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[ABSTRACT] A comprehensive chemical study of the endophytic fungus Arthrinium sp. ZS03, associated with Acorus tatarinowii

Schott, yielded eleven pimarane diterpenoids (compounds 1-11), including seven novel compounds designated arthrinoids A—-G (1-7).
The determination of their structures and absolute configurations was achieved through extensive spectroscopic techniques, quantum
chemical calculations of electronic circular dichroism (ECD), and single-crystal X-ray diffraction analysis. Furthermore, 7 demon-
strated inhibitory activity against Klebsiella pneumoniae, comparable to the reference antibiotic amikacin, with a minimum inhibitory

concentration (MIC) of 8 pg-mL ™"
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Introduction

Endophytic fungi, ubiquitous within plant tissues, form
significant mutualistic relationships with their hosts . The
quest to uncover structurally unique and bioactive natural
products, along with elucidating the symbiotic relationships
between plants and their endophytic microbes, has garnered
widespread interest among biologists and chemists globa-
Ity B, Acorus tatarinowii Schott, belonging to the Araceae
family, is utilized in Traditional Chinese Medicine (TCM) for
treating conditions such as forgetfulness, dementia, and
stroke ™). Despite its medicinal value, research on fungi de-
rived from this plant has been limited. However, existing lit-
erature highlights that endophytic fungi from medicinal pla-
nts are prolific sources of novel, bioactive compounds '),
motivating our investigation into an endophytic fungus, Arth-
rinium sp. ZS03, isolated from A. tatarinowii. This investiga-
tion led to the identification of seven novel pimarane diter-
penoids, termed arthrinoids A—G (1-7), alongside four previ-
ously identified compounds (8-11). This paper reports the
isolation, structural elucidation, and antibacterial efficacy of
these newly discovered diterpenoids (Fig. 1) .
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Results and Discussion

Compound 1 was isolated as a colorless block crystal. Its
molecular formula was established as C,)H,cOs, based on
high-resolution electrospray ionization mass spectrometry
(HR-ESI-MS) data, indicating eight degrees of unsaturation.
The proton nuclear magnetic resonance ('H NMR) data for 1
(Table 1) revealed the presence of four singlet methyl groups
at oy 1.01 (3H, s, H3-17), 1.13 (3H, s, H3-20), 1.50 (3H, s, H;-
18), and 1.52 (3H, s, H3-19). The *C NMR (Table 2) and dis-
tortionless enhancement by polarization transfer (DEPT)
spectra exhibited twenty carbon signals, corresponding to
four methyls (dc 19.8, 21.5, 22.7, and 24.9), five aliphatic
methylenes (d¢ 23.8, 24.3, 30.7, 33.6, and 72.0), two oxygen-
ated methines (dc 77.9 and 80.4), and seven quaternary car-
bons, which included four olefinic carbons (d- 128.5, 139.9,
144.7, and 167.5), and two keto carbonyl carbons (- 181.9
and 216.8). Comparison of the one-dimensional (1D) NMR
data (Tables 1 and 2) for 1 with those of the known pimarane
diterpenoid pedinophyllol K (9) ", whose absolute structure
was determined by crystallography, highlighted a significant
difference: the carbon at C-17 resonated at - 19.8 in 1, as
opposed to dc 14.9 in 9, suggesting that 1 and 9 are C-15 epi-
mers. The planar structure of 1 was conclusively established
through "H-"H correlation spectroscopy (COSY) and hetero-
nuclear multiple-bond correlation (HMBC) analyses (Fig. 2).

The nuclear overhauser effect spectroscopy (NOESY)
correlations (Fig. 3) further elucidated the relative configura-
tion of compound 1. Correlations from H-11b (dy 2.35) to H;-
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Fig.1 Chemical structures of compounds 1-11.

17 (0y 1.01) and H3-20 (Jy 1.13), along with those from H-15
(0y 4.24) to H-14 (o 4.42) and H;3-17 (dy 1.01), indicated the
relative stereochemistry of 1 to be 10R*,13R*,145*,155*. To
determine the absolute configuration, a high-quality crystal of
1, obtained from acetone underwent single-crystal X-ray dif-
fraction analysis using using Cu Ka radiation (Fig. 4). The
Flack parameter, determined to be —0.01(5) (CCDC refer-
ence 2173443), confirmed the absolute configuration as
10R,13R,14S5,15S. Consequently, the structure of 1 was estab-
lished and named arthrinoid A.

