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Abstract
Pseudallenes A and B (1 and 2), the new and rare examples of sulfur-containing ovalicin derivatives, along with three known ana-
logues 3–5, were isolated and identified from the culture extract of Pseudallescheria boydii CS-793, a fungus obtained from the
deep-sea cold seep sediments. Their structures were established by detailed interpretation of NMR spectroscopic and mass spectro-
metric data. X-ray crystallographic analysis confirmed and established the structures and absolute configurations of compounds
1–3, thus providing the first characterized crystal structure of an ovalicin-type sesquiterpenoid. In the antimicrobial assays, com-
pounds 1–3 showed broad-spectrum inhibitory activities against several plant pathogens with MIC values ranging from 2 to
16 μg/mL.
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Introduction
Marine cold seeps are typical of chemosynthetically driven
ecosystems, characterized by methane-rich fluid emissions and
unique sulfur oxidation–reduction reactions [1]. Due to the

unique habitat, microorganisms surviving in the deep-sea cold
seeps may serve as promising sources of secondary metabolites
with functional and structural diversity [2]. In particular, two
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Figure 1: Chemical structures of compounds 1–5 isolated from P. boydii CS-793.

indole diketopiperazine alkaloids containing an unprecedented
spiro[bicyclo[2.2.2]octane-diketopiperazine] skeleton, chevalin-
ulins A and B, and the first cytochalasin homodimer containing
a thioether bridge, verruculoid A, were identified from deep-sea
cold seeps-derived fungi and were described to have potent
proangiogenic and antimicrobial activities [3,4].

As part of our continuing search for bioactive metabolites from
deep-sea-derived fungi [3-6], the fungal strain Pseudallescheria
boydii CS-793, which was obtained from sediments collected at
the deep-sea cold seep area in the Northeast of the South China
Sea, attracted our attention. Several meroterpenoids, alkaloids,
polyketides, and sesquiterpenoids from the species displayed
various biological properties including anti-inflammatory, anti-
microbial, and cytotoxic activities [7-9]. In the present work,
two rare new examples of sulfur-containing ovalicin sesquiter-
penoids (1, 2), together with three known related analogs (3–5)
[10-13] have been isolated and identified from the bioactive
fraction of P. boydii CS-793. Details of the isolation and purifi-
cation, structure elucidation, and biological evaluation of com-
pounds 1–5 are described herein.

Results and Discussion
For chemical investigation, the solvent EtOAc was used to
extract the fermentation culture of the fungus P. boydii CS-793
to afford an organic extract. Isolation and purification of the
crude extract with a combination of column chromatography
(CC) by Lobar LiChroprep RP-18, silica gel, Sephadex LH-20,
and semi-preparative HPLC, yielded compounds 1–5
(Figure 1).

Structure elucidations
Pseudallene A (1), initially obtained as colorless amorphous
powder, was assigned a molecular formula of C16H28O5S with
three indices of hydrogen deficiency according to the
HRESIMS data. The 1H NMR spectrum (Table 1 and Figure S1
in Supporting Information File 1) for compound 1 showed well-
dispersed signals over a wide field range, and aided by HSQC
experiment, these signals were attributable to four singlet

methyls [δΗ 1.65 (3H, s, H3-12), 1.55 (3H, s, H3-13), 1.39 (3H,
s, H3-15), and 3.37 (3H, s, 2-OMe)], four aliphatic methylenes,
four methines (with two oxygenated and one olefinic), and four
exchangeable protons. The 13C NMR spectroscopic data
(Table 1) displayed all 16 resonances which were classified by
DEPT experiments into the categories of four methyls (includ-
ing one methoxy), four methylenes, four methines (with one
olefinic and two oxygenated), and four non-protonated carbons
(with one olefinic and three bonded to oxygen).

Detailed interpretation of the COSY spectrum of compound 1
revealed the presence of two discrete proton spin-coupling
systems corresponding to a –CH–CH(OH)–CH2–CH2– unit
(C-2 to C-5), and a –CH–CH2–CH= moiety (C-8 to C-10)
(Figure 2). HMBC correlations from H-4 to C-2 and C-6, from
H-5 to C-1 and C-3, from 1-OH to C-2 and C-6, and from 6-OH
to C-1, C-5, and C-14, led to the construction of the cyclo-
hexane ring for 1, while HMBC correlations from H-9 to C-11,
and from H-12 and H-13 to C-10 and C-11 constructed the
isopentenyl group. Further HMBC correlations from H-15 to
C-1, C-7, and C-8 connected the cyclohexane ring and isopen-
tenyl from C-1 and C-8 via the non-protonated carbon C-7. The
assignment of the thio-ether bond between C-8 and C-14 was
supported by the HMBC correlation from H-14 to C-8, as well
as the molecular formula combined with chemical shifts
(δC 35.9, CH2-14, and δC 45.8, CH-8) [12]. Furthermore,
HMBC correlations from the protons of methoxy to C-2 at-
tached the methoxy group to C-2.

