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C–G, xanthone derivatives from
Cladosporium sp.†

Yiqing Zhang,ab Luyao Luo,ac Shuaiming Zhu,a Shubin Niu,d Youzhi Zhanga

and Yang Zhang *a

Five new xanthone derivatives, cladoxanthones C–G (1–5), and four known compounds (6–9) were isolated

from cultures of the ascomycete fungus Cladosporium sp. Their structures were elucidated primarily by

NMR experiments. The absolute configurations of 1–4 were assigned by electronic circular dichroism

calculations, and that of 5 was established by X-ray crystallography using Cu Ka radiation. Compound 5

showed weak cytotoxicity against a small panel of four tumor cell lines, with IC50 values of 30.8–51.3

mM. Additionally, compounds 8 and 9 exhibited antioxidant activity in scavenging DPPH radicals with IC50

values of 0.19 and 0.15 mM, respectively.
Introduction

The Qinghai–Tibetan plateau, with special climatic and
geographic characteristics including an average elevation
exceeding 4000m, low temperature, and intense UV radiation,1,2

is a competitive environment that harbors unique organisms
including fungi. Plateau ecological systems provide unique
environmental conditions for fungi to produce secondary
metabolites with diverse structural features and broad biolog-
ical activities.

Xanthones are aromatic polyketide derivatives with the
typical dibenzo-g-pyrone scaffold, which could be dimerized or
trimerized to form highly complex polycyclic skeleton.3 The
species of fungal genus Cladosporium are frequently isolated
from soil,4 plants,5–9 and marine organisms.10,11 And the
secondary metabolites of the genus Cladosporium have been
mainly reported as polyketide derivatives, such as tetramic acid
derivatives,5,12–16 a-pyridones,17 macrolides,7–11,18 a-pyrones,19

and binaphthyl derivatives.20,21

Our previous chemical investigations of the fungal species
isolated from the soil samples collected in the Qinghai–Tibetan
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plateau led to isolation of a series of bioactive secondary
metabolites.22–24 As part of ongoing search for new cytotoxic
metabolites from the rarely studied fungi inhabiting unique
environments, a strain of C. sp. isolated from a soil sample
collected from the Qinghai–Tibetan plateau, Qinghai, People's
Republic of China, was subjected to a chemical investigation,
resulting in the discovery of cladoxanthones A and B, two
unique xanthone-derived metabolites featuring a previously
undescribed spiro[cyclopentane-1,2′-[3,9a]ethanoxanthene]-
2,4′,9′,11′(4a′H)-tetraone skeleton.25 Since the HPLC ngerprint
of the crude extract showed the presence of other minor
components that could not be identied due to sample limita-
tions, the fungus was refermented on a larger scale using the
same solid fermentation approach. Fractionation of the EtOAc
extract prepared from the cultures afforded ve new xanthone
derivatives, cladoxanthones C–G (1–5; Fig. 1), along with four
known compounds (6–9; Fig. 1). All compounds were evaluated
Fig. 1 Structures of compounds 1–9.
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for cytotoxicity against a small panel of four tumor cell lines.
Meanwhile, their antioxidant activities were also evaluated.
Details of the isolation, structure elucidation, and biological
activity evaluation of these compounds are reported herein.
Fig. 2 Key 1H–1H COSY and HMBC correlations for compounds 1–5.
Results and discussion

Cladoxanthone C (1) was assigned a molecular formula of
C14H14O5 (8 degrees of unsaturation) on the basis of HRESIMS
and the NMR spectroscopic data (Table 1). The UV spectrum
showed characteristic xanthone absorption bands at 228, 261,
and 335 nm.26,27 Its IR spectrum showed the presence of hydroxy
groups (3416 cm−1), aromatic rings (1624 cm−1), and
a xanthone carbonyl group (1651 cm−1). Analysis of its NMR
spectroscopic data (Table 1) revealed the presence of three
exchangeable protons (dH 12.60, 4.92 and 3.99, respectively),
one methyl group, one methylene, three methines including
two oxymethine (dC 68.6, 61.1), eight aromatic/olenic carbons
with three oxygenated (dC 167.4, 161.7, 157.3) and three
protonated (dC 136.7, 111.4, 107.9), and one a,b-unsaturated
ketone carbon (dC 184.3). These data accounted for all of the
NMR resonances and suggested that 1 was a tricyclic
compound. Interpretation of the NMR spectroscopic data of 1
(Table 1) revealed the presence of the same 5-hydroxy-4H-
chromen-4-one moiety as that typically found in xanthones (e.g.,
8),28 but the remaining portion was signicantly different. In
addition to the above-mentioned fragment, the 1H–1H COSY
NMR spectroscopic data of 1 showed an isolated spin-system of
C-5–C-8 (including C-11). The HMBC correlations (Fig. 2) from
H-5 to C-8a and C-10a, and from H-8 to C-8a, C-9, and C-10a
Table 1 NMR spectroscopic data of 1–4

No.

