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ABSTRACT
Five selaginellin derivatives (1 and 3–6) including a new one, 
selaginellin T (1), and a new triarylbenzophenone analog, 
selagibenzophenone A (2), were isolated from the whole plants of 
Selaginella pulvinata. Their structures were determined by 1D- and 
2D-NMR and HR-ESI-MS data. Selagibenzophenone A (2) is the first 
example of naturally occurring triarylbenzophenone. The results of 
the phosphodiesterase-4 (PDE4) inhibitory screening assays showed 
that compounds 1−6 exhibited potent activities with the IC50 values 
in the range of 1.04−9.35 μM.

1. Introduction

Selaginellins, a group of novel natural pigments characterized by a p-hydroxyphenylethynyl 
moiety and multiple phenolic groups, were currently found only in the genus Selaginella 
(Selaginellaceae) [1–14]. So far approximately 30 selaginellins have been reported, and these 
structures possessed important biological activities such as antimicrobial, cytotoxic, antiox-
idant, and phosphodiesterase-4 (PDE4) inhibitory properties [4,10,12,15]. Selaginella pul-
vinata (Hook. et Grev.) Maxim., a Traditional Chinese Medicine (TCM) widely distributed 
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in China, was used for the treatment of asthma, dysmenorrhea, and traumatic injury [16]. 
Recently, our group have found a novel type of compounds featuring a fluorene core with 
remarkable PDE4 inhibitory activities from the plants of S. pulvinata [15,17]. Continued 
investigation on the plants of S. pulvinata let to the isolation of a new selaginellin derivative, 
selaginellin T (1), a new triarylbenzophenone analog, selagibenzophenone A (2) (Figure 1), 
and four known selaginellins (3–6) (Figure S1 in Supplemental Material). Bioassay verified 
that these isolates have potent PDE4 inhibitory activities. Herein, details of the isolation, 
structural elucidation, and PDE4 inhibitory activities of these metabolites are described.

2. Results and discussion

Compound 1, a red powder, had a molecular formula of C26H18O5 as determined by the 
HRESIMS data (m/z 433.1030 [M  +  Na]+; calcd 433.1046) and 1D NMR data. The IR 
spectrum displayed the presence of hydroxyl (3402 cm−1), carbonyl (1725 cm−1), and phe-
nyl (1611 and 1514 cm−1) functionalities. The 1D NMR spectra of 1 showed signals for 
three 1,4-disubstituted benzene ring (two were overlapped) [δH 6.88 (4H, d, J = 8.5 Hz, 
H-3/5/8/12), 6.71 (4H, d, J = 8.5 Hz, H-2/6/9/11), 6.56 (2H, d, J = 8.6 Hz, H-21/23), and 
6.54 (2H, d, J = 8.6 Hz, H-20/24); δC 158.4 (C × 2, C-1/10), 157.8 (C, C-22), 131.7 (CH × 2, 
C-20/24), 131.5 (C × 2, C-4/13), 131.0 (CH × 4, C-3/5/8/12), 130.6 (C, C-25), 115.4 (CH × 
4, C-2/6/9/11), and 115.2 (CH × 2, C-21/23)], a 1,2,3-trisubstituted benzene ring [δH 7.91 
(1H, d, J = 7.5 Hz, H-15), 7.70 (1H, t, J = 7.5 Hz, H-16), and 7.52 (1H, d, J = 7.5 Hz, H-17); 
δC 151.2 (C, C-19), 140.5 (C, C-18), 138.3 (CH, C-17), 130.7 (CH, C-16), 127.6 (C, C-14), 
and 125.1 (CH, C-15)], an ester carbonyl [δC 170.0], and an oxygenated quaternary carbon 
[δC 93.9], which highly resembled those of selaginellin H [5], a selaginellin derivative pre-
viously reported from the same plant, except that the signals for a hydroxymethyl group in 
selaginellin H was not observed in 1. This information suggested that 1 was a dehydroxym-
ethyl derivative of selaginellin H, which was supported by its MS data (30 mass units less 
than that of selaginellin H) and the presence of the characteristic 1,2,3-trisubstited pattern 
of ring A [δH 7.52 (d, J = 7.5 Hz, H-17), 7.70 (t, J = 7.5 Hz, H-16), and 7.91 (d, J = 7.5 Hz, 

Figure 1. structures of new compounds 1 and 2.
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H-15)]. Analysis of the HMBC correlations of compound 1 (Figure 2) further confirmed 
its structure. Thus, the structure of 1 was determined as shown and named as selaginellin T.