The relative configuration of compound 1 was determined by
analysis of NOESY data (Figure 3). NOE cross peaks from
H-15 to H-2, 6-OH, and from H-3 to 6-OH indicated the cofa-
cial orientation of these groups, while correlations from 1-OH
to H-8, 7-OH, 2-OMe, and 3-OH suggested the opposite posi-
tion of these groups. To unambiguously clarify the structure of
compound 1, crystals suitable for X-ray crystal analysis were
obtained by slow evaporation of the solvent, which could be
analyzed by X-ray diffraction analysis using Cu Kα radiation
(Figure 4). The resulting Flack parameter, 0.019(6), allowed the
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Table 1: 1H (500 MHz) and 13C NMR (125 MHz) data for compounds 1–3.

no. 1 2 3
δC

a δH
b, mult (J in Hz) δC

a δH
b, mult (J in Hz) δC

c δH
d, mult (J in Hz)

1 78.4, C 76.8, C 82.4, C
2 79.2, CH 3.75 d (3.1) 75.9, CH 3.89 d (8.7) 87.4, CH 4.67, s
3 65.0, CH 4.22 dq (6.1, 3.1) 70.0, CH 3.57 ddd (11.1, 8.7,

5.5)
207.7, C

4 26.8, CH2 α 1.61 overlap
β 1.87 overlap

28.2, CH2 α 1.56 overlap
β 1.60 overlap

36.7, CH2 α 2.78 td (13.7, 6.9)
β 2.40 ddd (13.7, 5.4,
1.7)

5 30.0, CH2 α 1.03 dt (11.6, 2.7)
β 1.97 overlap

33.7, CH2 α 1.09 ddd (13.2,
4.3, 2.7)
β 1.77 td (13.2, 4.8)

35.4, CH2 α 1.72 ddd (13.5,
6.9, 1.7)
β 2.26 td (13.5, 5.4)

6 73.5, C 72.7, C 73.1, C
7 75.8, C 76.8, C 76.8, C
8 45.8, CH 2.93 dd (11.5, 2.4) 45.7, CH 2.94 overlap 47.5, CH 2.91 dd (11.5, 2.5)
9 26.2, CH2 α 1.68 overlap

β 2.55 dd (15.2, 6.3)
26.1, CH2 α 1.67 overlap

β 2.53 overlap
26.6, CH2 α 1.85 ddd (14.8,

11.5, 7.9)
β 2.63 dd (15.5, 6.3)

10 123.2, CH 5.14 t (6.9) 123.2, CH 5.12 t (6.4) 121.8, CH 5.22 t (7.3)
11 131.4, C 131.6, C 134.1, C
12 25.5, CH3 1.65 s 25.6, CH3 1.65 s 26.0, CH3 1.75 s
13 17.6, CH3 1.55 s 17.8, CH3 1.55 s 18.1, CH3 1.64 s,
14 35.9, CH2 α 1.93 d (13.7)

β 3.01 d (13.7)
36.1, CH2 α 1.92 d (13.6)

β 2.95 overlap
37.5, CH2 α 2.20 d (13.9)

β 3.27 d (13.9)
15 19.8, CH3 1.39 s 19.3, CH3 1.43 s 19.9, CH3 1.54 s
1-OH 5.28 s 3.93 s
2-OCH3/OH 55.1, CH3 3.37 s 4.50 brs 59.3, CH3 3.55 s
3-OH 5.29 d (6.0) 5.61 brs
6-OH 4.32 s 4.16 s 3.71 s
7-OH 4.79 s 3.34 4.28 s

aData collected at 125 MHz in DMSO-d6. bData collected at 500 MHz in DMSO-d6. cData collected at 125 MHz in CDCl3. dData collected at 500 MHz
in CDCl3.