Compound 2 was obtained as a colorless oil. The HR-
ESI-MS data established its molecular formula as C,yH,30,,
which indicates seven degrees of unsaturation. The 'H and
C NMR data (Tables 1 and 2) of 2 closely resembled those
of 1, with the primary difference being the substitution of the
C-3 keto carbonyl (Jc 216.8 in 1) for a methylene group (d¢
37.5) at the same position in 2. This modification was corrob-
orated by key HMBC interactions from H;-18 (o 1.38) to C-
3 (0c 37.5), C-4 (3¢ 36.0), C-5 (¢ 141.4), and C-19 (o¢ 27.7)
(Fig. 2). The NOESY correlations (Fig. 3) and electronic cir-
cular dichroism (ECD) spectra (Fig. 5) of 1 and 2 were simil-
ar, leading to the conclusion that 2 also has the absolute con-
figuration of 10R,13R,145,15S. Consequently, the structure of
2 was elucidated and designated as arthrinoid B.

Compound 3 was obtained as a colorless oil, with a mo-
lecular formula of C,yH,305 determined through HR-ESI-MS
analysis. The 1D NMR spectra of 3 (Tables 1 and 2) closely
resembled those of 2, except for an additional hydroxyl group
at C-18 (dc 68.8). This modification was supported by key
HMBC correlations (Fig. 2) from H,-18 (d; 3.61 and 4.08) to
C-3 (¢ 31.6), C-4 (o¢c 43.2), C-5 (dc 140.3), and C-19 (o¢
22.5), indicating the presence of a hydroxymethyl group. Ro-
tating frame Overhauser effect spectroscopy (ROESY) correl-

®

ations were observed from (Fig. 3) from H-11b (dy 2.37) to
H;-17 (6 0.99) and H;3-20 (Jy 1.42), from H;3-20 (dy 1.42) to
H-18b (dy 4.08), from H-12a (dy 1.68) to H-16a (dy 3.58),
from H-12b (Jy 1.60) to H3-17 (dy 0.99), and from H-14 (dy
4.41) to H-15 (dy 4.22) and H-16b (Jy 4.02), allowing the de-
duction of 3’s relative configuration as 4S* 10R* 13R*,
145*,155*. Similar ECD spectra (Fig. 5) between 3 and 1,
alongside a shared biogenetic origin, supported the assign-
ment of the absolute configuration of 3 was 4S,10R,13R,
148,15S. Consequently, this compound was identified and
named arthrinoid C.

Compound 4 was isolated as a colorless oil. Its molecu-
lar formula, C,yH,305, was established based on HR-ESI-MS
data, indicating seven degrees of unsaturation. The 'H NMR
spectrum (Table 1) of 4 displayed four singlet methyl signals
at dy 0.87 (3H, s, H3-17), 1.12 (3H, s, H3-20), and 1.50 (6H,
s, H;-18 and H;-19). The "C NMR data (Table 2), analyzed
with the assistance of DEPT and heteronuclear single
quantum coherence (HSQC) spectra, identified twenty car-
bon signals. These included four methyls (Jc 20.1, 21.5, 23.1,
and 24.9), six aliphatic methylenes (J¢c 23.5, 30.3, 31.0, 32.8,
33.6, and 63.9), one oxygenated methine (dc 78.4), and sev-
en quaternary carbons, of which four were olefinic (d¢ 129.1,
139.8, 144.3, and 162.7), and two were keto carbonyls (J¢
182.7 and 217.2). A comparative analysis of 1D NMR data
(Tables 1 and 2) for 4 and 1 suggested that both compounds
share the same carbon skeleton but differ in the structural ar-
rangement at the tetrahydrofuran ring present in 1, which is
open in 4. This change resulted in the chemical shift of C-14
moving from dc 77.9 in 1 to d¢c 32.8 in 4, indicating the ring
opening. This modification was further corroborated by
'H-'H COSY and HMBC correlations as shown in Fig. 2, in
addition to a reduction of one degree of unsaturation in 4
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Table2 "“C NMR data for compounds 1-7 (6 in ppm)