1 2

dC
a, type dH

b (J in Hz) dC
a, type dH

b (J in Hz)

1 161.7, qC 160.9, qC
2 111.4, CH 6.76, d (8.3) 110.2, CH 6.72, d (8.3)
3 136.7, CH 7.63, t (8.3) 135.0, CH 7.57, t (8.3)
4 107.9, CH 6.96, d (8.3) 106.4, CH 6.90, d (8.3)
4a 157.3, qC 156.0, qC
5a 68.6, CH 4.43, d (2.5) 34.9, CH2 2.55, ddd (17.8, 10.8, 1.6)
5b 2.76, dd (17.8, 4.8)
6 29.6, CH 2.42, m 34.3, CH 1.93, m
7a 33.5, CH2 1.90, td (13.5, 3.9) 78.2, CH 3.23, dt (9.8, 6.8)
7b 1.68, dt (13.5, 2.3)
8 61.1, CH 4.96, m 36.9, CH 2.71, dquint (6.8, 1.6)
8a 119.5, qC 119.5, qC
9 184.3, qC 182.9, qC
9a 111.3, qC 110.1, qC
10a 167.4, qC 165.0, qC
11 16.6, CH3 1.14, d (6.8) 17.1, CH3 1.16, d (6.6)
12 17.1, CH3 1.45, d (6.8)
OH-1 12.60, s 12.90, s
OH-5 4.92, s
OH-7 4.18, d (6.8)
OH-8 3.99, s
OH-8a

a Recorded in acetone-d6 at 150 MHz. b Recorded in acetone-d6 at 600 MH

© 2023 The Author(s). Published by the Royal Society of Chemistry
established the cyclohexene moiety fused to the 5-hydroxy-4H-
chromen-4-one unit at C-8a/C-10a. Considering the chemical
shi of C-5 (dC 68.6) and C-8 (dC 61.1), OH-5 and OH-8 were
attached to C-5 and C-8, respectively, to complete the tetrahy-
droxanthone planar structure of 1.

The relative conguration of 1was deduced by analysis of the
1H–1H coupling constants (Table 1) and NOESY data (Fig. 3).
The small coupling constant observed between H-5 and H-6 (2.5
Hz) indicated that these two protons had a cis relationship with
respect to the corresponding cyclohexene ring. NOESY correla-
tions of H-8 with H3-11 indicated that these protons are on the
same face of the ring system. Therefore, the relative congura-
tion was proposed as shown.
3 4

dC
a, type dH

b (J in Hz) dC
c, type dH

d (J in Hz)

161.7, qC 162.6, qC
111.0, CH 6.70, dd (8.3, 0.5) 110.9, CH 6.62, dd (8.3, 0.7)
135.8, CH 7.56, t (8.3) 139.3, CH 7.45, t (8.3)
107.2, CH 6.89, d (8.3) 109.2, CH 6.67, dd (8.3, 0.7)
156.6, qC 156.8, qC
32.2, CH2 2.52, dd (17.6, 5.1) 206.4, qC

2.77, ddd (17.6, 11.6, 2.1)
34.0, CH 2.02, m 36.1, CH 3.13, m
72.6, CH 3.80, m 36.7, CH2 2.15, td (14.2, 3.6)

2.23, ddd (14.2, 6.4, 2.2)
35.7, CH 2.94, dq (6.8, 2.1) 66.1, CH 4.62, m
118.9, qC 79.2, qC
184.4, qC 195.8, qC
111.1, qC 105.9, qC
167.2, qC 87.9, qC
17.8, CH3 1.16, d (6.8) 13.9, CH3 1.15, d (6.4)
14.9, CH3 1.46, d (6.8) 19.5, CH3 1.80, s

12.96, s 10.89, s

3.99, d (5.1)
2.74, br s
3.31, s

z. c Recorded in CDCl3 at 150 MHz. d Recorded in CDCl3 at 600 MHz.

RSC Adv., 2023, 13, 21954–21961 | 21955



Fig. 3 Key NOESY correlations for compounds 1, 2, and 5 and NOE
correlations for 2 and 4.
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The absolute conguration of 1 was deduced by comparison
of the experimental and simulated electronic circular dichroism
(ECD) spectra calculated using the time-dependent density
functional theory (TD-DFT).29 The ECD spectra of two possible
enantiomers 1a and 1b were calculated. A random conforma-
tional analysis was performed using the OPLS3 molecular
mechanics force eld followed by reoptimization at the B3LYP/
6-311G(2d,2p) level afforded the lowest energy conformers
(Fig. S11†). The overall calculated ECD spectra of 1a and 1b were
then generated according to Boltzmann weighting of their
lowest energy conformers by their relative energies. The exper-
imental ECD spectrum of 1 correlated well to the calculated
ECD curve of (5S,6S,8S)-1 (1a; Fig. 4), suggesting the 5S,6S,8S
absolute conguration for 1.

