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Rui Jia,†,‡ Tibor Kurtań,§ Attila Mańdi,§ Xiao-Hong Yan,† Wen Zhang,*,∥ and Yue-Wei Guo*,†

†State Key Laboratory of Drug Research, Institute of Materia Medica, Chinese Academy of Sciences, Zu Chong Zi Rd. 555,
Zhangjiang Hi-Tech Park, Shanghai 201203, P. R. China
‡College of Fisheries and Life Science, Water Environment & Ecology Engineer Research Center, Shanghai Ocean University,
Shanghai 201306, P. R. China
§Department of Organic Chemistry, University of Debrecen, P.O. Box 20, H-4010 Debrecen, Hungary
∥Research Center for Marine Drugs, School of Pharmacy, Second Military Medical University, 325 Guo-He Road, Shanghai 200433,
P. R. China

*S Supporting Information

ABSTRACT: Four new biscembranoids, bislatumlides C−F
(1−4), were isolated from the Hainan soft coral Sarcophyton
latum. Their structures were elucidated by detailed analysis of
spectroscopic data and by comparison with reported data of
related derivatives, leading to the structure revision of co-
occurring bislatumlides A (5) and B (6) at the C-21
configuration. The absolute configurations of bislatumlides C
and E (1 and 3) were determined by TDDFT calculations of
their solution ECD spectra, allowing the configurational assignment of the related bislatumlides D and F (2 and 4) and A and B
(5 and 6) as well. Bislatumlides A−F (1−6) represent the only biscembranoids formed by the undescribed coupling pattern of
Diels−Alder cycloaddition between the Δ1(2) double bond involving an α,β-unsaturated γ-lactone ring as a dienophile group and
a trisubstituted conjugated Δ21(34)/Δ35(36)-butadiene moiety. An endo-cycloaddition gave 1, 2, 5, and 6, whereas an exo-
cycloaddition produced 3 and 4. This is the first report of exo-addition dicembranoids from marine sources and from nature.
Bislatumlides C and E (1, 3) could be used as ECD reference compounds in the determination of absolute configuration for
related derivatives.

■ INTRODUCTION

Biscembranoids represent an emerging group of natural
products from soft corals of the genera Sarcophyton, Sinularia,
and Lobophytum (family Alcyoniidae). More than 60
biscembranoids have been isolated from the three genera to
date.1−14 Most of the biscembranoids are proposed to derive
from Diels−Alder addition of two monocembranoid units
except for sinulochmodin A, which is likely to be the result of
the dimerization of two 18-norcembranoid units by a free
radical reaction.15 Three types of Diels−Alder cycloaddition
have been found to form the biscembranoid framework,
including cycloaddition between the trisubstituted conjugated
Δ21(34)/Δ35(36)-butadiene moiety of one monomer and the
double bonds of Δ1(14),1−12 antipodal Δ14(1),14 and Δ1(2),13 of
the other monomer, respectively (see numbering of com-
pounds 8−10 in Scheme 1).
Soft corals belonging to the genus Sarcophyton are the main

source of biscembranoids. Reports of these uncommon
tetraterpenoids from the genus Sarcophyton have been
increasing in the recent years.1−13 To date, 32 biscembranoids

have been isolated from four species of Sarcophyton (S.
tortuosum, S. latum, S. elegans and S. glaucum). Most of the
reported biscembranoids exhibited the coupling between the
Δ1(14) double bond activated by a 20-carboxymethyl group and
a trisubstituted conjugated Δ21(34)/Δ35(36)-butadiene moiety, as
suggested first for methyl isosartortuoate1 and then by many
other articles.2−12 The complex and intriguing structures of
these dimeric cembranoids have also attracted great interest as
targets for total synthesis.16,17

In the course of our ongoing search for bioactive secondary
metabolites from South China Sea invertebrates,18−24 the soft
coral S. latum was collected off the coast of Sanya, Hainan
Province. Preliminary investigation of the crude extract of S.
latum in our laboratory had led to the isolation and structural
elucidation of two new cytotoxic biscembranoids, bislatumlides
A and B (5 and 6), along with one of the proposed monomeric
precursors, isosarcophytonolide D (8).13 Bislatumlides A and B
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(5 and 6) represent the first examples characterized by an
undescribed coupling pattern between the Δ1(2) double bond
involving an α,β-unsaturated γ-lactone ring as a dienophile
group and a trisubstituted conjugated Δ21(34)/Δ35(36)-butadiene
moiety. Our further investigation on the less abundant dimeric
cembranoids of the crude extract has resulted in the isolation of
four new biscembranes, bislatumlides C−F (1−4), that are
structurally related to bislatumlides A and B but display
different oxidation patterns at the lower portion of the
molecules. Detailed spectroscopic analysis of bislatumlides
C−F (1−4) and bislatumlides A and B (5 and 6) resulted in
the structural revision of bislatumlides A and B at the C-21
configuration. The absolute configurations of bislatumlides C
and E (1, 3) were determined by TDDFT calculations of their
solution ECD spectra, affording the configurational assignment
of bislatumlides A (5), B (6), D (2) and F (4) and their
cembrane precursors. Bislatumlides C and E (1, 3) could be
used as ECD reference compounds in the determination of
absolute configuration for related derivatives. The details of
structure elucidation of compounds 1−4 are reported herein.