No. 1% g be 3od 44 gbe 6 e
1 30.7, CH, 317, CH, 31.5, CH, 30.3, CH, 29.2, CH, 31.9, CH, 15.9, CH
2 33.6, CH, 17.8, CH, 17.3, CH, 33.6, CH, 17.4, CH, 18.6, CH, 20.5, CH,
3 216.8,C 375, CH, 31.6, CH, 217.2,C 36.6, CH, 40.0, CH, 34.9, CH,
4 495,C 36.0,C 432,C 49.6,C 36.5,C 36.9,C 443,C
5 139.9,C 1414,C 1403, C 139.8,C 1462, C 144.7,C 45.6,CH
6 1447, C 1442, C 146.1, C 144.3,C 145.4,C 145.6,C 78.7, CH
7 181.9,C 180.6,C 181.9,C 182.7,C 181.5,C 182.9,C 75.8, CH
8 128.5,C 1254,C 126.7,C 129.1, C 136.2, C 128.5,C 140.9, C
9 167.5,C 169.2, C 171.5,C 162.7,C 155.9,C 167.5,C 78.0,C
10 436,C 432,C 44.1,C 43.1,C 423,C 449,C 29.1,C
11 23.8,CH, 22.6, CH, 23.8, CH, 23.5,CH, 198.8, C 65.0, CH 211.7,C
12 243, CH, 233, CH, 243, CH, 31.0, CH, 46.3, CH, 40.0, CH, 544, CH,
13 42.1,C 41.0,C 42.0,C 354,C 48.1,C 43.1,C 432,C
14 77.9, CH 76.5, CH 78.0, CH 32.8, CH, 743, CH 77.1, CH 129.0, CH
15 80.4, CH 80.3, CH 80.4, CH 78.4, CH 78.6, CH 79.5, CH 144.8, CH
16 72.0, CH, 71.6, CH, 71.9, CH, 63.9, CH, 762, CH, 75.1, CH, 113.6, CH,
17 19.8, CH, 19.8, CH, 19.9, CH, 20.1, CH, 16.1, CH, 17.7, CH, 28.7, CH,
18 21.5, CH, 279, CH, 68.8, CH, 21.5, CH, 27.7, CH, 27.7, CH, 179.7,C
19 24.9, CH, 277, CH, 22.5, CH, 24.9, CH, 27.2, CH, 29.9, CH, 30.8, CH,
20 227, CH, 31.0, CH, 29.7, CH, 23.1, CH, 29.4, CH, 32.8, CH, 11.4, CH,
21 52.1, CH,

* Recorded in methanol-d; ® Recorded in chloroform-d; ¢ Recorded at 100 MHz; ¢ Recorded at 150 MHz.

OH

S g OH
2 4
= COSY
~x HMBC
5 6
Fig. 2 Selected '"H-"H COSY and HMBC correlations of compounds 1-7.
compared to 1, as evidenced by the HR-ESI-MS data 4. ROESY correlations from H-11b (d 2.36) to H3-17 (6 0.87)

The relative configuration of 4 was elucidated through and H3-20 (dy 1.12) indicated that H;-17 and H3-20 both ad-
the analysis of rotating frame ROESY data (Fig. 3). The opted a S-orientation. The absolute configuration of the 15,16-

®

-359 -



ZHAO Songfeng, et al. / Chin J Nat Med, 2024, 22(4): 356-364

Fig. 3 Key NOESY/ROESY correlations of compounds 1-7.

Fig. 4 ORTEP drawing of compound 1.

diol motif in 4 was edetermined using the in situ dimolyb-
denum circular dichroism (CD) method """ Upon addition of
4 to Mo,(AcO), in dimethyl sulfoxide (DMSO), the resulting
metal complex exhibited a positive Cotton effect at approx-
imately 310 nm (Fig. 6), consistent with a 15S-configuration
according to the empirical helicity rule, which relates the sign
of the Cotton effect of the diagnostic O—C—C—O moiety " to
its configuration. Given the common biogenetic origin with
the pimarane diterpenoid framework, the absolute configura-
tion of 4 was postulated as 10R,13S,15S. This hypothesis was
subsequently confirmed by comparing the experimented and
calculated ECD curves (Fig. 5). Thus, the structure of 4 was
conclusively identified and designated as arthrinoid D.
Compound 5 was obtained as a colorless oil, with its mo-
lecular formula established as C,yH,405 based on HR-ESI-
MS data. A comparative analysis of the 1D NMR spectra
(Tables 1 and 2) of 5 and 9 srevealed a notable difference: the
carbonyl carbon at C-3 in 9 ( 3¢ 216.9) was replaced a car-
bonyl by at C-11 (d¢ 198.8) in 5. This observation was cor-
roborated by key the HMBC correlations (Fig. 2) from H3-18