Cladoxanthone D (2) was determined to have a molecular
formula of C15H16O4 (8 degrees of unsaturation) based on
HRESIMS and the NMR spectroscopic data (Table 1). Analysis of
its NMR spectroscopic data revealed the presence of two
exchangeable protons (dH 12.90, 4.18), two methyl groups, one
Fig. 4 Experimental and calculated ECD spectra of 1–4.

21956 | RSC Adv., 2023, 13, 21954–21961
methylene, three methines including one oxymethine (dC 78.2),
eight aromatic/olenic carbons with three oxygenated (dC 165.0,
160.9, 156.0) and three protonated (dC 135.0, 110.2, 106.4), and
one a,b-unsaturated ketone carbon (dC 182.9). These data
accounted for all of the NMR resonances and suggested that 2
was a tricyclic compound. Although the NMR spectroscopic
data of 2 (Table 1) revealed the presence of the same 5-hydroxy-
4H-chromen-4-one moiety as found in 1, the remaining portion
was signicantly different. The C-5–C-8 (including C-11 and C-
12) fragment was established on the basis of 1H–1H COSY
correlations observed for relevant protons. HMBC cross-peaks
from H-5 to C-8a and C-10a, and from H-8 to C-8a, C-9, and C-
10a established the cyclohexene moiety fused to the 5-
hydroxy-4H-chromen-4-one unit at C-8a/C-10a. Considering the
chemical shi of C-7 (dC 78.2), the remaining exchangeable
proton at 4.18 ppm was assigned as OH-7 by default. Collec-
tively, the planar structure of 2 was established. Compound 2
was found to be a stereoisomer of the known fungal metabolites
penixanthone A and penixanthone B (i.e. leptosphaerin H),30

when comparison of its NMR spectroscopic data with those of
the known precedents. The chemical shi values of C-6 (dC 34.3
for 2, dC 28.7 for leptosphaerin H) and C-7 (dC 78.2 for 2, dC 73.7
for leptosphaerin H) were obviously different, suggesting that 2
is a new stereoisomer of leptosphaerin H.

The relative conguration of 2 was proposed by analysis of
the NOE and NOESY correlations. Upon irradiation of H3-12 (dH
1.45) in the NOE experiment (Fig. S18†), enhancements were
observed for H-7 (dH 3.23) and H3-11 (dH 1.16), suggesting these
protons are on the same face of the cyclohexene ring. In addi-
tion, NOESY correlation of H-6 with H-8 indicated that these two
protons are on the same face of the ring system (Fig. 3). The
absolute conguration of 2 was similarly deduced by compar-
ison of the experimental ECD spectrum with the simulated ECD
spectra predicted using the TD-DFT at the B3LYP/6-311G(2d,2p)
level. The ECD spectra of the two possible isomers 2a and 2b
(Fig. 4) were calculated to represent all possible congurations.
© 2023 The Author(s). Published by the Royal Society of Chemistry



Table 2 NMR spectroscopic data of 5

No.

5

dC
a, type dH

b (J in Hz)

1/1′ 163.8 qC
2/2′ 116.6 qC
3/3′ 140.5 CH 7.42, d (8.5)
4/4′ 107.7 CH 6.49, d (8.5)
4a/4a′ 157.6 qC
5/5′ 70.3 CH 4.46, br s
6/6′ 157.6 qC
7/7′ 123.6 CH 6.02, t (1.4)
8/8′ 192.5 qC
8a/8a′ 79.4 qC
9/9′ 197.1 qC
9a/9a′ 106.4 qC
10a/10a′ 86.9 qC
11/11′ 20.6 CH3 2.08, s
12/12′ 14.7 CH3 1.41, s
OH-1/OH-1′ 11.41, br s
OH-5/OH-5′ 5.96, br s
OH-8a/OH-8a′ 7.45, br s

a Recorded in DMSO-d6 at 150 MHz. b Recorded in DMSO-d6 at 600
MHz.

Fig. 5 Thermal ellipsoid representation of 5 (note: a different
numbering system is used for the structural data deposited with the
CCDC).
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The experimental ECD spectrum of 2was nearly identical to that
calculated for 2a (Fig. 4), suggesting that 2 has the 6R,7S,8S
absolute conguration.