■ RESULTS AND DISCUSSION
Freshly collected specimens of S. latum were kept at −20 °C
before extraction. The workup for the extraction and isolation
of cembranolides was performed as previously reported.13 This
common procedure yielded four pure compounds, named
bislatumlides C−F (1−4).

Bislatumlide C (1) was obtained as an optically active, UV-
absorbing amorphous powder. The molecular formula
C44H64O9 was established by HREIMS from the molecular
ion at m/z 736.4567 [M]+. The IR spectrum showed the
presence of a hydroxyl group (3465 cm−1), ester carbonyl
(1736 cm−1) and conjugated carbonyl (1674 cm−1) function-
alities. The 1H NMR spectrum of 1 demonstrated resonances
of eight methyls, including two methyls of an isopropyl group
(δ 1.08, H3-17; 1.09, H3-16; 3H each, d, J = 6.8 Hz), four vinyl
methyls (δ 1.66, H3-18; 1.73, H3-38; 1.75, H3-37; 2.11, H3-19;
3H each, s), and two methyls attached to tertiary-oxygenated
carbons (δ 1.07, H3-40; 1.20, H3-39; 3H each, s) (Table 1).
These data in combination with the appearance of four

carbonyl signals (δ 170.4, 5-OAc; 171.1, 26-OAc; 177.7, C-20;
198.0, C-13) in the 13C NMR spectrum (Table 2) suggested
bislatumlide C to be an analogue of bislatumides A (5) and B
(6), which had been previously isolated from the same
source.13

A comparison of NMR data of 1 (Tables 1 and 2) with those
of 5 immediately revealed similar signals related to rings A, B
and C, while signals of rings D and E were significantly
different. These facts suggested a similar subunit of rings A, B,
and C, and different substitution pattern in rings D and E. In
particular, C-26, C-27, and C-30 of 1 resonated at δC 74.2, 83.2,
and 88.4, whereas the corresponding signals were found at δC

Table 1. 1H NMR Data of Compounds 1−4 (in CDCl3, 500
MHz)

1 2 3 4

No. δH, m, J in Hz δH, m, J in Hz δH, m, J in Hz δH, m, J in Hz

2 2.39, m 1.99, m 2.35, ma 2.07, m
3 3.83, dd, 10.8,

6.1
3.88,dd,10.5,
4.9

3.71, dd, 11.2,
5.3

3.81, dd, 11.1,
4.8

4 1.46, d, 11.0 1.81, 1H, m 1.42, d, 11.2 1.91, 1H, m
5 4.82, dd, 10.7,

2.7
4.83, dd, 11.2,
3.0

4.80, dd, 8.5,
1.0

4.83, dd, 10.8,
2.3

6α 2.23, m 2.19, ma 2.20, m 2.12, m
6β 2.31, m 2.26, m 2.36, ma 2.32, ma

8 5.11, t, 6.0 5.15, t, 7.5 5.06, m 5.16, t, 7.9
9 2.28, ma 2.23, m 2.28, m 2.27, m
10 2.26, ma 1.93, m 2.26, m 1.95, m
12 5.85, s 6.0, s 5.97, s 6.0, s
14α 2.52, d, 12.7 2.41, d, 14.5 2.36, d, 11.8 2.72, m
14β 2.78, d, 12.7 3.04, d, 14.5 2.77, d, 11.8
15 2.17, m 2.18, ma 2.15, m 2.23, m
16 1.09,d, 6.8 1.09, d, 6.9 1.11, d, 6.9 1.12, d, 6.9
17 1.08, d, 6.8 1.15, d, 7.0 1.04, d, 7.2 1.18, d, 6.8
18 1.66, s 1.67, sa 1.71, s 1.67, s
19 2.11, s 1.87, s 2.09, s 1.90, s
21 3.05, d, 10.7 2.97, d, 10.8 3.45, d, 10.8 3.32, d, 10.4
22 5.59, d, 10.7 5.43, d, 10.8 5.07, d, 10.8 5.02, d, 10.4
24α 2.36, m 2.34, m 2.30, m 2.33, ma