®

(0 1.41) to C-3 (d¢ 36.6), C-4 (dc 36.5), C-5 (dc 146.2), and
C-19 (0¢ 27.2) and from H,-12 (i 2.21 and 2.56) to C-11 (d¢
198.8), thereby elucidating the relative structure of 5. Given
the common biogenetic pathway and similar NOESY data
(Fig. 3) between 5 and 9, along with supportive experimental
and calculated ECD spectra (Fig. 5), the absolute configura-
tion of 5 was determined to be 10R,13R,14S,15R. Con-
sequently, this compound was identified and named arthrin-
oid E.

Compound 6 was obtained as a colorless oil, with the
molecular formula C,qH,g0Os, established through HR-ESI-
MS analysis. The 'H and “C NMR spectra (Tables 1 and 2)
of 6 were nearly identical to those of 5, with the significant
distinction being the replacement of the C-11 keto carbonyl
group (oc 198.8 in 5)was replaced by an sp’-hybridized
methine (dc 65.0) at the same position in 6. This structural
modification was confirmed by HMBC correlations (Fig. 2)
from H-11 (dy 4.72) to C-8 (Jc 128.5), C-9 (¢ 167.5), C-10
(0c 44.9), C-12 (6c 40.0), and C-13 (Jc 43.1). Critical
NOESY correlations (Fig. 3) notably between H-11 (dy 4.72)
and H;3-20 (dy 1.64), combined with the shared biogenetic
pathway and comparable ECD spectra (Fig. 5) between 6 and
5, indicated that 6 possesses the absolute configuration of
10R,11R,13R,14S,15R. Thus, the structure of 6 was elucid-
ated and designated as arthrinoid F.

Compound 7 was isolated as a colorless oil, its molecu-
lar formula, C,;H,30¢, was determined through HR-ESI-MS
data. "H NMR analysis (Table 1) revealed four olefinic pro-
tons at H-14 (dy 5.89), H-15 (dy 5.65), H-16a (dy 4.89), and
H-16b (dy 4.95) along with a cyclopropyl group represented
by H,-20 (9 0.99 and 0.22). °C NMR data (Table 2) identi-
fied the presence of a carbonyl carbon at C-11 (¢ 211.7), an
ester carbonyl carbon at C-18 (dc 179.7), and three methyl
carbons at C-17 (d¢ 28.7), C-19 (d¢ 30.8), and C-21 (d¢ 52.1).
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Fig. 5 Experimental ECD curves of 1-3 and 5-6 and comparison of calculated and experimental ECD curves of 4, 5, and 7 in
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Fig. 6 [Mo,(OAc),]-induced ICD spectrum of 4 in DMSO.

Comparing the 1D NMR data (Tables 1 and 2) of 7 with
those of myrocin D (10) ') revealed the primary difference to
be the opening of the five-membered lactone ring in 10 and
the addition of a methoxy group (8¢ 52.1, C-21) in 7. This
structural variation was supported by HMBC (Fig. 2) from H;-
21 (oy 3.65) to C-18. The relative configuration of 7 was elu-
cidated through the analysis of NOESY data (Fig. 3). Not-
able NOE correlations from H-20b (Jy; 0.99) to H-6 (i 3.75)
and H-3b (dy 1.67), from H-2a (dy 1.89) to H3-19 (dy 1.40),
from H-5 (0 2.57) to H-7 (dy 4.18) and H;-19 (dy 1.40),
from H-12b (y; 2.58) to H-20a (dy 0.22), and from H-12a (o
2.37) to H-15 indicated S-orientations for H-6, H,-20, and H;-
17, while a-orientations were deduced for H-5, H-7, H3-19,
and OH-9. Significant coupling constants between H-5/H-6
and H-6/H-7 (11.0 and 9.1 Hz, respectively) suggested trans-
relationships, corroborating the deduced relative configura-
tions for C-5, C-6, and C-7. The structure of 7 further valid-
ated by a comparison of experimental and calculated “C
NMR data, which showed an R’ value of 0.9986 (Fig. 7). af-
firming the relative configuration (Fig. 5). The absolute con-
figuration of 7 was determined to be 1S,4S,5R,6R,7R9S,