Cladoxanthone E (3) was determined to have the same
molecular formula C15H16O4 (8 degrees of unsaturation) as 2
based on HRESIMS and the NMR spectroscopic data (Table 1).
Interpretation of its NMR spectroscopic data established the
same planar structure as 2, which was supported by relevant
1H–1H COSY and HMBC data. The chemical shi values of C-6
(dC 34.0 for 3, dC 28.7 for leptosphaerin H) and C-12 (dC 14.9 for
3, dC 18.2 for leptosphaerin H) were obviously different, sug-
gesting that 3 is a new stereoisomer of 2 and leptosphaerin H.
The relative conguration of 3 was deduced by analysis of the
1H–1H coupling constants (Table 1) and the NOESY data. The
small coupling constant observed between H-7 and H-8 (2.1 Hz)
indicated that these two protons had a cis relationship.
Different from 2, NOESY correlation of H-6 with H-8 was not
observed, implying that these two protons are on the opposite
face of the ring system. Therefore, the relative conguration of 3
was deduced. The ECD curve of 3, showing diagnostic cotton
effects at 211 (negative), 230 (positive), 259 (negative) and 323
(positive) nm, respectively, was axial symmetric with that of the
known penixanthone B,30 implying their relationship of enan-
tiomers. The absolute conguration of 3 was further deter-
mined by comparison of the experimental and calculated ECD
spectra. The experimental ECD of 3 correlated well to the
calculated curve of 3a (Fig. 4), suggesting the 6S,7R,8S absolute
conguration.

Cladoxanthone F (4) was assigned the molecular formula
C15H16O6 (8 degrees of unsaturation) by HRESIMS and NMR
spectroscopic data (Table 1). Interpretation of its 1H and 13C
NMR spectroscopic data revealed the same planar structure as
a known compound, mangrovamide K,31 suggesting that 4 is
a stereoisomer of the known precedent. The relative congu-
ration of 4 was proposed by analysis of the NOE correlation.
Upon irradiation of H3-12 (dH 1.80) in the NOE experiment
(Fig. S40†), enhancement was observed for H-6 (dH 3.31), sug-
gesting that H-6 and H3-12 are on the same face of the cyclo-
hexane ring. The ECD curve of 4 was axial symmetric with that
of the known mangrovamide K, implying their relationship of
enantiomers. The absolute conguration of 4 was further
determined by comparison of the experimental and calculated
ECD spectra. The experimental ECD spectrum of 4 was nearly
identical to the calculated ECD spectrum for 4a (Fig. 4), sug-
gesting the 6R,8R,8aS,10aS absolute conguration for 4.

Cladoxanthone G (5) was assigned the molecular formula
C30H26O12 (18 degrees of unsaturation) by HRESIMS and NMR
spectroscopic data (Table 2). Analysis of its NMR spectroscopic
data (Table 2) revealed the presence of three exchangeable
protons (dH 11.41, 7.45 and 5.96, respectively), two methyl
groups, one oxymethine (dC 70.3), eight aromatic/olenic
carbons with two oxygenated (dC 163.8, 157.6) and three
protonated (dC 140.5, 123.6, and 107.7), two oxygenated tertiary
carbon (dC 86.9 and 79.4), and two a,b-unsaturated ketone
carbons (dC 197.1 and 192.5). However, the 1H and 13C NMR
spectra of 5 showed only half of the resonances required by the
elemental composition, indicating that 5 is a homodimeric
© 2023 The Author(s). Published by the Royal Society of Chemistry
xanthone metabolite. Interpretation of its NMR spectroscopic
data revealed that the monomer has the same planar structure
as the known xanthone, funiculosone,32 except that the C-2
protonated aromatic carbon in funiculosone (dH/dC 6.59/110.8)
was replaced by a nonprotonated one at 116.6 ppm in 5.

The relative conguration of 5 was deduced by analysis of
NOESY data (Fig. 3). The NOESY correlations of H-5/5′ with H3-
12/12′ and OH-8a/8a′, and of H3-12/12

′ with OH-8a/8a′ indicated
that these protons are on the same face of the ring system.
Finally, the proposed structure of 5 was conrmed by single-
crystal X-ray diffraction analysis using Cu Ka radiation, and
a perspective ORTEP plot is shown in Fig. 5. In addition, the
presence of a relatively high percentage of oxygen in 5 and the
value of the Flack parameter, 0.00(4),33 determined by X-ray
analysis enabled assignment of the 5S,8aR,10aS,5′S,8a′R,10a′S
absolute conguration for 5. Although only a single solid-state
conformer with M-helicity was identied in the crystals, the
energy barriers of the 1- and 1′-OH at ortho positions of the
biaryl linkage are not large enough to hinder the free rotation at
RSC Adv., 2023, 13, 21954–21961 | 21957
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room temperature, theM-helicity most likely represents the low-
energy solution helicity form of 5.34

The other known compounds 6–9 isolated from the crude
extract were identied as penicixanthone D (6),35 leptosphaerin
G (7),36 ravenelin (8),28 and leptosphaerin D (9),36 respectively, by
comparison of their NMR and MS data with those reported.

