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ABSTRACT: A novel diterpenoid, sinunanolobatone A (1), featuring an unprecedented bicyclo[13.1.0]pentadecane carbon frame-
work, along with two new casbane diterpenoids (2 and 3), and five known related ones (4-8) were isolated from the Sanya soft coral
Sinularia nanolobata. The structures of the new compounds were established by detailed spectroscopic analysis, X-ray diffraction
analysis, chemical reactions, or quantum chemical computation method. A plausible biosynthetic pathway of 1 and its biogenetic
relationship with co-occurring casbanes was proposed. In bioassay, the novel compound 1 showed significant inhibitory activity
against lipopolysaccharide (LPS) induced inflammation in BV-2 microglial cells.

Soft corals of the genus Sinularia (order Alcyonacea, family
Alcyoniidae) are rich sources of diverse secondary metabolites,
especially various types of terpenoids, with widespread biolog-
ical activities, which allowed them becoming an attractive re-
search target over marine natural product chemistry commu-
nity.: Among all the species of Sinularia, S. nanolobata have
been reported to comprise a large number of terpenoids, includ-
ing diterpenoids (cubitanes, cembranoids, amphilectanes),
norditerpenoids (tetranorditerpenoids, norcembranoids, nanol-
obatanes), sesquiterpenoids (cadinanes, valerenanes), and
norsesquiterpenoids.> However, casbane-type diterpenoids
have never been reported before from this animal. In fact, the
cashane diterpenoids are relatively unusual in nature, and they
were biosynthetically derived from the more common cembra-
noids and characterized by the presence of a dimethyl-cyclo-
propyl moiety fused to a 14-membered macrocycle. Casbhanes
were reported to possess various biological properties, such as
anti-inflammatory, anti-cancer and anti-bacterial activities,® in-
dicating their potential on new drug discovery.

South China Sea invertebrates were rich sources of structur-
ally novel and biologically active natural products by many re-
cent chemical and biological investigations.* In order to find
more novel and bioactive metabolites from this sea area, the ti-
tle animals collected off the coast of Ximao Island, Sanya, Hai-
nan Province, China, were chemically investigated for the first

time, resulting in the discovery of one novel diterpenoid, sin-
unanolobatone A (1), with an unprecedented bicy-
clo[13.1.0]pentadecane carbon skeleton, and two new related
casbane-type diterpenoids (2 and 3) (Figure 1). Herein, the iso-
lation, structural elucidation, bioactivity evaluation, and plausi-
ble biosynthetic pathway of the new isolates are reported.
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Figure 1. Structures of compounds 1-8.

Samples of S. nanolobata were extracted as previously



described,* affording the pure compounds 1 (1.0mg), 2
(11.3mg), 3 (6.3mg), 4 (2.6mg), 5 (5.0mg), 6 (18.5mg), 7
(2.6mg), and 8 (3.0mg), respectively. By direct comparison of
spectroscopic data and specific optical rotation with those re-
ported in the literature, compounds 4-8 were identified as
known cashane diterpenoids.*®

Sinunanolobatone A (1) was obtained as a colorless solid. Its
molecular formula was determined to be CyHs3O from the
HREIMS ion peak at m/z 286.2282 ([M]", calcd 286.2291), in-
dicating six double bond equivalents (DBEs). The *C NMR,
DEPT, and HSQC spectra of 1 revealed the presence of 20 car-
bon signals, including four methyls, seven sp® methylenes, one
sp® methine and three sp? methines as well as one ketone car-
bonyl (d¢c 213.6). The diagnostic *H and *C NMR resonances,
as well as the coupling constants of the connected protons (Ta-
ble 1), suggested the presence of three trisubstituted double
bonds [on 4.90 (1H, d, J=8.2Hz)/5c 123.1 (CH), oc 138.8 (qC);
on 4.97(1H, dd, J=9.5, 3.6Hz)/dc 125.4 (CH), c 134.4 (qC); n
5.14(1H, ddt, J=5.3, 2.7, 1.3Hz)/dc 125.3 (CH), dc 133.7 (qC)].
The above functionalities accounted for four of the six DBEs,
suggesting the presence of a bicyclic ring system in 1.