24β 1.63, m 1.62, m 1.62, m 1.64, ma

25α 1.68, ma 1.68, ma 1.74, m 1.75, m
25β 2.12, m 2.09, m 1.93, m
26 4.72, d, 10.7 4.71, d, 10.7 4.66, d, 10.3 4.66, d, 10.5
28α 1.88, m 1.86, m 1.87, m 1.87, m
28β 1.54, m 1.53, m 1.55, m 1.53, m
29α 1.68, m 1.68, m 1.60, m 1.65, ma

29β 1.72, m 1.72, m
30 3.90, dd, 10.7,

5.6
3.91, dd, 10.8,
4.7

3.93, dd, 11.4,
5.1

3.93, dd, 11.5,
5.0

32α 1.44, m 1.64, m 1.52, m 1.52, m
32β 1.69, ma 1.64, m
33α 2.35, m 2.45, m 2.66, m 2.86, m
33β 2.03, m 1.97, m 1.85, m 1.85, m
36α 1.86, m 1.89, m 2.50, m 2.38, m
36β 2.28, m 2.28, m 1.60, m 1.61, m
37 1.75, s 1.77, s 1.74, s 1.76, s
38 1.73, s 1.74, s 1.86, s 1.84, s
39 1.20, s 1.19, s 1.19, s 1.19, s
40 1.07, s 1.07, s 0.99, s 1.00, s
5-OAc 2.07, s 2.06, s 2.06, s 2.05, s
26-
OAc

2.08, s 2.08, s 2.09, s 2.09, s

aInterchangeable values.
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85.6, 69.9, and 68.1 in 5, respectively. The chemical shifts of the
above three carbon atoms in 1 were in good agreement with
those in bisglaucumlide G (7)11 and its analogues ximaolides C
and D,9 suggesting the presence of a tetrahydrofuran ring E in 1
instead of the tetrahydropyran ring in 5. The proposed planar
structure of 1 was further confirmed by detailed analysis of the
2D NMR data as shown in Figure 1.
The E geometry of the Δ7(8), Δ11(12), Δ22(23) double bonds in

1 was deduced from the 13C NMR data of related olefinic
methyl groups (Table 2)13,25,26 and further confirmed by the
NOESY experiment. The relative configuration of chirality
centers in rings A and B were proven the same as those of 5
because of the distinct NOE correlations of H-3 with H-2, H-4
and H-5, while the relative configuration of the chirality centers
C-26, C-27 and C-30 were assigned the same as those of 7
because of the diagnostic NOEs between signals for H-30 and
H3-39, H-30 and H-28α, and between H-26 and H-28β . The
NOE correlation between H3-40 and H-30 suggested the α
orientation of H3-40. The cis relative configuration of the two
chirality centers (C-2 and C-21) established during the Diels−
Alder cycloaddition of the monomers was determined on the
ground of the NOE correlation between H-21 and H-2.
Moreover, NOE correlations between H-21 and H-33α, and H-
33α and H3-40 allowed correlating the relative configuration of
the two subunits. Thus (1R*,2S*,3R*,4R*,5R*,21R*,26S*,-
27S*,30R*,31R*) relative configuration was established, which
was also supported by similar chemical shifts and coupling
patterns in the 1H NMR spectra of 7 and its analogues for ring
E.9,11

Bislatumlide D (2) was also obtained as a UV-absorbing,
optically active solid. Its molecular formula of C44H64O9,
deduced from the MS and NMR spectra, was the same as that
of 1. The NMR data of 2 were highly compatible with those of
1. Detailed analysis of 1D and 2D NMR spectra of 2 revealed
the same gross structure as that of 1. However, the signal of the
C-19 in 2 was remarkably downfield-shifted (δ 19.3 in 1, 24.6 in
2), whereas that of C-10 was remarkably upfield-shifted (δ 40.6
in 1, 31.2 in 2), indicating a Z geometry of Δ11(12) in 2 in
contrast to the 11E double bond in 1. The conclusion was
further supported by a strong NOE correlation between H-12
and H3-19 signals for 2. Compound 2 was thus determined as
the 11Z isomer of 1.
Bislatumlide E (3) had the same molecular formula as that of