Figure 2: Key 1H-1H COSY (bond lines), and HMBC (red arrows) correlations of 1–3.

assignment of the absolute configurations of all the stereogenic
centers in compound 1 as 1R, 2R, 3R, 6R, 7R, 8S. This is likely
the first characterized crystal structure of an ovalicin-type
sesquiterpenoid.

The molecular formula of pseudallene B (2) was assigned as
C15H26O5S (three unsaturations), with one CH2 unit less than 1,

based on positive HRESIMS data. Its NMR spectroscopic data
were similar to compound 1. However, the obvious differences
from compound 1 was the absence of the methoxy signals
resonating at δC/δH 55.1/3.37 (2-OCH3) in compound 2, which
suggested the replacement of an OCH3 in 1 by an OH in com-
pound 2. This deduction was further verified by the COSY and
HMBC correlations (Figure 2).
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Figure 4: X-ray crystal structure of compounds 1–3 (with a thermal ellipsoid probability of 50%).

Figure 3: NOE correlations of compounds 1 and 2 (solid line indicates
β-orientation and dashed lines represent α-orientation).

The structure and relative configuration of compound 2 were
deduced the same as for 1 by NOE correlations (Figure 3).
Moreover, the absolute configurations of compound 2 were
unambiguous determined by X-ray diffraction with the
refined Flack parameter of 0.048(7), which suggested all
the stereogenic centers in compound 2 as 1R, 2R, 3R, 6R, 7R,
8S.

In addition to compounds 1 and 2, three related ovalicin-type
sesquiterpenoid derivatives 3 [10], 4 [11], and chlovalicin (5)
[12,13] were isolated and identified from the fungus P. boydii
CS-793. It should be mentioned that compound 3 was the first
sulfur-containing ovalicin sesquiterpenoid, which was previ-
ously isolated from Sporothrix sp. FO-4649, but its absolute
configuration was not explicitly represented, and their 1H and

13C NMR data were incomplete [10]. Thus, a full assignment of
the NMR data for compound 3 was conducted (Table 1) and its
absolute configurations were assigned as 1R, 2S, 6R, 7R, 8S by
single-crystal X-ray diffraction analysis with a Flack parameter
of 0.024(6) (Figure 4).

A plausible biosynthetic pathway for compounds 1–5 is pro-
posed as shown in Scheme 1. In this pathway, the bergamotene
sesquiterpenoid (I) is presumed to be a key intermediate
cyclized from farnesyl diphosphate (FPP) via nerolidyl diphos-
phate (NPP) followed by a bisabolyl cation [14]. Subsequent
oxidation (bishydroxylation) catalyzed by some oxygenase such
as P450 would afford the key intermediate II, which could be
transferred to III by cyclization and epoxidation. Oxidation and
methylation of intermediate III would produce IV. Compounds
1–4 could be obtained by nucleophilic attack at C-8 with the
hydroxy or thiol group from IV via intermediate V, followed by
oxidation and cyclization (pathway b), while nucleophilic attack
at C-14 of intermediate IV by a chloride could generate com-
pound 5 (pathway a). In addition, compound 5 might also be
derived from intermediate IV by cleavage of the ester bond at
C-2 to form the intermediate VI [15], followed by chlorination
(pathway c).

Compounds 1–3 were tested against seven human- and marine-
derived aquatic pathogenetic bacteria (Edwardsiella tarda,
Escherichia coli, Micrococcus luteus, Pseudomonas aerugi-
nosa, Vibrio anguillarum, Vibrio harveyi, and Vibrio
vulnificus), and six plant pathogenic fungi (Alternaria bras-
sicae ,  Colletotrichum gloeosporioides ,  Coniothyrium
diplodiella, Curvularia spicifera, Fusarium proliferatum, and
Penicillium digitatum) (Table 2). In the antibacterial screening,
none of the compounds displayed potent activity against the
tested strains (MIC ≥ 32 μg/mL). The antifungal assays showed
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Scheme 1: Proposed biosynthetic pathway for compounds 1–5.