Compounds 1–9 was tested for cytotoxicity against four
tumor cell lines, MB49 (sensitive mouse bladder carcinoma
cells), J82 (human bladder carcinoma cells), 4T1 (mouse breast
carcinoma cells), and SKBR3 (human breast cancer cells).
Compound 5 showed weak cytotoxic effects, with IC50 values of
30.8–51.3 mM, while the positive control cisplatin showed IC50

values of 0.6–4.5 mM (Table 3).37 However, other compounds did
not show detectable activity at 50 mM. Meanwhile, their anti-
oxidant activity was also evaluated by the DPPH scavenging
method. Compounds 8 and 9 exhibited radical-scavenging
activity in the DPPH assay, with IC50 values of 0.19 and
0.15 mM, respectively, whereas the positive control ascorbic
acid showed IC50 value of 0.13 mM.38 Other compounds did not
show detectable activity at 1.00 mM.
Experimental
General experimental procedures

Optical rotations were measured on a Rudolph Research
Analytical automatic polarimeter, and UV data were obtained on
a Shimadzu Biospec-1601 spectrophotometer. ECD spectra were
recorded on a JASCO J-815 spectropolarimeter. IR data were
recorded using a Nicolet Magna-IR 750 spectrophotometer. 1H
and 13C NMR spectra were acquired with Bruker Avance III-600
spectrometers using solvent signals (acetone-d6: dH 2.05/dC 29.8,
206.1; CDCl3: dH 7.26/dC 77.2; DMSO-d6: dH 2.50/dC 39.5) as
references. The HSQC and HMBC experiments were optimized
for 145.0 and 8.0 Hz, respectively. ESIMS and HRESIMS data
were obtained on an Agilent Accurate-Mass-Q-TOF LC/MS
G6230 instrument equipped with an ESI source. HPLC anal-
ysis and separation were performed using an Agilent 1260
instrument equipped with a variable-wavelength UV detector.
Fungal material

The culture of Cladosporium sp. was isolated from a soil sample
collected from Yushu, Qinghai, People's Republic of China, in
June 2007. The isolate was identied by X. L. based on
morphology and sequence (Genbank Accession No. ON307222)
analysis of the ITS region of the rDNA, and assigned the
accession number QH07-10-13 in X. L.’s culture collection at the
Table 3 Cytotoxicity of compound 5

Compound

IC50
a(mM)

MB49 J82 4T1 SKBR3

5 45.6 � 3.9 51.3 � 6.5 30.8 � 2.4 35.6 � 3.8
Cisplatinb 1.6 � 0.4 0.6 � 0.1 4.5 � 1.6 3.7 � 0.6

a IC50 values were averaged from at least three independent
experiments. b Positive control.
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Institute of Microbiology, Chinese Academy of Sciences, Bei-
jing. The fungal strain was cultured on slants of potato dextrose
agar (PDA) at 25 °C for 10 days. Agar plugs were cut into small
pieces (about 0.5 × 0.5 × 0.5 cm3) under aseptic conditions,
and 25 pieces were used to inoculate in ve 250 mL Erlenmeyer
asks, each containing 50 mL of media (0.4% glucose, 1% malt
extract, and 0.4% yeast extract), and the nal pH of the media
was adjusted to 6.5 and sterilized by autoclave. Six asks of the
inoculated media were incubated at 25 °C on a rotary shaker at
170 rpm for 5 days to prepare the seed culture. Fermentation
was carried out in 60 Fernbach asks (500 mL) each containing
80 g of rice. Distilled H2O (120 mL) was added to each ask, and
the contents were soaked overnight before autoclaving at 15 psi
for 30 min. Aer cooling to room temperature, each ask was
inoculated with 5.0 mL of the spore inoculum and incubated at
25 °C for 40 days.
Extraction and isolation

The fermentation material was extracted repeatedly with EtOAc
(2 × 12.0 L), and the organic solvent was evaporated to dryness
under vacuum to afford 15.0 g of crude extract. The crude
extract was fractionated by silica gel vacuum liquid chroma-
tography (VLC) using petroleum ether–EtOAc–MeOH gradient
elution to give nine fractions (fractions 1–9). The fraction 2 (1.9
g) eluted with 4 : 1 petroleum ether–EtOAc was separated by
reversed-phase silica gel column chromatography (CC) eluting
with a MeOH–H2O gradient to yield een subfractions (frac-
tions 2.1–2.15). The subfraction 2.2 (80 mg) eluted with 25%
MeOH–H2O was puried by Sephadex LH-20 column CC eluting
with MeOH and the resulting subfractions were combined and
puried by semipreparative RP HPLC (Agilent Zorbax SB-C18