1 as indicated by MS and NMR spectra. The 1H and 13C NMR
data of 3 closely resembled those of 1 (Tables 1 and 2). The
only difference was recognized in the signals of ring C. In
particular, the 1H NMR for H-21 was sharply downfield-shifted
(δ 3.45 for 3 and δ 3.05 for 1), whereas H-22 was remarkably
upfield-shifted (δ 5.07 for 3 and δ 5.59 for 1). This fact
suggested different configurations of H-21 in the two
compounds. The distinct NOE effect between H-21 and H-
33β protons and the absence of the NOE correlations between

Table 2. 13C NMR Data of Compounds 1−4 (in CDCl3, 125
MHz)a

1 2 3 4

No. δC, type δC, type δC, type δC, type

1 52.8, C 52.1, C 53.0, C 51.5, C
2 42.5, CH 42.1, CH 42.8, CH 43.0, CH
3 82.8, CH 83.9, CH 81.9, CH 83.1, CH
4 48.6, CH 47.0, CH 46.8, CH 45.2, CH
5 73.4, CH 72.1, CH 73.8, CH 72.4, CH
6 40.8, CH2 41.4, CH2 40.3, CH2 41.3, CH2

7 132.6, C 132.0, C 132.6, C 132.0, C
8 126.9, CH 127.6, CH 126.2, CH 127.9, CH
9 24.7, CH2 25.1, CH2 24.4, CH2 25.4, CH2

10 40.6, CH2 31.2, CH2 40.2, CH2 31.2, CH2

11 160.6, C 162.1, C 161.3, C 162.1, C
12 125.6, CH 125.0, CH 126.6, CH 125.4, CH
13 198.0, C 198.7, C 198.2, C 198.5, C
14 49.9, CH2 52.1, CH2 49.0, CH2 50.0, CH2

15 25.8, CH 25.7, CH 25.8, CH 25.7, CH
16 18.2, CH3 18.4, CH3 18.0, CH3 18.4, CH3

17 25.1, CH3 24.9, CH3 24.8, CH3 24.6, CH3

18 18.0, CH3 17.2, CH3 18.1, CH3 17.2, CH3

19 19.3, CH3 24.6, CH3 19.0, CH3 25.0, CH3

20 177.7, C 179.0, C 180.0, C 182.2, C
21 46.4, CH 47.0, CH 48.2, CH 48.5, CH
22 123.3, CH 123.1, CH 126.0, CH 126.8, CH
23 139.5, C 139.4, C 140.5, C 140.2, C
24 32.7, CH2 32.7, CH2 32.8, CH2 32.8, CH2

25 29.6, CH2 29.8, CH2 31.5, CH2 29.4, CH2

26 74.2, CH 74.2, CH 73.8, CH 74.0, CH
27 83.2, C 83.2, C 83.3, C 83.4, C
28 36.8, CH2 36.7, CH2 36.7, CH2 36.7, CH2

29 27.1, CH2 27.2, CH2 27.1, CH2 27.2, CH2

30 88.4, CH 88.4, CH 88.7, CH 88.8, CH
31 73.7, C 73.8, C 74.3, C 74.3, C
32 33.8, CH2 33.6, CH2 31.5, CH2 32.2, CH2

33 26.3, CH2 26.6, CH2 26.6, CH2 26.6, CH2

34 126.6, C 126.8, C 125.8, C 126.4, C
35 135.8, C 135.1, C 138.5, C 137.6, C
36 34.1, CH2 34.4, CH2 34.3, CH2 34.4, CH2

37 20.0, CH3 20.1, CH3 21.1, CH3
b 21.1, CH3

b

38 20.5, CH3 20.6, CH3 20.9, CH3 20.9, CH3

39 20.9, CH3 20.9, CH3 20.7, CH3 20.7, CH3

40 22.9, CH3 22.8, CH3 21.8, CH3 21.8, CH3

5-OAc 170.4, C; 21.3,
CH3

170.4, C; 21.3,
CH3

170.5, C; 21.2,
CH3

b
170.5, C; 21.2,
CH3

b

26-OAc 171.1, C; 21.3,
CH3

171.2, C; 21.3,
CH3

171.1, C; 21.3,
CH3

171.1, C; 21.3,
CH3

aThe assignments made by DEPT, 1H−1H COSY, HMQC and
HMBC experiments. bInterchangeable values.