Compound 2 was obtained as a red powder. It possessed a molecular formula of C31H22O5 
as established by HRESIMS at m/z 473.1387 [M–H]− and 1D NMR data. The 1H NMR 
spectrum showed signals for four p-hydroxylphenyl groups (two were overlapped) [δH 
6.55 (2H, d, J = 8.7 Hz, H-2/6) and 7.38 (2H, d, J = 8.7 Hz, H-3/5), 6.63 (4H, d, J = 8.6 Hz, 
H-15/17/21/23) and 7.10 (4H, d, J = 8.6 Hz, H-14/18/20/24), and 6.89 (2H, d, J = 8.6 Hz, 
H-27/29) and 7.56 (2H, d, J = 8.6 Hz, H-26/30)] and a symmetric 1,2,3,5-tetrasubstituted 
benzene ring [δH 7.49 (2H, s)]. The 13C NMR spectrum of 2 exhibited 31 carbon resonances 
which were classified by HSQC and HMBC experiments as two superimposed 4-hydroxyl-
phenyl groups (rings C and D), two well distinguished 4-hydroxylphenyl groups (rings A 
and E), a symmetric tetrasubstituted benzene ring (ring B), and a ketone carbonyl (C-7). 
The connectivity of rings A–D and the ketone carbonyl was accomplished by the HMBC 
correlations (Figure 2) and consideration of the symmetrical characteristic of the molecule. 
In particularly, strong HMBC correlations from four symmetrical aromatic protons [δH 7.10 
(H-14/18/20/24)] to the quaternary carbons at δC 142.4 suggested that the superimposed 
rings C and D were linked at the two symmetrical carbons (C-12 and C-8) of ring A. The 
HMBC correlations from a pair of symmetrical aromatic protons at δH 7.56 (H-26/30) of 
ring E to the quaternary carbon at δC 142.9 (C-10) of ring B and the HMBC correlations 
from H-4/6 (δH 7.49) to the C-31 (δC 132.8) revealed that ring E was located at C-10 of 
ring A. The HMBC correlation of H-3/5 of ring A to the ketone carbonyl (C-7) deduced 
the presence of the 4-hydroxylbenzoyl group, which must be placed at the only “loose end” 
of C-13 in ring B. Thus, a triarylbenzophenone scaffold of 2 was established as depicted, 
which represented the first example of naturally occurring triarylbenzophenone and named 
as selagibenzophenone A.

The known compounds were identified as selaginellin S (3) [14], selaginellin L (4) [6], 
selaginellin B (5) [2], and selaginellin G (6) [5] by comparison of their NMR and MS data 
with those in the literature.

All compounds were tested for their PDE4 inhibitory activities by using tritium-labe-
led adenosine 3′,5′-cyclic monophosphate ([3H]–cAMP) as substrate with rolipram as the 

Figure 2. Key 1h–1h cosY and hMBc correlations of 1 and 2.
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positive control (IC50 = 0.62 μM). Compounds 2 and 5 showed remarkable inhibitory activity 
with the IC50 values of 1.04 and 1.25 μM, respectively, and 1, 3, 4, and 6 had moderated 
activities with IC50 values in range of 2.67–9.34 μM (Table 1).

3. Experimental

3.1. General experimental procedures

UV spectra were recorded on a Shimadzu UV-2450 spectrophotometer (Shimadzu, Kyoto, 
Japan) and IR spectra on a Bruker Tensor 37 infrared spectrophotometer (Bruker, Madison, 
USA) with KBr disks. NMR spectra were measured on a Bruker AM-400 spectrometer 
(Bruker, Zurich, Switzerland) at 25 °C. ESIMS and HRESIMS were carried out on a Thermo 
Finnigan LCQDECA instrument (Thermo Finnigan, San Jose, USA). A Shimadzu LC-20AT 
equipped with a SPD-M20A PDA detector was used for HPLC, and a YMC-pack ODS-A 
column (250 × 10 mm, S-5 μM, 12 nm) was used for semipreparative HPLC separation. 
The column chromatography (CC) was performed on silica gel (300−400 mesh, Qingdao 
Haiyang Chemical Co., Ltd., Qingdao, China), MCI gel (CHP20P, 75–150 μM, Mitsubishi 
Chemical Industries Ltd.), Sephadex LH-20, and reversed-phase C18 (RP-C18) silica gel 
(12 nm, S-50 μM, YMC Co., Ltd., Tokyo, Japan). Analytical grade solvents (Guangzhou 
Chemical Reagents Company, Ltd., Guangzhou, China) were used as eluents. TLC spots 
were visualized under UV light and by dipping into 5% H2SO4 in EtOH followed by heating.

3.2. Plant material

The whole plants of Selaginella pulvinata were collected in March 2015 from Yulin city, 
Guangxi Zhuang Autonomous Region. The plants were identified by one of the author 
(G.-H. Tang) and a voucher specimen (DZJB201503) has been deposited at the School of 
Pharmaceutical Sciences, Sun Yat-sen University.

3.3. Extraction and isolation

The air-dried powder of the aerial parts of S. pulvinata (10 kg) was extracted with 95% 
EtOH (3 × 5 L) at room temperature to give 700 g of crude extract. The extract was sus-
pended in H2O (3 L) and successively partitioned with petroleum ether (PE, 3 × 3 L) and 
EtOAc (3 × 3 L). The EtOAc extract (206 g) was subjected to MCI gel column chromatog-
raphy (CC) eluted with a MeOH/H2O gradient (3:7→10:0) to afford five fractions (Fr. I−V).  
Fr. III (12.6 g) was chromatographed over a silica gel CC eluted with PE/acetone (10:1→1:1) 
to afford five fractions (Fr. IIIa–IIId). Fr. IIIc (45 mg) was further purified on HPLC using 
MeCN/H2O (45:55, 3 ml/min) as mobile phase to give 6 (8 mg, tR 14 min) and 2 (6 mg, tR 

Table 1. ic50 values of compounds 1–6 against Pde4d2.

aPositive control.