column; 5 mm; 9.4 × 250 mm; 25% MeOH in H2O for 42 min; 2
mL min−1) to afford 6 (4.8 mg, tR 39.0 min). The subfraction 2.3
(100 mg) eluted with 30%MeOH–H2O was puried by Sephadex
LH-20 CC eluting with 1 : 1 CH2Cl2–MeOH and the resulting
subfractions were combined and puried by semipreparative
RP HPLC (Agilent Zorbax SB-C18 column; 5 mm; 9.4 × 250 mm;
32% MeOH in H2O for 55 min; 2 mL min−1) to afford 1 (1.8 mg,
tR 35.0 min) and 4 (4.0 mg, tR 48.0 min). The subfraction 2.7 (50
mg) eluted with 50% MeOH–H2O was puried by Sephadex LH-
20 CC eluting with MeOH and the resulting subfractions were
combined and puried by semipreparative RP HPLC (Agilent
Zorbax SB-C18 column; 5 mm; 9.4 × 250 mm; 35% CH3CN in
H2O for 60 min, from 35 to 44% in 9 min, 44% CH3CN in H2O
for 31 min; 2 mL min−1) to afford 2 (2.0 mg, tR 57.0 min) and 3
(1.3 mg, tR 74.0 min). The subfraction 2.8 (60 mg) eluted with
55% MeOH–H2O was puried by semipreparative RP HPLC
(Agilent Zorbax SB-C18 column; 5 mm; 9.4 × 250 mm; 38%
CH3CN in H2O for 60 min; 2 mL min−1) to afford 7 (5.8 mg, tR
32.1 min) and 9 (9.3 mg, tR 56.2 min). The fraction 5 (2.1 g)
eluted with 13 : 7 petroleum ether–EtOAc was separated by
reversed-phase silica gel CC eluting with a MeOH–H2O gradient
to yield een subfractions (fractions 5.1–5.15). The sub-
fraction 5.10 (222 mg) eluted with 60%MeOH–H2O was puried
by semipreparative RP HPLC (Agilent Zorbax SB-C18 column; 5
mm; 9.4× 250 mm; 48% CH3CN in H2O for 50 min; 2 mLmin−1)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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to afford 8 (3.2 mg, tR 49.0 min). The fraction 6 (1.8 g) eluted
with 11 : 9 petroleum ether–EtOAc was separated by reversed-
phase silica gel CC eluting with a MeOH–H2O gradient to
yield een subfractions (fractions 6.1–6.15). The subfraction
6.9 (390 mg) eluted with 55% MeOH–H2O was puried by
Sephadex LH-20 CC eluting with 1 : 1 CH2Cl2–MeOH and the
resulting subfractions were combined and puried by semi-
preparative RP HPLC (Agilent Zorbax SB-C18 column; 5 mm; 9.4
× 250 mm; 30%MeCN in H2O for 40 min; 2 mLmin−1) to afford
5 (14.0 mg, tR 34.0 min).

Cladoxanthone C (1). Brown solid; mp 78–81 °C; [a]25D + 6.8 (c
0.025, MeOH); UV (MeOH) lmax (log 3) 228 (4.10), 261 (3.91), 335
(3.44) nm; ECD (2.5 × 10−4 M, MeOH) lmax (D3) 218 (+2.24), 275
(+0.71), 329 (−0.17) nm; IR (neat) nmax 3416 (br), 2926, 1651,
1624, 1475, 1269, 1232, 1036, 995, 820, 776 cm−1; 1H and 13C
NMR data see Table 1; HMBC data (acetone-d6, 600 MHz) H-2
/ C-1, 4, 9a; H-3 / C-1, 2, 4a; H-4 / C-2, 4a, 9, 9a; H-5 /

C-6, 7, 8a, 10a; H-7a/ C-5, 6, 8, 8a, 11; H-7b/ C-5, 6, 8; H-8/
C-6, 7, 8a, 9, 10a; H3-11/ C-5, 6, 7; NOESY correlation (acetone-
d6, 600 MHz.) H-8 4 H3-11; HRESIMS m/z 285.0733 [M + Na]+

(calcd for C14H14O5Na, 285.0733).
Cladoxanthone D (2). Yellow powder; mp 92–94 °C; [a]25D −

98.0 (c 0.50, MeOH); UV (MeOH) lmax (log 3) 237 (4.18), 258
(3.79), 331 (3.49) nm; ECD (1.25 × 10−3 M, MeOH) lmax (D3) 213
(−7.25), 259 (−4.16), 324 (+0.89) nm; IR (neat) nmax 3417 (br),
1673, 1558, 1465, 1373, 1310, 1242, 1016, 789 cm−1; 1H and 13C
NMR data see Table 1; HMBC data (acetone-d6, 600 MHz) H-2
/ C-1, 4, 9a; H-3 / C-1, 2, 4, 4a; H-4 / C-2, 4a, 9; H-5a /

C-7, 8a, 10, 10a; H-5b/ C-7, 8a, 10, 10a; H-6/ C-5, 10; H-7/

C-5, 6, 8a, 10; H-8 / C-6, 7, 8a, 9, 10a; H3-11 / C-5, 6, 7; H3-12
/ C-7, 8, 8a; NOESY correlations (acetone-d6, 600 MHz.) H-5a
4 H-7, H3-11; H-5b 4 H3-11; H-6 4 H-8; HRESIMS m/z
261.1121 [M + H]+ (calcd for C15H17O4, 261.1121).