Figure 1. The 1H−1H COSY, selected HMBC, and key NOESY correlations of 1.
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H-21 and H-2 signals in 3 supported the above assignment.
The relative configurations at other chirality centers of 3 were
proven the same as those of 1 by detailed analysis of 1D and
2D NMR spectra. The structure of 3 was therefore determined
as the C-21 epimer of 1; i.e., the Diels−Alder cycloaddition
produced trans relative configuration of H-2 and H-21 in 3.
Bislatumlide F (4) was readily recognized as an analogue of

3. Its 1H and 13C NMR data were similar to those of 3 except
for those signals assigned to C-10 and C-19. The 13C resonance
for C-19 was shifted downfield from δ 19.0 in 3 to 25.0 in 4,
whereas that for C-10 was shifted upfield from δ 40.2 in 3 to
31.2 in 4. The observations led to the assignment of an 11Z
double bond in 4. The distinct NOE correlation between H-12
and H3-19 signals in the NOESY spectrum of 4 supported the
above conclusion. Compound 4 was therefore determined as
the 11Z isomer of 3.
With the completion of the structure elucidation of

bislatumlides C−F, it is interesting to note that, apparently,
the structures 1 and 2 differ from 3 and 4 only in the relative
configuration of H-21 (α for 1 and 2 and β for 3 and 4).
However, this small structural difference has caused significant
differences in the chemical shift values of both H-21 and H-22.
Thus, the δ values of H-21β (δ 3.45 in 3 and 3.32 in 4) were
remarkably shifted downfield with respected to those of H-21α
(3.05 in 1 and 2.97 in 2), whereas H-22 of 3 and 4 were
resonated in upfield respect to that of 1 and 2 (δ 5.07 and 5.02
in 3 and 4 vs δ 5.59 and 5.43 in 1 and 2, respectively).
Meanwhile, the 13C NMR signals for C-22 in 1 and 2 (δ 123.3
and 123.1) were also reasonably upfield-shifted in comparison
with those in 3 and 4 (δ 126.0 and 126.8) (Tables 1 and 2)
because of the γ-gauche effect.27−30 In light of these
observations, it raises a necessity to check the configuration
of H-21 in both bislatumlides A and B (5 and 6). Because the
1H NMR chemical shift values of H-21 (δ 3.09 in 5 and 2.85 in
6) and H-22 (δ 6.15 in 5 and 5.96 in 6)13 are more similar to
those of 1 and 2, instead of those 3 and 4 (Table S1 in the
Supporting Information), the previously assigned structures 5
and 6 should be revised as 5′ and 6′, respectively. The observed
13C NMR shift values for C-22 in both 5 and 6 (δ 121.3 in 5

and 121.1 in 6)13 further supported the above conclusion
(Table S2 in the Supporting Information).
The configurational assignment of biscembranoids by circular

dichroism methods is a challenging task considering the
conformational flexibility and large molecular weight of these
derivatives. However, once achieved, the comparison of the
ECD spectra of related derivatives provides a straightforwardly
comparative method for determination of absolute config-
uration. Recently, the convenient solid-state TDDFT-ECD
method has been used to determine the absolute configuration
of the biscembranoid derivative, ximaolide A, which also
afforded the configurational assignment of related derivatives
ximaolides B−G.31 Since the relative solid-state X-ray geometry
of bislutamlide C (1) was not available, the solution conformers
and their ECD spectra had to be calculated by DFT methods.
The initial MMFF conformational analysis of the arbitrarily
chosen (1R,2S,3R,4R,5R,21R,26S,27S,30R,31R)-1 provided 78
conformers, the DFT reoptimization of which produced 7
conformers above 2% population (Figures 2 and S1 in the
Supporting Information). In conformer A (32.1%), the central
cyclohexene ring adopted a twist boat conformation with axial
H-2 and equatorial H-21, and conformer E (5.2%) and G
(3.0%) showed similar geometries. The cyclohexene ring of
conformer F (3.7%) had also a twist boat conformation but
with equatorial H-2 and axial H-21. In the slightly different
conformers B (29.2%), C (11.2%) and D (6.9%), the
cyclohexene ring had a half-chair conformation with cis 1,3-
diaxial arrangement of H-2 and H-21. These latter conformers
are responsible for the characteristic NOE effect between H-2
and H-21. The conformation of the central cyclohexene ring is
clearly decisive on the relative arrangement of the two
macrocycles, and thus it also influences the optical parameters.
The experimental solution ECD spectrum of bislutamlide C (1)
showed a broad negative Cotton effect (CE) at 254 nm and a
more intense positive one at 213 nm (Figure 3). The
Boltzmann-weighted TDDFT ECD spectra of conformers A−
G of (1R,2S,3R,4R,5R,21R,26S,27S,30R,31R)-1 produced a
mirror image ECD curve of the experimental spectrum with
various functionals (B3LYP, BH&HLYP, PBE0) and 6-
311G(d,p) basis set (Figure 3). Thus the absolute configuration