Table 2: Antimicrobial activities of compounds 1–3 (MIC).a

strains 1 2 3 positive control
μg/mL μM μg/mL μM μg/mL μM μg/mL μM

E. tardab 32 96.38 – – – – 2 6.19
V. anguillarumb 32 96.38 64 201.26 32 96.96 0.5 1.55
V. harveyib – – – – – – 0.5 1.55
E. colib – – – – – – 0.5 1.55
V. vulnificusb – – – – – – 2 6.19
P. aeruginosab – – – – – – 2 6.19
M. luteusb – – – – – – 0.5 1.55
C. diplodiellac 8 24.10 4 12.58 2 6.06 0.5 1.55
P. digitatumc 8 24.10 8 25.16 8 24.24 0.5 1.55
A. brassicaec 16 48.19 16 50.31 8 24.24 0.5 1.55
C. spiciferac 4 12.05 4 12.58 4 12.12 0.5 1.55
F. proliferatumc 2 6.02 4 12.58 4 12.12 0.5 1.55
C. gloeosporioidesc 4 12.05 4 12.58 16 48.48 1 3.10

a“–”: MIC > 64 μg/mL. bChloramphenicol as positive control. cAmphotericin B as positive control.



Beilstein J. Org. Chem. 2024, 20, 470–478.

475

that compounds 1–3 exhibited potent activities against the plant
pathogenic fungi. Compound 1 exhibited prominent activity
against F. proliferatum, C. spicifera, and C. gloeosporioides
with MIC values of 2, 4, and 4 μg/mL, respectively, while com-
pound 3 showed considerable activities against C. diplodiella,
C. spicifera and F. proliferatum with MIC values of 2, 4, and
4 μg/mL, respectively.

Conclusion
In conclusion, two new ovalicin sesquiterpenoid derivatives
with a thioether bond, namely, pseudallenes A (1) and B (2),
together with three known analogues 3–5, were isolated and
identified from the cold seep-derived fungus P. boydii CS-793.
To date, only three sulfur-containing ovalicin sesquiterpenoids
have been reported [10,12]. Moreover, the first characterized
crystal structure of an ovalicin-type sesquiterpenoid was ob-
tained, which further confirmed the structures and absolute con-
figurations of compounds 1–3. Biological evaluation revealed
that compounds 1–3 exhibit potent antifungal activities against
the plant pathogenic fungi C. diplodiella, P. digitatum, A. bras-
sicae, C. spicifera, F. proliferatum, and C. gloeosporioides,
with MIC values ranging from 2 to 16 μg/mL.

Experimental
General experimental procedures. Melting points were deter-
mined by an SGW X-4 micro-melting point apparatus. Optical
rotations were measured in MeOH using an Optical Activity
AA-55 polarimeter. UV spectra were obtained with a PuXi
TU-1810 UV–visible spectrophotometer. NMR spectra data
were recorded on a Bruker Avance 500 or 600 MHz spectrome-
ter using solvent chemical shifts (DMSO: δH/δC 2.50/39.52) as
reference. HRESIMS data were measured using an API QSTAR
Pulsar 1 mass spectrometer. HPLC was performed on a Dionex
HPLC system equipped with a P680 pump, an ASI-100 auto-
mated sample injector, and a UVD340U multiple-wavelength
detector controlled by Chromeleon software (version 6.80).
LC–MS were obtained with a Bruker maXis plus Q-TOF.
Column chromatography was carried out using commercially
available silica gel (200–300 mesh, Qingdao Haiyang Chemi-
cal Co.), Lobar LiChroprep RP-18 (40–63 μm, Merck), and
Sephadex LH-20 (Pharmacia). Thin-layer chromatography
(TLC) was performed with precoated Si gel GF254 plates
(Merck, Darmstadt, Germany). Solvents used for extraction and
purification were distilled prior to use. Peptone from yeast
extract was purchased from Sigma-Aldrich. Rice, monosodium
glutamate, and corn steep liquor were purchased from China Oil
& Foodstuffs Corporation.

Fungal material. The fungus Pseudallescheria boydii CS-793
was isolated from the cold seep sediment at the Northeast of the
South China Sea, collected in September 2020. The fungal

strain was identified as P. boydii according to the ITS (internal
transcript spacer) region sequence, which is the same (98.98%)
as that of P. boydii (accession no. OW986361). The sequence
data of CS-793 have been deposited in GenBank with the acces-
sion no. OQ390095. The strain is preserved at the Key Labora-
tory of Experimental Marine Biology, Institute of Oceanology,
Chinese Academy of Sciences (IOCAS).