250
y=0.9327x - 4.5997
200} R2=0.9986
150}
“ 100}
50|
0 L L L L y
0 50 100 150 200 250

0,

caled

Fig. 7 Linear correlation between the experimental and cal-
culated “C NMR chemical shifts for 7.

10S,13R. through analysis of calculated ECD data, leading to
the naming of this compound as arthrinoid G.

Four known compounds were identified through compar-
ison of their NMR and HR-ESI-MS data with literature val-
ues: pedinophyllol L (8) "%, pedinophyllol K (9) ", both
previously reported in reference 16, as well as myrocin D
(10) ™, and libertellenone E (11) ™.

The newly isolated compounds 1-7 were assessed for
their antibacterial efficacy against a panel of microbial patho-
gens, including Escherichia coli, Pseudomonas aeruginosa,
Klebsiella pneumoniae, and Acinetobacter baumannii. These
evaluations revealed that all new compounds demonstrated
varying levels of inhibitory activity. Notably, 7 displayed in-
hibitory activity against K. pneumoniae comparable to that of
the reference antibiotic amikacin, with a minimum inhibitory
concentration (MIC) value of 8 ug-mL™" (Table 3).

Experimental

General experimental procedures
Optical rotations were determined using a PerkinElmer
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Table 3 Antibacterial activities of compounds 1-7

MIC/(ug-mL™)

Compounds E. coli P. aeruginosa K. pneumoniae A. baumannii
1 >100 32 >100 >100
2 >100 64 >100 >100
3 32 >100 16 32
4 64 64 32 >100
5 >100 >100 >100 32
6 32 32 64 >100
7 16 64 8 64
Amikacin 4 2 8 2

PE-341 polarimeter. Ultraviolet (UV) spectra were obtained
with a PerkinElmer Lambda 35 spectrophotometer. CD ex-
perimental data were collected on a JASCO-810 spectromet-
er. Infrared (IR) spectra were recorded using a Tenor 27 FT-
IR spectrometer with potassium bromide (KBr) pellets. 1D
(*H, C, and DEPT) and 2D (HSQC, 'H-'H COSY, HMBC,
and NOESY/ROESY) NMR data were obtained on Bruker
AM-400 or AM-600 NMR spectrometers, using tetramethyl-
silane (TMS) as the internal standard. Chemical shifts (J)
were referenced to the solvent signals for methanol-d, (dy
3.31 and ¢ 49.0) and chloroform-d (dy 7.26 and Jc 77.2).
HR-ES-IMS data in the positive ion mode were recorded on a
Thermo Fisher LC-LTQ-Orbitrap XL spectrometer. For
column chromatography (CC), silica gel (100-200 and
200-300 mesh, Qingdao Marine Chemical, Inc., Qingdao,
China), Sephadex LH-20 (GE Healthcare Bio-Sciences AB,
Sweden), and Lichroprep RP-C;g gel (50 um, YMC Co. Ltd.,
Japan) were utilized. Compounds were purified using an Agi-
lent 1200 liquid chromatograph equipped with an RP-Cig
column (5 pm, 10 mm x 250 mm, Welch Ultimate XB-Cj).
Thin-layer chromatography (TLC) was performed on silica
gel 60 F,s,4 plates (Yantai Chemical Industry Research Insti-
tute, Yantai, China), and spots were visualized by heating the
plates after application of a 10% sulfuric acid (H,SO,) in in
ethanol (EtOH) solution.
Fungal material

Strain Arthrinium sp. ZS03 was isolated from the
rhizome of Acorus tatarinowii Schott, collected in Zheng-
zhou City in September 2018. A voucher specimen
(ZSF20180912) is preserved in the Department of Pharmacy
at the First Affiliated Hospital of Zhengzhou University.
Extraction and isolation