Figure 2. Computed DFT-optimized conformers of (1R,2S,3R,4R,5R,7E,11E,21R,22E,26S,27S,30R,31R,34Z)-1 and their populations (hydrogen
atoms are not displayed).
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o f b i s l a t um l i d e C ( 1 ) w a s d e t e rm i n e d a s
(+)-(1S,2R,3S,4S,5S,21S,26R,27R,30S,31S). The ECD calcula-
tion also revealed that although the two observed ECD bands
derive from several overlapping transitions, there are two
intense oppositely signed ECD transitions (rotatory strengths),
which are dominant. Thus the broad negative CE at 254 nm is
governed by the enone π−π* transition with some charge-
transfer contribution, while the 213 nm positive CE derives
from the π−π* transition of the two isolated Δ22(23) and Δ34(35)

double bonds. The ECD spectrum of bislatumlides A (5′), B
(6′), and D (2) showed the same pattern as that of bislatumlide
C (1), suggesting that their chirality centers have the same
absolute configuration.
Despite the apparently minor change in stereochemistry,

bislatumlide E (3) showed a significantly different ECD
spectrum from that of bislatumlide C (1). It had a strong
negative CE at 209 nm, a weak positive one at 235 nm, and a
broad negative band at 264 nm. In order to reveal the origin of
the different ECD spectrum and confirm the absolute
configuration, the solution TDDFT-ECD approach was also
applied to bislatumlide E (3). The DFT reoptimization of the
initial 87 MMFF conformers provided 4 major conformers
above 2% populations (Figures 4 and S2 in the Supporting
Information). In conformer A (52.9%), C (13.0%) and D
(3.1%) the cyclohexene ring adopted a twist boat conformation
with trans diaxial orientation of H-2 and H-21, while in
conformer B (24.4%) the cyclohexene ring flipped to the other
twist boat conformation pushing H-2 and H-21 into trans
equatorial orientation and hence changing the relative arrange-
ment of the two macrocycles as well. Thus when comparing the
conformers of 1 and 3, it is clear that the inversion of H-21 had
a significant effect on the conformational ensembles, since the
half-chair conformation of the cyclohexene ring was dominant
for 1 (totalling 47.3%), and two forms of its twist boat
conformation were identified for 3. These differences are
reflected in their different optical parameters. The Boltzmann-
weighted TDDFT ECD spectra of conformers A−D of
(1R,2S,3R,4R,5R,21S,26S,27S,30R,31R)-3 produced a mirror
image ECD curve of the experimental spectrum (Figure 5)
determining the absolute configuration of bislatumlide E (3) as
(−)-(1S,2R,3S,4S,5S,21R,26R,27R,30S,31S).

The inspection of the computed molecular orbitals of the
rotatory strengths showed that the 264 nm negative CE is
governed by the enone n−π* transition, while the intense
negative 209 nm CE derives from the sum of a negative enone
π−π* and a charge-transfer transition. The solid-state micro-
crystalline ECD spectral data of 3 were also recorded as a KCl
pellet, which were found to be near identical with that of the
solution one, proving that the solid-state conformer is the
dominant one in solution as well (Figure 5). The ECD
spectrum of 4 showed the same pattern as that of 3 with more
intense CEs confirming the homochirality of the two
derivatives.
Similarly to bislatumlides A and B, the plausible biogenetic

pathway of compounds 1−4 involves a nondiastereoselective
Diels−Alder reaction of a diene (10) and a dienophile (8 or 9)
as shown in Scheme 1. Isosarcophytonolide D (8),13 isolated
earlier from the same source, may act as dienophile to form
biscembranes 1 and 3 in a Diels−Alder reaction with the diene
10 following endo or exo selectivity, respectively. The
cyloaddition is supposed to occur between the Δ1(2) double
bond of the unsaturated lactone moiety of 8 and Δ21(34),35(36)

diene functionality of 10 as described previously for

Figure 3. Experimental solution (acetonitrile, black curve) ECD
spectrum of bislutamlide C (1) compared with the computed B3LYP/
6-311G(d,p) spectrum (red) of (1R,2S,3R,4R,5R,21R,26S,27S,-
30R,31R)-1 obtained as the Boltzmann-weighted average of con-
formers A−G. Bars represent rotational strength of the lowest-energy
conformer.

Figure 4 . Computed DFT opt imized conformers of
(1R,2S,3R,4R,5R,7E,11E,21S,22E,26S,27S,30R,31R,34Z)-3 and their
populations (hydrogen atoms are not displayed).