Table 1. *H NMR (64) and *C NMR () Data for 1 in CDCla.

No. 1

oun, mult (J Hz)* oc?
1 30.8 qC
2 1.75 m 31.3CH
3 490d(8.2) 123.1 CH
4 138.8 qC
Sa 2.24 m 38.9 CH2
5b 2.11m
6a 2.36 m 25.1 CH2
6b 2.06 m
7 4.97dd (9.5, 3.6) 125.4 CH
8 1344 qC
9a 2.16 m 38.9 CH2
9b 1.93 m
10a 2.16 m 23.9 CH2
10b 2.0l m
11 5.14ddt(5.3,2.7,1.3) 125.3 CH
12 133.7qC
13a 245 m 36.5 CHz
13b 2.17m
14a 2.85ddd (12.0, 5.3, 4.6) 38.0 CH2
14b 2.34td (12.0, 4.6)
15 213.6 qC
16a 1.83dd (9.2,3.7) 22.9 CH2
16b 0.50 dd (6.5, 3.7)
17 1.63s 15.8 CH3
18 1.54s 15.5 CH3
19 1.59s 15.6 CH3
20 1.39s 16.7 CH3

2 Recorded at 600 MHz. ® Recorded at 125 MHz. Assignments were
deduced by analysis of 1D and 2D NMR spectra.

The planar structure of 1 was further determined by the H-
1H COSY and HMBC experiments (Figures S6 and S7). Anal-
ysis of the COSY spectrum of 1 discovered the proton connec-
tivity for four structure fragments a—d (Figure 2) by clear cor-
relations of H-3 (dn 4.90)/H-2 (ou 1.75)/H2-16 (6n 0.50, 1.83)
(a); H2-5 (01 2.11, 2.24)/H2-6 (Jn 2.06, 2.36)/H-7 (on 4.97) (b);
H2-9 (0w 1.93, 2.16)/H2-10 (Jn 2.01, 2.16)/H-11 (6w 5.14) (c);
H2-13 (0w 2.17, 2.45)/[H2-14 (Jn 2.34, 2.85) (d), respectively.
Further, the presence of a cyclopropane ring A was rapidly
identified by the connection of fragment a with C-1, with the
clear HMBC correlations from Hs-20 to C-1/C-15/C-16, from

H-2 to C-15, and from H-16 to C-15. The subunits b—d were
connected with the cyclopropane ring A, bearing in mind three
methyls at dc 15.8, 15.5 and 15.6, three trisubstituted double
bonds, and one ketone carbonyl at dc 213.6, by detailed inter-
pretation of the well resolved HMBC correlations from Hs-17
to C-3/C-4/C-5, from H-3 to C-2/C-5/C-16/C-17, from Hs-18 to
C-7/C-8/C-9, from H-7 to C-5/C-6/C-9/C-18, from Hs-19 to C-
11/C-12/C-13, from H-11 to C-9/C-10/C-13/C-19, and from
H,-13 to C-12/C-14/C-15/C-19, leading to the construction of
an uncommon bicyclo[13.1.0]pentadecane carbon framework
towards the planar structure of 1.

The relative configuration of 1 was established by analysis of
its NOESY spectrum (Figure 2). Initially, the NOE interaction
between H-3 (on 4.90) and H-5b (dn 2.11), between H-7 (on
4.97) and H-9b (1 1.93), CH3-18 (dn 1.54) and H-6a (o 2.36),
H-11 (0w 5.14) and H-13b (0w 2.17), as well as between CH3-19
(6w 1.59) and H-10a (6n 2.16) assigned the E-geometry of 434,
A™8, and 4112, respectively, which was supported by the far be-
low 20 ppm of *C chemical shifts of CH3-17/18/19.>° Further,
the obvious correlation between Hs-20 (0w 1.39) and H-16b (5u
0.50) revealed that the CH3-20 and H-16b were of the same ori-
entation, arbitrarily assigned as $ configuration. The NOE cor-
relation between H-2 (64 1.75) and H-16a (o 1.83) disclosed
the « orientation of H-2. Finally, the relative configuration of
two stereogenic centers of 1 was established as 15*, 2R*.