The strain Arthrinium sp. ZS03 was cultivated on potato
dextrose agar (PDA) at 28 °C for 7 d to establish seed cul-
tures. Subsequently, agar plugs were sectioned into small
pieces and transferred to 100 Erlenmeyer flasks (1 L each),
containing 200 g of rice and 250 mL of distilled water. These
setups were sterilized via autoclaving and incubated at 28 °C
for 30 d. Post-incubation, the fermented rice was extracted

with 95% EtOH eight times. The EtOH was then evaporated
under reduced pressure, yielding a residue. This residue was
suspended in water and partitioned with ethyl acetate
(EtOAc). The EtOAc layer was collected, and the organic
solvent was removed to obtain a crude extract (287 g).

The crude EtOAc extract (287 g) underwent silica gel
CC utilizing a gradient elution system of petroleum ether
(PE)-EtOAc (ranging from 20 : 1 to 0 : 1, V/V), resulting in
five principal fractions (A—E). Fraction D (65 g) was fraction-
ated by further divided by reverse-phase C;g (RP-C;) silica
gel CC, eluted with methanol (MeOH)-water (H,O) gradi-
ents (20% to 100%), producing five subfractions (D1-D5).
Subfraction D3 (3.7 g) was then processed using Sephadex
LH-20 chromatography (dichloromethane (CH,Cl,-MeOH,
1 : 1, V/V), yielding four subfractions (D3-1-D3-4). Subfrac-
tion D3-2 (200 mg) underwent semipreparative RP-C,g high-
performance liquid chromatography (HPLC) (acetonitrile
(MeCN-H,0, 60 : 40, 2.0 mL-min"") to isolate 7 (5 mg, t =
28 min). Subfraction D3-3 (1 g) was purified using silica gel
CC (PE-EtOAc gradient from 20 : 1-1 : 1, V/V),and re-
fined by semipreparative RP-C;3 HPLC (MeCN-H,O,
61 : 39, V/V; 2.0 mL-min™") to yield 2 (2.2 mg, tz = 28 min)
and 8 (25 mg, fzr =40 min). Fraction E (61 g) was fraction-
ated on an octadecylsilane (ODS) column using MeOH-H,O
(20%—-100%) gradient, separating it into five subfractions
(E1-E5). Subfraction E2 (3.9 g) underwent silica gel CC
(PE-EtOAc gradient from 20 : 1-1 : 1, V/V), resulting in
four main subfractions (E2-1-E2-4). Subfraction E2-4 was
further purified using Sephadex LH-20 (CH,Cl,-MeOH,
1 : 1, V/V) and semipreparative RP-C;3 HPLC (MeCN-H,O0,
45 : 55, VIV; flow rate: 2.0 mL-min"') to yield 4 (1.5 mg, tz =
22 min), 6 (4.1 mg, t = 40 min), and 11 (22 mg, fr = 32
min). Subfraction E3 (800 mg) was fractionated via Sepha-
dex LH-20 (CH,Cl,-MeOH, 1 : 1, V/V) and silica gel CC
(PE-EtOAc, gradient from 10 : 1-1 : 1, V/V), resulting in
two subfractions (E3-1-E3-2), Subfraction E3-1 was purified
by semipreparative RP-C;3 HPLC (MeOH-H,0O, 58 : 42,
VIV; 2.0 mL-min"') to obtain compounds 5 (3 mg, tr = 42
min) and 10 (1.5 mg, g = 21 min). Finally, subfraction E3-2
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was refined using semipreparative RP-C;3 HPLC (MeCN—
H,0, 37 : 63, V/V; low rate: 2.0 mL-min"') to isolate 1 (26
mg, g = 35 min), 3 (3 mg, g = 21 min), and 9 (15 mg, #z =
23 min).

Arthrinoid A (1): CyoH,6Os; colorless block crystals; mp:
232-234 °C; [a]): 99 (¢ 1.0, MeOH); UV (MeOH) 4, (log
g): 208 (4.09), 253 (3.88), 300 (3.69) nm; IR (KBr) vy,
3383,2971, 2935, 2876, 1711, 1634, 1422, 1363, 1252, 1114,
1025 cm™'; ECD (MeOH) A, (mdeg, 0.25 mg-mL™): 250
(+17.36), 273 (+7.42), 285 (+8.21), 324 (-8.66), 371 (-0.15)
nm; For 'H and *C NMR data ( Tables 1 and 2); HR-ESI-MS
[M + Na]’ m/z 369.1668 (Calcd. for C,gH,c0sNa’, 369.1672).