Fermentation, extraction, and isolation. Fermentation and ex-
traction were performed in a manner analogous to reference [6].
For chemical investigations, rice solid medium containing rice
(100 g/flask), peptone from animal (0.3 g/flask), yeast extract
(0.5 g/flask), corn steep liquor (0.2 g/flask), monosodium gluta-
mate (0.1 g/flask), and naturally sourced and filtered seawater
(acquired from the Huiquan Gulf of the Yellow Sea near the
campus of IOCAS, 100 mL/flask) were autoclaved at 120 °C for
20 min before inoculation. The fresh mycelia of the fungus
P. boydii CS-793 were incubated in a shaker on PDB medium at
28 °C for five days, which were then inoculated into the noted
rice solid medium in 1 L Erlenmeyer flasks and static cultiva-
tion for 30 days at room temperature. After fermentation, it was
fragmented mechanically and extracted thoroughly with EtOAc.
The combined extracts were filtered and concentrated under
reduced pressure to give 123.6 g of an organic extract.

The EtOAc extract was subjected to Si gel VLC (vacuum liquid
chromatography) and fractionated using solvent mixtures of in-
creasing polarity consisting of petroleum ether (PE) and EtOAc
20:1 to 1:1 and finally with CH2Cl2/MeOH 20:1 to 1:1 to yield
nine fractions (Frs. 1–9). Fr.4 (2.1 g) was further purified by
reversed-phase column chromatography (CC) over Lobar
LiChroprep RP-18 with a MeOH/H2O gradient (from 1:9 to
10:0) to afford ten subfractions (Fr. 4.1–Fr. 4.10). Compound 3
(58.7 mg, tR = 12.0 min) was isolated by semipreparative HPLC
(Elite ODSBP column, 5 μm; 10 × 250 mm; 75% MeOH/H2O,
3 mL/min) from Fr. 4.3 (5.8 g). Fr. 5 (6.5 g) was further frac-
tionated by CC over Lobar LiChroprep RP-18 eluting with a
MeOH/H2O gradient (from 1:9 to 10:0) to yield 10 subfrac-
tions (Frs. 5.1–5.10). Fr. 5.3 (258 mg) was further purified by
CC on silica gel eluting with a CH2Cl2/MeOH gradient (from
200:1 to 100:1) and then by preparative TLC (plate:
20 × 20 cm, developing solvents: ether/acetone 2:1) to afford
compound 4 (8.6 mg). Fr. 5.4 (538 mg) was separated by CC on
Si gel and Sephadex LH-20 (MeOH), after that compounds 1
(12.5 mg, tR = 14.0 min) and 5 (6.0 mg, tR = 15.0 min) were
isolated by semipreparative HPLC (Elite ODSBP column,
5 μm; 10 × 250 mm; 71% MeOH/H2O, 3 mL/min). Fr. 6
(10.5 g) was fractionated by CC over Lobar LiChroprep RP-18
eluting with a MeOH/H2O gradient (from 1:9 to 10:0) to yield
10 subfractions (Frs. 6.1–6.10). Then, compound 2 (13.7 mg)
was isolated by CC on Si gel (CH2Cl2/MeOH, 250:1 to 50:1)
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and preparative TLC (plate: 20 × 20 cm, developing solvent:
ether/acetone 2:1) from Fr. 6.3 (578 mg).

Pseudallene A (1): colorless crystals (MeOH); mp 115–117 °C;
[α]D

25 +20.0 (c 0.4, MeOH); 1H and 13C NMR data, see
Table 2; HRESIMS (m/z): [M + H]+ calcd for C16H29O5S,
333.1730; found: 333.1733).

Pseudallene B (2): colorless crystals (MeOH); mp 171–175 °C;
[α]D

25 +53.3 (c 0.3, MeOH); 1H and 13C NMR data, see
Table 2; HRESIMS (m/z): [M + H]+ calcd for C15H27O5S,
319.1573; found: 319.1568..

X-ray crystallographic analysis of compounds 1–3 [16].
Compounds 1–3 were crystallized in MeOH. All crystallo-
graphic data were collected on a Bruker Smart-1000 or Bruker
D8 Venture CCD diffractometer using Cu Kα radiation
(λ = 1.54178 Å). The data were corrected for absorption by
using the program SADABS [17]. The structures were solved
by direct methods using the SHELXTL software package
[18,19]. All non-hydrogen atoms were refined anisotropically.
The H atoms were located by geometrical calculations, and their
positions and thermal parameters were fixed during the struc-
ture refinement. The absolute structures were determined by
refinement of the Flack parameters [20], based on anomalous
scattering. The structures were optimized by full matrix least-
squares techniques.