TDDFT-ECD (time-dependent density functional theory-
electronic circular dichroism calculation) has been verified to
be a dependable method for the identification of the absolute
stereochemistry of natural products.* Therefore, it has been ap-
plied for the determination of the absolute configuration of 1.
As shown in Figure 3, the Boltzmann-averaged ECD spectrum
of (1S, 2R)-1 displayed a similar curve compared to the experi-
mental one, while the opposite to its enantiomer, which was
suggestive of the (1S, 2R) absolute configuration for 1.
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Figure 2. 'H-'H COSY, key HMBC, and NOE correlations of
compound 1.
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Figure 3. Experimental ECD spectrum of sinunanolobatone A
(1) (black, 1S, 2R), calculated spectrum of 1 (red, 1S, 2R) and
its enantiomer (blue, 1R, 2S).

Compound 2 was obtained as a colorless crystal. Its molecu-
lar formula, C21H3,03, was determined by the HR-ESIMS ion
peak at m/z 333.2428 ([M+H]", calcd for 333.2424), indicating



six DBEs. The *C NMR, DEPT, and HSQC spectra (Table S2,
Figures S12 and S13) of 2 revealed 21 carbon signals, including
four methyls, one methoxy group, six sp* methylenes, three sp*
methines and two sp? methines, as well as one ketone (Jc 209.8)
and one ester carbonyl (Jc 176.8).

Analysis of the H-!H COSY spectrum of 2 rapidly discov-
ered two structure fragments by clear correlations of H-2 (du
2.16)/H-1 (0w 1.50)/H>-14 (0w 0.81, 1.56)/H>-13 (0w 1.15,
1.31)/H-12 (01 1.99)/H2-11 (61 2.22, 2.43) (a) and Hy-5 (6w 2.186,
2.21)/H2-6 (on 2.19, 2.27)/H-7 (0w 5.11) (b). The connection of
the two structure moieties with other quaternary carbons were
further determined by the analysis of HMBC spectrum (Figure
4). The HMBC cross peaks from H3-18 (Jw 1.67) to C-3/C-4/C-
5, from H3-19 (64 1.70) to C-7/C-8/C-9, from H3-20 (Jn 0.93)
to C-11/C-12/C-13, from Hz-11 (dn 2.22, 2.43) to C-10, from
H2-9 (o1 2.89, 3.05) to C-10 revealed a fourteen-membered ring
B. Moreover, The HMBC correlations from H-1 to C-3/C-13/C-
15/C-17 and from H-2 to C-1/C-4/C-14/C-15/C-17, was easy to
draw the conclusion that the other partial structure is a cyclo-
propane ring A, leading to the entire structure of compound 2,
a casbane-type diterpenoid (Figure S2).

To further confirm the structure and absolute configuration
of 2, we attempted and fortunately obtained suitable single crys-
tals from the recrystallization of 2 in methanol, which allowed
a successful performance of X-ray crystallography studying us-
ing Cu Ko radiation (A=1.54178A). Analysis of the X-ray data
unambiguously confirmed the planar structure of 2 and its ab-
solute configuration as 1S, 2R, 12S, 15R [Flack parameter was
0.09(11)] (Figure 4, CCDC 2103366). Thus, the structure of 2
was determined as shown in Figure 1.

Figure 4. Perspective ORTEP drawing of X-ray structure of 2
(displacement ellipsoids are drawn at the 50% probability level).