Arthrinoid B (2): CyHygOy; yellow oil; [e]: +7 (¢ 1.0,
MeOH); UV (MeOH) 4.« (log ¢€): 202 (3.73), 252 (3.53) nm;
IR (KBr) vpa 3431, 2935, 1704, 1632, 1460, 1384, 1025
em’; ECD (MeOH) A, (mdeg, 0.625 mgmL™): 247
(+4.93), 269 (+0.34), 294 (+3.03), 332 (~6.18) nm; For 'H
and C NMR data (Tables 1 and 2); HR-ESI-MS [M + Na]"
m/z 355.1889 (Calcd. for C,yH,s0,4Na’, 355.1880).

Arthrinoid C (3): C,oHyg0Os; colorless oil; [«]2': =3 (c 1.0,
MeOH); UV (MeOH) 4., (log ¢): 213 (3.50), 254 (3.32),
308 (3.06) nm; IR (KBr) vy.,: 3420, 2953, 2934, 2876, 1628,
1459, 1424, 1384, 1112, 1024 cm'; ECD (MeOH) /.
(mdeg, 0.625 mg-mL™): 252 (+8.86), 333 (-7.97), 371
(-0.85) nm; For 'H and “C NMR data (Tables 1 and 2); HR-
ESI-MS [M + Na]" m/z 371.1832 (Calcd. for CyyH,50sNa’,
371.1829).

Arthrinoid D (4): C,yH,30s; colorless oil; [a]3: +26 (c
1.0, MeOH); UV (MeOH) /. (log &): 202 (4.11), 258
(4.01), 301 (3.70) nm; IR (KBr) vy, 3479, 2975, 2935,
1710, 1624, 1609, 1424, 1383, 1244, 1084, 1020 cm™'; ECD
(MeOH) A, (mdeg, 0.50 mg-mL™): 217 (-11.35), 261
(+28.04), 322 (~18.16), 357 (+0.05) nm; For 'H and “C
NMR data (Tables 1 and 2); HR-ESI-MS [M + Na + HJ*" m/z
372.1907 (Caled. for CoH,40sNa™", 372.1902).

Arthrinoid E (5): CyHysOs; colorless oil; [a]2: -23 (¢
1.0, MeOH); UV (MeOH) 4, (log ¢): 231 (3.88), 267 (3.43)
nm; IR (KBr) vy, 3403, 2957, 2931, 1690, 1634, 1597,
1459, 1425, 1383, 1374, 1273, 1216 cm™'; ECD (MeOH) ¢
(mdeg, 0.50 mg-mL™"): 225 (—11.83), 250 (+22.25), 294
(~1.56) nm; For 'H and C NMR data (Tables 1 and 2); HR-
ESI-MS [M + Na]™ m/z 369.1664 (Calcd. for CyH,cOsNa’,
369.1672).

Arthrinoid F (6): CyHyOs; colorless oil; [a]2: —12 (¢
1.0, MeOH); UV (MeOH) .. (log &): 201 (3.92), 228
(3.84), 328 (3.14) nm; IR (KBr) vy, 3400, 2956, 2933,
1690, 1633, 1597, 1384, 1217 cm'; ECD (MeOH) /.
(mdeg, 0.50 mg'mL™"): 246 (+10.72), 286 (-0.12), 308
(+1.92) nm; For 'H and C NMR data (Tables 1 and 2); HR-
ESI-MS [M + Na]’ m/z 371.1836 (Calcd. for C,yH,305Na’,
371.1829).