Crystal data for compound 1: C16H28O5S, fw = 332.15;
orthorhombic space group P2(1)2(1)2(1), unit cell dimensions
a = 15.0176(3) Å, b = 24.2644(4) (11) Å, c = 29.3542(5) (4) Å,
V = 4749.6 (3) Å3, α = β = γ = 90°, Z = 4, dcalcd = 1.237 mg/m3,
crystal dimensions 0.18 × 0.16 × 0.12 mm, μ = 1.783 mm−1,
F(000) = 4312. The 67427 measurements yielded 19396 inde-
pendent reflections after equivalent data were averaged. The
final refinement gave R1 = 0.0512 and wR2 = 0.1339 [I > 2σ(I)].
The absolute structure parameter was 0.019(6).

Crystal data for compound 2: C15H26O5S, fw = 318.15, triclinic
space group P1, unit cell dimensions a = 6.50160(10) Å,
b = 7.7295(2) Å, c = 17.5958(4) Å, V = 794.00(3) Å3,
α = 85.4270(10)°, β = 81.7990(10)°, γ = 65.1510(10)°, Z = 1,
dcalcd = 1.332 mg/m3, crystal dimensions 0.18 × 0.15 ×
0.12 mm, μ = 1.979 mm−1, F(000) = 344. The 18694 measure-
ments yielded 5468 independent reflections after equivalent
data were averaged. The final refinement gave R1 = 0.0287 and
wR2 = 0.0714 [I > 2σ(I)]. The absolute structure parameter was
0.048(7).

Crystal data for compound 3: C16H26O5S, fw = 330.43,
t r ic l in ic  space  group P6(1) ,  uni t  ce l l  d imensions

a = 13.99630(10) Å, b = 13.99630(10) Å, c = 30.1665(6) Å,
V = 5117.78(13) Å3, α = 90°, β = 90°, γ = 120°, Z = 12,
dcalcd = 1.287 mg/m3, crystal dimensions 0.16 × 0.14 ×
0.12 mm, μ = 1.863 mm−1, F(000) = 2136. The 65189 measure-
ments yielded 6250 independent reflections after equivalent
data were averaged. The final refinement gave R1 = 0.0317 and
wR2 = 0.0848 [I > 2σ(I)]. The absolute structure parameter was
0.024(6).

Antibacterial assay. The antibacterial activities against human
pathogenic bacteria (Escherichia coli QDIO-1 and Pseudomo-
nas aeruginosa QDIO-4) and aquatic pathogens (Edwardsiella
tarda QDIO-2, Micrococcus luteus QDIO-3, V. anguillarum
QDIO-6, Vibrio harveyi QDIO-7, and V. vulnificus QDIO-10),
as well as plant pathogenic fungi (Colletotrichum gloeospori-
oides QDAU-2, Alternaria brassicae QDAU-11, Penicillium
digitatum QDAU-14, Coniothyrium diplodiella QDAU-15,
Curvularia spicifera QDAU-18, and Fusarium proliferatum
QDAU-19) were determined by a serial dilution technique using
96-well microtiter plates [21] with minor modifications as our
previously report [22]. Briefly, the bacteria were cultivated in
the LB broth medium at 37 °C for the human pathogenic
bacteria, while the temperature was 28 °C for the aquatic
pathogens, and they were prepared at a concentration of
1.5 × 108 CFU/mL. Tested compounds and positive control
(chloramphenicol) were dissolved in DMSO to give a stock
solution with DMSO as a negative control. Then, 95 μL of thus
prepared bacteria and 5 μL of the above tested compounds or
chloramphenicol (with the final concentration of 0.5, 1, 2, 4, 8,
16, 32, 64 μg/mL) were added into the 96-well plates and culti-
vated at 37 °C or 28 °C for 24 h. Optical density at 600 nm was
read by a multi-detection microplate reader (Infinite M1000
Pro, Tecan). The human pathogenic bacteria and aquatic patho-
genic strains were offered by the Institute of Oceanology,
Chinese Academy of Sciences.

Supporting Information
Supporting Information File 1
Selected 1D and 2D NMR, and HRESIMS spectra of
compounds 1 and 2, and 1D NMR spectra of compounds
3–5.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-42-S1.pdf]

Supporting Information File 2
X-ray crystallographic files of compounds 1–3.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-42-S2.zip]

https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-42-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-42-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-42-S2.zip
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-42-S2.zip


Beilstein J. Org. Chem. 2024, 20, 470–478.