Compound 3 was obtained as a colorless solid. Its molecular
formular was established to be C2,H3403 by the HR-EIMS ion
peak at m/z 346.2503 ([M]*, calcd 346.2502), implying six
DBEs. The NMR data of compound 3 was extremely
reminiscent of those of 2, and the only difference occurred on
the C-17 position. Detailed 1D and 2D NMR data comparison
revealed that the -COOMe group (Me:on 3.64, 6c 52.1) at C-17
position of 2 was replaced by the -CH,OCOMe group (Me:dn
2.05, ¢ 21.2), which is in accordance to one additional carbon
in 3. Therefore, 3 was determined to be an analog of 2 by a
different functional group at C-17. The structure of 3, especially
its stereochemsitry, was further confirmed by chemical
reactions. Initially, the hydrolysis of 2 and 3 by KOH in THF-
H.O (3:1) resulted in the acids 2a/2b and the alcohol 3a/3b,
respectively. Further, the oxidation of 3a in the presence of
Dess-Martin periodinane (DMP) and NaHCO3; in CH,Cl; led to
the aldehyde 3c, which then oxidated by Jone’s reagent to
afford the acid 3d. 3d was proved to be 2a by LC-MS-MS
analysis, with cosine similarity score of 0.86, and the same sign
of their specific rotation {[a]; —30.5 (¢ 0.10, MeOH) for 2a and
[a]s —18.3 (c 0.05, MeOH) for 3d}. It is worth mentioning that
during the hydrolysis process of 2 and 3, a double bond shift via

an enolate intermediate occurred towards the synthetic new iso-
mers 2b and 3b, respectively (Scheme 1).

Scheme 1. Chemical correlation of compounds 2 and 3.
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Although the structure of sinunanolobatone A (1) is obvi-
ously related to the co-occurring casbanes (2-8), its skeleton,
characterized by a 15-membered macrocycle fused to a cyclo-
propane ring, is unprecedented. It is interesting to note that the
most significant difference between 1 and 2-8 is the ring size.
To explain the formation of the framework of 1, a plausible bi-
osynthetic pathway is proposed. As shown in Scheme 2, the
common diterpene biosynthetic precursor (E,E,E)-geranylgera-
nyl diphosphate [9, (E,E,E)-GGPP] undergo a 1,15-cyclization
will generate the key intermediate 10 with carbonium ion at C-
14." Further, a 1,3-hydride shift of 10 (from H-1 to C-14) will
afford the cationic intermediate 11, which followed by the cy-
clopropanation involving the formation of a new C-C bond
from the C-16 methyl to the C-1 carbocation with loss of H-16
to give the terpene 12. Then, oxidation at C-14 of 12 will yield
sinunanolobatone A (1).

Scheme 2. Plausible biosynthetic pathway of the new com-
pound 1 (OPP: diphosphate).
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In the anti-inflammatory assay, compounds 1, 2a, 3, 3a, 4, 5,
7, and 8 at 20 uM displayed inhibitory activity on NO produc-
tion against LPS-induced inflammation-related BV-2 micro-
glial cells (Table S3), comparable as that of the positive control
resveratrol. In addition, these compounds at 20 uM did not
show noticeable cytotoxicity on BV-2 cells. Moreover, the
novel compound 1 significantly reduced the mRNA levels of
the pro-inflammatory cytokines IL-6 and IL-1 mRNA in LPS-
stimulated BV-2 microglial cells at 10 uM and 20 pM, respec-
tively (Figure 5), which further demonstrated the anti-inflam-
matory effect of compound 1.

1
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Figure 5. Compound 1 reduced the mRNA levels of IL-6 (A) and
IL-1p (B) in LPS-stimulated BV-2 microglial cells. Data were nor-
malized by the LPS group, and presented as Means +=SEM (n=3).
### P < 0.001 vs the control group, *p < 0.05, ***p < 0.001 vs the
LPS group.

In summary, this is the first chemical study of soft coral S.
nanolobata from Ximao Island, Sanya. One novel diterpenoid,
sinunanolobatone A (1), featuring an unprecedented bicy-
clo[13.1.0]pentadecane scaffold, two uncommom casbhane
diterpenoids (2 and 3), and five known casbane diterpenoids (4—
8) were isolated and fully elucidated. The stereochemistry of
the new compounds was determined by a series of reliable
methods, including quantum mechanical calculations, X-ray
diffraction analyses, and/or chemical correlations. The discov-
ery of 1-3 has expanded the diversity and complexity of marine
diterpenes. The biosynthetic proposal of the new compounds
has given an insight for their biogenetic connection and further
biomimetic synthesis, whereas the interesting anti-inflamma-
tory activity of the novel compound 1 demonstrated its worthi-
ness as a skeleton template for new inflammation related drug
discovery.
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