhibitory activity bioassays

NF-κB signaling pathway inhibitory activity was evaluated
according to the previously reported protocol38. Stable HEK293/
NF-κB cells were plated into 96 well plates at a concentration of
approximate 10,000 cells per well. After culturing overnight,
compounds were added to the medium at a final concentration

http://www.schrodinger.com/MacroModel
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of 10 ng/mL. HEK293/NF-κB cells were seeded into 96 well cell
culture plates (Corning, NY, USA) and allowed to grow for 24 h.
The cells were then treated with compounds, followed by
stimulation with TNF-α. Four hours later, cell title blue was added
to each well. 2 hours later, the luciferase substrate was added to
each well, and the released luciferin signal was detected using an
EnVision microplate reader. The IC50 was calculated with Prism
4 software (Graphpad, CA, USA) from the nonlinear curve fitting
of the percentage of inhibition (% inhibition) versus the inhibitor
concentration [I] by using the Eq. (1):

Inhibition %ð Þ ¼ 100=ð1þ ½IC50= I½ ��kÞ ð1Þ
where k is the Hill coefficient. Bortezomib was used as a positive
control with an IC50 value of 0.03 μmol/L.
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