477

Acknowledgements
We thank Lingling Li from the Instrumental Analysis Center of
Shanghai Jiao Tong University for X-ray crystallographic anal-
ysis and Quancai Peng from Institute of Oceanology, Chinese
Academy of Sciences for LC–MS assay.

Funding
This work was supported by the National Natural Science Foun-
dation of China (41976090, U2006203, and 42176115), the
National Key R&D Program of China (2022YFC2804700), the
Natura l  Sc ience  Founda t ion  of  J iangsu  Province
(BK20201211), and the Senior User Project of RV KEXUE
(KEXUE2020GZ02). B.-G.W. acknowledges the support of the
Oceanographic Data Center at IOCAS (for CPU time) and the
RV KEXUE of the National Major Science and Technology
Infrastructure from the Chinese Academy of Sciences (for
sampling).

Author Contributions
Zhen Ying: investigation; project administration; writing – orig-
inal draft. Xiao-Ming Li: data curation; methodology. Sui-Qun
Yang: resources. Hong-Lei Li: formal analysis. Xin Li:
resources. Bin-Gui Wang: supervision; writing – review &
editing. Ling-Hong Meng: funding acquisition; resources;
supervision; writing – review & editing.

ORCID® iDs
Zhen Ying - https://orcid.org/0000-0002-5989-8420
Bin-Gui Wang - https://orcid.org/0000-0003-0116-6195
Ling-Hong Meng - https://orcid.org/0000-0001-6884-0346

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information to this article.

References
1. Cong, M.; Pang, X.; Zhao, K.; Song, Y.; Liu, Y.; Wang, J. Mar. Drugs

2022, 20, 404. doi:10.3390/md20060404
2. Jin, E.; Li, H.; Liu, Z.; Xiao, F.; Li, W. J. Nat. Prod. 2021, 84,

2606–2611. doi:10.1021/acs.jnatprod.1c00411
3. Yan, L.-H.; Li, P.-H.; Li, X.-M.; Yang, S.-Q.; Liu, K.-C.; Wang, B.-G.;

Li, X. Org. Lett. 2022, 24, 2684–2688. doi:10.1021/acs.orglett.2c00781
4. Hu, X.-Y.; Wang, C.-Y.; Li, X.-M.; Yang, S.-Q.; Li, X.; Wang, B.-G.;

Si, S.-Y.; Meng, L.-H. J. Nat. Prod. 2021, 84, 3122–3130.
doi:10.1021/acs.jnatprod.1c00907

5. Hu, X.; Li, X.; Yang, S.; Li, X.; Wang, B.; Meng, L. Chin. Chem. Lett.
2023, 34, 107516. doi:10.1016/j.cclet.2022.05.030

6. Chi, L.-P.; Li, X.-M.; Wan, Y.-P.; Li, X.; Wang, B.-G. J. Nat. Prod. 2020,
83, 3652–3660. doi:10.1021/acs.jnatprod.0c00860

7. Lan, W.-J.; Wang, K.-T.; Xu, M.-Y.; Zhang, J.-J.; Lam, C.-K.;
Zhong, G.-H.; Xu, J.; Yang, D.-P.; Li, H.-J.; Wang, L.-Y. RSC Adv.
2016, 6, 76206–76213. doi:10.1039/c6ra06661e

8. Staerck, C.; Landreau, A.; Herbette, G.; Roullier, C.; Bertrand, S.;
Siegler, B.; Larcher, G.; Bouchara, J.-P.; Fleury, M. J. J.
FEMS Microbiol. Lett. 2017, 364, fnx223. doi:10.1093/femsle/fnx223

9. Chang, Y.-C.; Deng, T.-S.; Pang, K.-L.; Hsiao, C.-J.; Chen, Y.-Y.;
Tang, S.-J.; Lee, T.-H. J. Nat. Prod. 2013, 76, 1796–1800.
doi:10.1021/np400192q

10. Hayashi, M.; Kim, Y.-P.; Takamatsu, S.; Preeprame, S.; Komiya, S.;
Masuma, R.; Taknaka, H.; Komiyama, K.; Omura, S. J. Antibiot. 1996,
49, 631–634. doi:10.7164/antibiotics.49.631

11. Bollinger, P.; Sigg, H.-P.; Weber, H.-P. Helv. Chim. Acta 1973, 56,
819–830. doi:10.1002/hlca.19730560303

12. Liu, D.-H.; Sun, Y.-Z.; Kurtán, T.; Mándi, A.; Tang, H.; Li, J.; Su, L.;
Zhuang, C.-L.; Liu, Z.-Y.; Zhang, W. J. Nat. Prod. 2019, 82,
1274–1282. doi:10.1021/acs.jnatprod.8b01053