Compound IC50 (μM) Compound IC50 (μM)
1 9.35 ± 0.60 5 1.25 ± 0.04
2 1.04 ± 0.07 6 3.38 ± 0.09
3 2.67 ± 0.07 Roliprama 0.62 ± 0.03
4 7.42 ± 0.31

D
ow

nl
oa

de
d 

by
 [

A
us

tr
al

ia
n 

C
at

ho
lic

 U
ni

ve
rs

ity
] 

at
 1

8:
05

 2
7 

Se
pt

em
be

r 
20

17
 



JOURNAL OF ASIAN NATURAL PRODUCTS RESEARCH   5

16.5 min). Fr. IIIe (1.9 g) was chromatographed over a Sephadex LH-20 eluted with MeOH 
to give three fractions (Fr. IIIe1–IIIe3). Fr. IIIe2 (900 mg) was chromatographed by a RP-C18 
column eluted with MeOH/H2O (4:6→0:0) to afford 3 (6.2 mg), 5 (5 mg), and 1 (8.8 mg). 
Fr. IIIe3 (120 mg) was chromatographed by a Sephadex LH-20 (EtOH) to give 4 (11 mg). 
The purity of the compounds was tested by 1H NMR spectra.

3.3.1. Selaginellin T (1)
Red powder; UV (CH3OH) λmax (log ε) 204.0 (4.55), 230.4 (4.13) nm; IR (KBr) νmax 3402, 
1725, 1611, 1514, 1240 cm−1; 1H NMR (CD3COCD3, 400 MHz) δ 7.91 (1H, d, J = 7.5 Hz, 
H-15), 7.70 (1H, t, J = 7.5 Hz, H-16), 7.52 (1H, d, J = 7.5 Hz, H-17), 6.88 (4H, d, J = 8.5 Hz, 
H-3/5/8/12), 6.71 (4H, d, J = 8.5 Hz, H-2/6/9/11), 6.56 (2H, d, J = 8.6 Hz, H-21/23), 6.54 
(2H, d, J = 8.6 Hz, H-20/24); 13C NMR (CD3COCD3, 100 MHz) δ 170.0 (C, C-26), 158.4 
(C × 2, C-1/10), 157.8 (C, C-22), 151.2 (C, C-19), 140.5 (C, C-18), 138.3 (CH, C-17), 131.7 
(CH × 2, C-20/24), 131.5 (C × 2, C-4/13), 131.0 (CH × 4, C-3/5/8/12), 130.7 (CH, C-16), 
130.6 (C, C-25), 127.6 (C, C-14), 125.1 (CH, C-15), 115.4 (CH × 4, C-2/6/9/11), 115.2 (CH 
× 2, C-21/23), 93.9 (C, C-7); HRESIMS m/z 433.1030 [M + Na]+ (calcd for C26H18O5Na, 
433.1046).

3.3.2. Selagibenzophenone A (2)
Red powder; UV (CH3OH) λmax (log ε) 207.5 (4.41), 261.2 (4.07), 290.5 (3.98) nm; IR (KBr) 
νmax 3253, 1592, 1512, 1262 cm−1; 1H NMR (CD3OD, 400 MHz) δ 7.56 (2H, d, J = 8.6 Hz, 
H-26/30), 7.49 (2H, s H-9/11), 7.38 (2H, d, J = 8.7 Hz, H-3/5), 7.10 (4H, d, J = 8.6 Hz, 
H-14/18/20/24), 6.89 (2H, d, J = 8.6 Hz, H-27/29), 6.63 (4H, d, J = 8.6 Hz, H-15/17/21/23), 
6.55 (2H, d, J = 8.7 Hz, H-2/6); 13C NMR (CD3OD, 100 MHz) δ 200.5 (C, C-7), 165.9 (C, 
C-1), 158.7 (C, C-28), 157.8 × 2 (C, C-16/22), 142.9 (C, C-10), 142.4 × 2 (C, C-8/12), 137.8 
(C, C-13), 133.6 × 2 (CH, C-3/5), 133.3 × 2 (C, C-19/25), 132.8 (C, C-31), 131.4 × 4 (CH, 
C-14/118/20/24), 130.6 (C, C-4), 129.3 × (CH, C-26/30), 127.6 × 2 (CH, C-9/11), 116.8 × 
2 (CH, C-27/29), 116.6 × 2 (CH, C-2/6), 115.8 × 4 (CH, C-15/17/21/23); HRESIMS m/z 
473.1387 [M–H]- (calcd for C31H21O5, 473.1394).

3.4. PDE4D inhibitory screening assays

The PDE4D inhibitory screening assays for the active compounds were performed as 
described previously [18].
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