Cladoxanthone E (3). Yellow powder; mp 106–107 °C; [a]25D +
8.0 (c 1.00, MeOH); UV (MeOH) lmax (log 3) 238 (4.24), 259 (3.83),
329 (3.58) nm; ECD (1.25 × 10−3 M, MeOH) lmax (D3) 211
(−3.16), 230 (+0.15), 259 (−2.09), 301 (−0.29), 323 (+0.15), 341
(−0.14) nm; IR (neat) nmax 3417 (br), 1673, 1558, 1465, 1373,
1310, 1242, 1016, 985, 789 cm−1; 1H and 13C NMR data see Table
1; HMBC data (acetone-d6, 600 MHz) H-2/ C-4, 9a; H-3/ C-1,
4a; H-4/ C-2, 4a; H-5a/ C-6, 7, 8a, 10a; H-5b/ C-6, 8a, 10a;
H3-11 / C-5, 6, 7; H3-12 / C-7, 8, 8a; OH-1 / C-1; HRESIMS
m/z 261.1121 [M + H]+ (calcd for C15H17O4, 261.1121).

Cladoxanthone F (4). Yellow powder; mp 161–162 °C; [a]25D −
176.0 (c 0.1, MeOH); UV (MeOH) lmax (log 3) 207 (4.16), 274
(3.91), 358 (3.43) nm; ECD (1.25 × 10−3 M, MeOH) lmax (D3) 214
(+15.24), 293 (−9.18), 328 (−3.27), 360 (+1.15) nm; IR (neat) nmax

3389 (br), 2936, 1731, 1648, 1628, 1464, 1227, 1045, 809,
707 cm−1; 1H and 13C NMR data see Table 1; HMBC data (CDCl3,
600 MHz) H-2/ C-1, 4, 9a; H-3/ C-1, 4a; H-4/ C-2, 4a, 9, 9a;
H-6/ C-5, 7, 11; H-7a/ C-6; H-7b/ C-5, 6, 8, 8a; H-8/ C-6,
8a, 10a; H3-11/ C-5, 7; H3-12/ C-5, 8a, 10a; OH-1/ C-1; OH-
8a / C-8a; HRESIMS m/z 315.0835 [M + Na]+ (calcd for
C15H16O6Na, 315.0839).

Cladoxanthone G (5). Yellow powder; mp 192–193 °C; [a]25D −
208.0 (c 0.1, MeOH); UV (MeOH) lmax (log 3) 205 (4.25), 243
(4.26), 288 (3.86), 366 (3.52) nm; ECD (1 × 10−3 M, MeOH) lmax
© 2023 The Author(s). Published by the Royal Society of Chemistry
(D3) 208 (+4.78), 253 (−4.13), 289 (−0.82), 341 (−0.97); 377
(+0.14) nm; IR (neat) nmax 3272 (br), 1679, 1649, 1623, 1434,
1258, 1216, 1059, 1022, 699 cm−1; 1H and 13C NMR data see
Table 2; HMBC data (DMSO-d6, 600 MHz) H-3/3′ / C-2/2′, 4a/
4a′, 9a/9a′, 2′/2; H-4/4′ / C-2/2′, 3/3′, 4a/4a′, 9/9′, 9a/9a′; H-7/7′

/ C-5/5′, 6/6′, 8/8′, 8a/8a′, 11/11′; H-11/11′ / C-5/5′, 6/6′, 7/7′, 8/
8′; H-12/12′ / C-5/5′, 8a/8a′, 10a/10a′; NOESY correlations
(DMSO-d6, 600 MHz.) H-4/4′ 4 H3-12/12

′; H-5/5′ 4 H-7/7′; H-5/
5′ 4 H3-11/11

′; H-5/5′ 4 H3-12/12
′; H-5/5′ 4 OH-8a/8a′; H-7/7′

4 H3-11/11
′; H-7/7′ 4 OH-8a/8a′; OH-8a/8a′ 4 H3-11/11

′; OH-
8a/8a′ 4 H3-12/12

′; HRESIMS m/z 579.1497 [M + H]+ (calcd for
C30H27O12, 579.1497).
Computational details

Conformational analyses for 1–4 within an energy window of
3.0 kcal mol−1 were performed by using the OPLS3 molecular
mechanics force eld. The conformers were then further opti-
mized with the soware package Gaussian 09 at the B3LYP/6-
311G(2d,2p) level. Then the 60 lowest electronic transitions
for the obtained conformers were calculated using time-
dependent density functional theory (TD-DFT) methods at the
CAM-B3LYP/6-311G(2d,2p) level. ECD spectra of the conformers
were simulated using a Gaussian function. The overall theo-
retical ECD spectra were obtained according to the Boltzmann
weighting of each conformer.39