13. Jenssen, M.; Kristoffersen, V.; Motiram-Corral, K.; Isaksson, J.;
Rämä, T.; Andersen, J. H.; Hansen, E. H.; Hansen, K. Ø. Molecules
2021, 26, 7560. doi:10.3390/molecules26247560

14. Wang, W.; Shi, Y.; Liu, Y.; Zhang, Y.; Wu, J.; Zhang, G.; Che, Q.;
Zhu, T.; Li, M.; Li, D. Mar. Drugs 2022, 20, 338.
doi:10.3390/md20050338

15. Sorres, J.; Hebra, T.; Elie, N.; Leman-Loubière, C.; Grayfer, T.;
Grellier, P.; Touboul, D.; Stien, D.; Eparvier, V. Molecules 2022, 27,
1182. doi:10.3390/molecules27041182

16. Crystallographic data of compounds 1–3 have been deposited in the
Cambridge Crystallographic Data Centre as CCDCs 2309363
(https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=
2309363&Author=Zhen+Ying), 2309407
(https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=
2309407&Author=Zhen+Ying), and 2309408
(https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=
2309408&Author=Zhen+Ying), respectively. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk (or from the
CCDC, 12 Union Road, Cambridge CB21EZ, U.K.; fax:
+44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

17. SADABS, Software for Empirical Absorption Correction; University of
Göttingen: Göttingen, Germany, 1996.

18. SHELXL, Structure Determination Software Programs; Bruker
Analytical X-ray System Inc.: Madison, WI, USA, 1997.

19. SHELXL, Program for the refinement of crystal structures; University of
Göttingen: Göttingen, Germany, 2014.

20. Parsons, S.; Flack, H. D.; Wagner, T.
Acta Crystallogr., Sect. B: Struct. Sci., Cryst. Eng. Mater. 2013, 69,
249–259. doi:10.1107/s2052519213010014

21. Pierce, C. G.; Uppuluri, P.; Tristan, A. R.; Wormley, F. L., Jr.;
Mowat, E.; Ramage, G.; Lopez-Ribot, J. L. Nat. Protoc. 2008, 3,
1494–1500. doi:10.1038/nprot.2008.141

22. Hu, X.-Y.; Li, X.-M.; Yang, S.-Q.; Liu, H.; Meng, L.-H.; Wang, B.-G.
Mar. Drugs 2020, 18, 194. doi:10.3390/md18040194

https://orcid.org/0000-0002-5989-8420
https://orcid.org/0000-0003-0116-6195
https://orcid.org/0000-0001-6884-0346
https://doi.org/10.3390%2Fmd20060404
https://doi.org/10.1021%2Facs.jnatprod.1c00411
https://doi.org/10.1021%2Facs.orglett.2c00781
https://doi.org/10.1021%2Facs.jnatprod.1c00907
https://doi.org/10.1016%2Fj.cclet.2022.05.030
https://doi.org/10.1021%2Facs.jnatprod.0c00860
https://doi.org/10.1039%2Fc6ra06661e
https://doi.org/10.1093%2Ffemsle%2Ffnx223
https://doi.org/10.1021%2Fnp400192q
https://doi.org/10.7164%2Fantibiotics.49.631
https://doi.org/10.1002%2Fhlca.19730560303
https://doi.org/10.1021%2Facs.jnatprod.8b01053
https://doi.org/10.3390%2Fmolecules26247560
https://doi.org/10.3390%2Fmd20050338
https://doi.org/10.3390%2Fmolecules27041182
https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=2309363&Author=Zhen+Ying
https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=2309363&Author=Zhen+Ying
https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=2309407&Author=Zhen+Ying
https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=2309407&Author=Zhen+Ying
https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=2309408&Author=Zhen+Ying
https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=2309408&Author=Zhen+Ying
http://www.ccdc.cam.ac.uk
mailto:deposit@ccdc.cam.ac.uk
https://doi.org/10.1107%2Fs2052519213010014
https://doi.org/10.1038%2Fnprot.2008.141
https://doi.org/10.3390%2Fmd18040194


Beilstein J. Org. Chem. 2024, 20, 470–478.

478

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.20.42

https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.20.42

	Abstract
	Introduction
	Results and Discussion
	Structure elucidations

	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