Arthrinoid G (7): C,1HpOg; colorless oil; [a]}): —89 (c
1.0, MeOH); UV (MeOH) 7., (log €): 202 (3.74) nm; IR
(KBr) vpay: 3456, 2957, 2932, 1713, 1384, 1139, 1055, 925
em'; ECD (MeOH) A, (mdeg, 0.57 mg-mL™): 203

(-63.49), 251 (+0.02), 302 (-9.71), 344 (-0.06) nm; For 'H
and °C NMR data (Tables 1 and 2); HR-ESI-MS [M + Na]"
m/z 399.1808 (Calcd. for C,Hy30¢Na’, 399.1778).
X-ray crystal structure analysis

A suitable crystal of compound 1 was obtained through
the slow evaporation of MeOH at room temperature. X-ray
crystallographic analysis was performed using a Bruker
APEX DUO diffractometer equipped with Cu Ka radiation.
The structure was solved via direct methods using the Olex2
software and refined anisotropically with the SHELXL-
2014/7 refinement package, employing full-matrix least-

2024 Anisotropic displacement parameters

squares on [
were applied to all non-hydrogen atoms, and hydrogen atoms
were placed in calculated positions and refined using a riding
model. Crystallographic data for 1 have been deposited in the
Cambridge Crystallographic Data Centre (CCDC 2173443).
Copies of this data are available free of charge upon request
to the CCDC, located at 12 Union Road, Cambridge CB 1EZ,
UK [Fax: Int. + 44 (0) (1223) 336 033; e-mail: deposi@ccdc.
cam.ac.uk].

Crystal data for 1. Co,0H,505, M = 346.41, a = 8.0686(2)
A, b=10.0105(3) A, ¢ =20.9046(5) A, o= 90°, f=90°, y =
90°, ¥ = 1688.48(8) A’, T'=100(2) K, space group P2,2,2,,
Z =4, u(Cu Ka) = 0.790 mm ', 14385 reflections measured,
3203 independent reflections (R;,; = 0.0488). The final R; val-
ues were 0.0273 (I > 20([)). The final wR(F’) values were
0.0690 (I > 20(1)). The final R; values were 0.0289 (all data).
The final wR(F") values were 0.0698 (all data). The good-
ness of fit on F° was 1.070. Flack parameter = —0.01(5).
ECD calculations

The optimized structures of compounds 4, 5, and 7 were
generated using the BALLOON software and further refined
through semiempirical PM3 quantum mechanical geometry
optimizations employing the Gaussian 09 software suite .
The process of conformation optimization, ECD data calcula-
tion, and the final combination ECD spectra adhered to meth-
odologies outlined in prior literature .
C NMR calculations

Conformational analysis of compound 7 was performed
using a random search method in Sybyl-X 2.0, applying the
MMFF94S force field with an energy cutoff of 2.5
keal-mol™". This analysis identified nine lowest energy con-
formers for 7. These conformers were then subjected to geo-
metry optimizations and frequency analyses employing dens-
ity functional theory (DFT) at the B3LYP-D3(BJ)/6-31G*
level in in the polarizable continuum model (PCM) for meth-
anol, using the Gaussian 09 software package. Each conform-
er was confirmed to be a stable point on the potential energy
surface (PES), evidenced by the absence of imaginary fre-
quencies. NMR shielding constants were calculated using the
gauge-including atomic orbital (GIAO) method at the
B972/pcSseg-2 level in PCM methanol, also with Gaussian
09. Gibbs free energies for the conformers were determined
utilizing thermal correction at the B3LYP-D3(BJ)/6-31G*
level with Gaussian 09, while electronic energies were evalu-
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ated at the wB97M-V/def2-TZVP level in the solvation mod-
el density (SMD) for methanol using ORCAS5.0.0 software.
To obtain the final NMR chemical shifts, the chemical shifts
of the conformers were averaged based on the Boltzmann dis-
tribution theory, considering their relative Gibbs free ener-
gies (AG).
[Mo,(OAc) J-induced circular dichroism

To prepare the stock solution, [Mo,(OAc),] (1 mg) was
dissolved in DMSO (1 mL). Following this, 4 (0.5 mg) was
added to the solution. The CD spectrum was recorded imme-
diately after the addition of 4 to the solution, and subsequent
scans were performed at 10-minute intervals over a 30-
minute period. This procedure ultimately yielded the station-
ary CD spectrum induced by [Mo,(OAc),], providing valu-
able insights into the chiral properties of 4 when complexed
with the molybdenum acetate dimer in a DMSO solution.
Antibacterial activity assay

The minimum inhibitory concentrations (MICs) of 1-7
against four bacterial strains, E. coli, P. aeruginosa, K. pneu-

moniae, and A. baumannii, were determined using the broth

microdilution method as previously described 7%,
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