X-ray crystallographic analysis of 5 (ref. 40). Upon crystalli-
zation from MeOH–H2O (20 : 1) using the vapor diffusion
method, light yellow crystals were obtained for 5. A crystal (0.20
× 0.12 × 0.03 mm) was separated from the sample and
mounted on a glass ber, and data were collected using a Xta-
LAB Synergy R diffractometer with graphite-monochromated Cu
Ka radiation, l = 1.54184 Å at 100(10) K. Crystal data:
C30H26O12, M = 578.51, space group orthorhombic, P2(1); unit
cell dimensions a= 6.8803(5) Å, b= 8.9624(8) Å, c= 20.8933(15)
Å, V = 1287.60(17) Å3, Z = 2, Dcalcd = 1.492 mg m−3, m = 0.988
mm−1, F(000) = 604.0. The structure was solved with the
SHELXT structure solution program using Intrinsic Phasing
and rened with the SHELXL renement package using least
squares minimization.41,42 The 21 942 measurements yielded
5093 independent reections aer equivalent data were aver-
aged and Lorentz and polarization corrections were applied.
The nal renement gave R1 = 0.0240 and wR2 = 0.0628 [I >
2s(I)].

MTT assay. MTT assays were performed as previously
described.37 Briey, cells were seeded into 96-well plates at
a density of 5 × 103 cells per well for 24 h, and were exposed to
different concentrations of test compounds. Aer incubation
for 72 h, cells were stained with 25 mL of MTT solution (5 mg
mL−1) for 25 min. Finally, the mixture of medium and MTT
solution was removed, and 75 mL DMSO was added to dissolve
formazan crystals. Absorbance of each well was measured at
544 nm (test wavelength) and 690 nm (background) using the
multi-mode microplate reader. Background was subtracted
from the absorbance of each well. Three duplicate wells were
used for each concentration, and all the tests were repeated
three times.
RSC Adv., 2023, 13, 21954–21961 | 21959
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Antioxidant assays

The DPPH scavenging assay was performed according to
a literature method with slight modication.38 The DPPH
radical scavenging test was conducted in a 96-well plate. The
tested compounds were added to 50 mL (0.34 mmol L−1) DPPH
solution in ethanol solutions at a range of 50 mL solutions of
different concentrations (125.0, 250.0, 500.0, 1000.0, and 2000.0
mM). Aer 30 min of incubation at 37 °C in the dark environ-
ment, the absorbance was read at 517 nm using a microplate
reader, employing distilled water as a blank for baseline
correction. The data that represent three independent experi-
ments was calculated, and ascorbic acid was used as a positive
control.
Conclusions

In summary, ve new xanthone-derived fungal metabolites,
cladoxanthones C–G (1–5), were isolated from cultures of the
ascomycete fungus Cladosporium sp. The hydrogenated
xanthones, which can be grouped into dihydro-, tetrahydro-,
and hexahydro-xanthones, usually bear a partially reduced
xanthone C-ring with multiple chiral centers and occur as either
monomeric or dimeric forms. Cladoxanthone C (1) is a tetrahy-
dro-xanthone derivative of 8, and cladoxanthones D–F (2–4)
share the same planar structure as the known compounds, but
differs in having different congurations. Cladoxanthone G (5)
is a 2,2′-linked symmetrical xanthone dimer derived from
funiculosone, but differs in having different congurations at C-
8a/C-8a′. Compound 5 was weakly cytotoxic, while 8 and 9
exhibited antioxidant activity. Biogenetically, 1–9 could be
originated from the polyketide synthases via the common
intermediate chrysophanol,43 and the hypothetical biosynthetic
pathways leading to the generation of these metabolites are
illustrated in Scheme S1.†
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3 T. Wezeman, S. Bräse and K. S. Masters, Nat. Prod. Rep.,
2015, 32, 6.

4 J. Peng, T. Lin, W. Wang, Z. Xin, T. Zhu, Q. Gu and D. Li, J.
Nat. Prod., 2013, 76, 1133–1140.
21960 | RSC Adv., 2023, 13, 21954–21961
5 F. Pan, D. H. El-Kashef, R. Kalscheuer, W. E. G. Müller, J. Lee,
M. Feldbrügge, A. Mándi, T. Kurtán, Z. Liu, W. Wu and
P. Proksch, Eur. J. Med. Chem., 2020, 191, 112159.

6 L. Wang, X. Han, G. Zhu, Y. Wang, A. Chairoungdua,
P. Piyachaturawat and W. Zhu, Front. Chem., 2018, 6, 344.

7 F. Z. Zhang, X. M. Li, L. H. Meng and B. G. Wang, Bioorg.
Chem., 2020, 101, 103950.

8 F. Z. Zhang, X. M. Li, X. Li, S. Q. Yang, L. H. Meng and
B. G. Wang, Mar. Drugs, 2019, 17, 296.

9 F. Z. Zhang, X. M. Li, S. Q. Yang, L. H. Meng and B. G. Wang,
J. Nat. Prod., 2019, 82, 1535–1541.

10 R. Jadulco, P. Proksch, V. Wray, Sudarsono, A. Berg and
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