Figure 5. Solid and solution ECD spectrum of bislatumlide E (3) in
acetonitrile compared with the B3LYP/6-311G(d,p) computed
Boltzmann-weighted ECD spectrum of (1R,2S,3R,4R,5R,21S,26S,27S,-
30R,31R)-3. Bars represent the rotatory strength of the lowest-energy
conformer.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo400069n | J. Org. Chem. 2013, 78, 3113−31193117



bislatumlides A and B.10 To our knowledge, this is the second
report of cembranoid dimers formed by the coupling of an α,β-
unsaturated γ-lactone ring, and almost all the previously
reported cembrane dienophile precursors had a Δ1(14) double
bond (according to the numbering of 8), whereas in the
present case, the conjugating double bond of 8 had Δ1(2)

position. The endo products of the Diels−Alder reaction (1, 2)
had cis relative configuration of the new chirality centers H-2
and H-21, while the exo products (3, 4) had trans orientation of
H-2 and H-21. The stereochemical study of biscembranes 1−4
also allows the configurational assignment of the previously
reported dienophiles isosarcophytonolide D (8)13 and
sarcophytonolide A (9),21 and the diene 10, which has not
been reported yet. The absolute configuration of bislatumlides
A and B could be also assigned, as well as their diene monomer
isolated and reported earlier with only relative configura-
tion.32,33

Since both bislatumlides A and B exhibited interesting
cytotoxicities against several tumor cell lines,13 compounds 1−4
were also tested for cytotoxicity against A-549 and HL-60
tumor cell lines; unfortunately, they were all inactive at a
concentration of 20 μg/mL. Compounds 1−4 were also
inactive in other bioassays; they showed no antibacterial and
anti-inflammatory activities.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Commercial Si gel (200−

300 and 400−600 mesh) was used for column chromatography, and
precoated Si gel plates (G60 F-254) were used for analytical TLC.
Sephadex LH-20 gel was used for column chromatography. NMR
spectra were at 293 K. Chemical shifts are reported in parts per million
(δ), using the residual CHCl3 signal (δH 7.26 ppm) as an internal
standard for 1H NMR and CDCl3 (δC 77.0 ppm) for 13C NMR;
coupling constant (J) is in Hz. Infrared spectra were recorded in thin
polymer films. For the solid-state circular dichroism (CD) protocol,
see ref 31. The mass spectra and high resolution mass spectra were
performed on a double-focusing magnetic mass spectrometer
equipped with an electron ionization source. Semipreparative RP-
HPLC was performed using a refractive index detector and a column
with 5 μm, 250 × 10 mm size.
Biological Material. Specimens of S. latum, identified by Prof. R.-

L. Zhou of South China Sea Institute of Oceanology Chinese Academy
Sciences, were collected along the coast of Ximao island, Sanya,
Hainan Province, China, in December 2002, at a depth of −20 m and
were frozen immediately after collection. A voucher specimen is
available at the Shanghai Institute of Materia Medica, CAS (No.
02HN103).
Extraction and Isolation. The frozen animals (68 g, dry weight)

were cut into pieces and extracted exhaustively with acetone at rt (3 ×
1.5 L). The organic extract was evaporated to give a residue, which was
partitioned between Et2O and H2O. The Et2O solution was
concentrated under reduced pressure to give a dark brown residue
(3.2 g), which was fractionated by gradient Si gel column

chromatography (0−100% acetone in light petroleum ether) yielding
a mixture showing interesting yellow TLC spots after spraying with
H2SO4 [Rf 0.4−0.5 (PE/CH3COCH3, 2:1)]. The fraction was further
purified by RP-HPLC (MeCN/H2O, 4:1; 2.0 mL/min) to give four
pure compounds 1 (3.6 mg, 17 min), 2 (4.7 mg, 25 min), 3 (2.8 mg,
20 min), and 4 (2.5 mg, 29 min).

Bislatumlide C (1).White amorphous powder: [α]20D +35.2 (c 0.53,
CHCl3); ECD (MeCN, λmax [nm] (Δε), c = 1.19 × 10−4) 254
(−2.19), 213 (15.58), negative below 195 nm; ECD (70 μg 1 in 250
mg KCl, λmax [nm] (Δε) 254 (−3.38), 218 (17.42); UV (MeOH) λmax
(log ε) 246 (3.2) nm; IR (Film) νmax 3465, 2937, 1736, 1674, 1606,
1243, 1038, 757 cm−1; 1H and 13C NMR, see Tables 1 and 2; MS(EI)
m/z 736 [M]+ (14), 718 (100), 676 (18), 658 (54), 633 (26), 362
(98), 344 (50), 284 (33), 159 (52), 133 (86); HRMS(EI) [M]+ m/z
736.4567 (calcd for C44H64O9, 736.4551).

Bislatumlide D (2). White amorphous powder: [α]20D + 40.3 (c
0.35, CHCl3); ECD (MeCN, λmax [nm] (Δε), c = 9.20 × 10−5) 261
(−8.96), 235sh (6.10), 217 (21.09). ECD (61 μg 2 in 250 mg KCl,
λmax [nm] (Δε) 270 (−4.58), 241sh (5.62), 220 (25.34); UV (MeOH)
λmax (log ε) 242 (3.1) nm; IR (Film) νmax 3468, 2935, 1737, 1670,
1603, 1043, 758 cm−1; 1H and 13C NMR, see Tables 1 and 2; MS(EI)
736 [M]+ (4), 718 (7), 676 (5), 658 (8), 362 (100), 344 (25), 284
(10), 159 (13), 133 (24), 93 (13); HRMS(EI) [M]+ m/z 736.4542
(calcd for C44H64O9, 736.4551).

Bislatumlide E (3).White amorphous powder: [α]20D −56.0 (c 0.17,
CHCl3); ECD (MeCN, λmax [nm] (Δε), c = 9.41 × 10−5) 276sh
(−1.20), 264 (−1.83), 244sh (1.87), 235 (3.14), 209 (−26−15). ECD
(44 μg 3 in 250 mg KCl, λmax [nm] (Δε) 271 (−1.32), 236 (2.29), 209
(−14.78); UV (MeOH) λmax (log ε) 245 (2.8) nm; IR (Film) νmax
3467, 2940, 1732, 1672, 1605, 1240, 1040, 762 cm−1; 1H and 13C
NMR, see Tables 1 and 2; MS(EI) 736 [M]+ (38), 718 (83), 676 (28),
658 (51), 633 (32), 579 (39), 497 (26), 362 (90), 344 (25), 133
(100); HRMS(EI) [M]+ m/z 736.4565 (calcd for C44H64O9,
736.4551).

Bislatumlide F (4).White amorphous powder: [α]20D −74.0 (c 0.17,
CHCl3); ECD (MeCN, λmax [nm] (Δε), c = 1.01 × 10−4) 277sh
(−7.03), 262 (−11.97), 241sh (5.04), 234 (10.22), 211 (−40.68),
positive below 195 nm; ECD (43 μg 4 in 252 mg KCl, λmax [nm] (Δε)
286sh (−1.89), 274 (−3.27), 248sh (4.11), 235 (8.73), 211 (−26.26);
UV (MeOH) λmax (log ε) 241 (4.6) nm; IR (Film) νmax 3470, 2934,
1738, 1670, 1602, 1042, 755 cm−1; 1H and 13C NMR, see Tables 1 and
2; MS(EI) 736 [M]+ (9), 718 (6), 676 (6), 658 (7), 362 (100), 344
(8), 284 (12), 159 (13), 133 (21), 93 (11); HRMS(EI) [M]+ m/z
736.4554 (calcd for C44H64O9, 736.4551).

Bislatumlide A (5).13 ECD (MeCN, λmax [nm] (Δε), c = 1.04 ×
10−4) 262 (−3.05), 225 (3.92), negative below 207 nm.

Bislatumlide B (6).13 ECD (MeCN, λmax [nm] (Δε), c = 1.39 ×
10−4) 263 (−3.89), 229 (4.69), negative below 211 nm.

Computational Section. Mixed torsional/low mode conforma-
tional searches were carried out by means of the Macromodel
9.9.22334 software using Merck Molecular Force Field (MMFF) with
implicit solvent model for chloroform and 21 kJ/mol energy window.
Geometry reoptimizations at B3LYP/6-31G(d) in gas phase followed
by TDDFT calculations using various functionals (B3LYP,
BH&HLYP, PBE0) and 6-311G(d,p) basis set were performed by
the Gaussian 0935 package. Boltzmann distributions were estimated
from the B3LYP/6-31G(d) energies. ECD spectra were generated as
the sum of Gaussians36 with 3000 and 2100 cm−1 half-height width
(corresponding to ca. 14 and 10 nm at 215 nm), using dipole-velocity
computed rotational strengths for conformers above 2%. The VMD37

and GaussView38 software packages were used for visualization of the
results.

■ ASSOCIATED CONTENT
*S Supporting Information
MS, HRMS, one- and two- dimensional NMR spectra for
compounds 1−4, and atom coordinates and absolute energies
of the computed structures. This material is available free of
charge via the Internet at http://pubs.acs.org.

Scheme 1. Plausible Diels-Alder Reactions Leading to
Compounds 1−4
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