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KEYWORDS Abstract Thirteen undescribed monoterpene-fused 5-methylcoumarins, named centrapalus cou-
Centrapalus pauciflorus; marins A-M, were isolated from the aerial parts of the Centrapalus pauciflorus together with seven
Asteraceae; known compounds. The structures were established by extensive spectroscopic analyses, including
Monoterpenoid 5- 1D NMR, 2D NMR, and HR-ESI-MS experiments. The compounds represent a wide range of
methylcoumarins; chemical diversity depending on the connection of the head-to-tail coupled diisoprene unit. Centra-
Antiproliferative activity; palus coumarins A-H and I-L are based on 6-6-6- and 6-6-7-membered tricyclic ring systems,
MTT assay respectively. Centrapalus coumarins D and E exhibit cyclic hemiketal structures, while centrapalus

coumarins F is unique because its monoterpene part forms an additional lactone ring. Centrapalus
coumarin L is the only compound containing a modified trinor-monoterpene part. Centrapalus cou-
marin M is unprecedented as it contains a pentacyclic heterocyclic ring system. Sixteen isolated
compounds were investigated for antiproliferative activity on the human breast (MCF-7 and
MDA-MB-231), cervical (HeLa and SiHa), and ovarian (A2780) cancer-cell lines by the 3-(4,5-dime
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, and a few of them exhibited substantial
activity. Centrapalus coumarin F demonstrated the highest potency against MCF-7, HeLa, and

* Corresponding authors at: Institute of Pharmacognosy, University of Szeged, 6720 Szeged, Hungary.

E-mail addresses: gkrsticcwchem.bg.ac.rs (G. Krsti¢), ninat@chem.bg.ac.rs (N. Todorovic), berkecz.robert@szte.hu (R. Berkecz),
zupko.istvan@szte.hu (I. Zupko), hohmann.judit@szte.hu (J. Hohmann), redei.dora.judit@szte.hu (D. Rédei).

! The first and second authors have identical contributions to this paper.
Peer review under responsibility of King Saud University.

& 18

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2023.104777
1878-5352 © 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2023.104777&domain=pdf
mailto:gkrstic@chem.bg.ac.rs
mailto:ninat@chem.bg.ac.rs
mailto:berkecz.robert@szte.hu
mailto:zupko.istvan@szte.hu
mailto:hohmann.judit@szte.hu
mailto:redei.dora.judit@szte.hu
https://doi.org/10.1016/j.arabjc.2023.104777
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2023.104777
http://creativecommons.org/licenses/by-nc-nd/4.0/

M.B. Saidu et al.

A2780 cells with ICs values of 6.59, 2.28, and 15.41 pM, respectively. The cytotoxic activity of cen-

trapalus coumarin F showed moderate cancer selectivity, as determined using intact fibroblast cells

(NIH-3 T3). The antiproliferative activity of these 5-methylcoumarin derivatives provides evidence

for the establishment of structure—activity relationships.

© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Coumarins represent a widely distributed family of naturally occurring
oxygen-containing heterocycles, bearing a typical 2H-1-benzopyran-2-
one framework. Many coumarins have been observed to act as phy-
toalexins, phototoxins, allergens, or toxic agents. Furthermore, their
therapeutic effects, such as anticoagulant, anti-inflammatory, anti-
cancer, antimicrobial, anti-hypertensive, anticonvulsant, anti-
hyperglycemic and neuroprotective activities have been reported
(Murray et al., 1982; Pal and Saha, 2020; Matos et al., 2015). Coumar-
ins with 5-methyl substitution comprise a special group, and their
occurrence in the plant kingdom is is much more restricted than that
of coumarins. They are mainly found in the members of tribes Muti-
sicae (that includes Gerbera), Vernonieae of the Asteraceae family,
and occasionally from a few other taxa (Murray, 1997). In general,
coumarins originate from the phenylpropanoid pathway and are
formed from coumaric acid through hydroxylation at C-2, followed
by cis—trans-isomerization and lactone formation (Bourgaud et al.,
2006). Contrarily, 5-methylcoumarins have been proposed to be
derived through the acetate-malonate pathway. Precursor feeding
studies have suggested that S-methylcoumarins are synthesized from
acetate units, and polyketide synthase enzymes are required for the
biosynthesis of S5-methylcoumarins (Pietiacinen et al., 2016; Stothers
et al., 1988). These polyketide-derived coumarins are frequently substi-
tuted with one, two, or three isoprenoid units; the occurrence of such
compounds represents taxonomic significance because of their highly
restricted distribution. Prenyl- and geranyl-substituted coumarins are
predominant in species of Mutisieae, while sesquiterpene units are nat-
urally found in species of tribes Onoserideae and Nassauvieae (Vestena
et al., 2022).

Ethuliacoumarin A from Ethulia conyzoides was the first discovered
member of the 5-methylcoumarins. This compound exhibits powerful
anthelmintic and molluscicidal activities against Biomphalaria glabrata
and Bulinus truncates (Mahmoud et al., 1983; Kady et al., 1992). Sub-
sequently, similar compounds were isolated from the members of the
Vernonia (Oketch-Rabah et al., 1997), Bothriocline (Ahmed et al.,
1991), Mutisia (Viturro et al., 2003), Triptilion (Bittner et al., 1988),
Gerbera (Liu et al., 2010), and Gutenbergia genera in a wide structural
variety, frequently cooccurring with structurally close chromone
derivatives.

The present study deals with the isolation, structure determination
of coumarin constituents from Centrapalus pauciflorus (Willd.) H.Rob.
(Asteraceae), and evaluation of the antiproliferative activity of the iso-
lated compounds. Synonyms of C. pauciflorus include Centrapalus
galamensis Cass., Conyza pauciflora Willd., Vernonia galamensis subsp.
galamensis, Vernonia pauciflora (Willd.) Less., and Vernonia afromon-
tana R.E.Fr., etc (The Plant List, 2013; IPNI, 2022; POWO, 2022).

The genus Centrapalus includes nine species, which are mainly
annual or perennial herbs that occur over the whole African continent.
C. pauciflorus is native to tropical African countries, stretching from
Cape Verde and Senegal in the West to Somalia in the East and down
South to Zimbabwe and Mozambique (TPD, 2022). It is a mainly
unbranched, usually annual plant that can grow 3-5 m tall but is usu-
ally significantly smaller. In folklore medicine, its leaves are cooked in
porridge or drunk as a tea to treat chest or stomach pains (TPD, 2022).
C. pauciflorus is an abundance source of vernolic acid (linoleic acid 2,3-
oxide); therefore, it is regarded as a potential industrial plant, which
can be used to manufacture polyvinyl chloride, adhesives, petrochem-

icals, and cosmetic and pharmaceutical products. The large-scale culti-
vation and commercial production of C. pauciflorus, as an oilseed crop,
has commenced in several countries (Mideksa et al., 2019). Previous
phytochemical studies revealed the presence of umbelliferon, scopo-
letin, flavonol glycosides, phenolic acids, germacrane-type sesquiter-
pene lactones, sterols, and triterpenoids in C. pauciflorus (Maroyi,
2020). Pharmacological investigations have confirmed the analgesic,
sedative, anti-dermatitis, antimicrobial, insecticidal, larvicidal, and
antiulcerogenic activities and hypoglycemic potential of C. pauciflorus
extracts and its isolated compounds (Maroyi, 2020).

In the present study, the chloroform fraction of the MeOH extract
of C. pauciflorus was investigated for compounds with antitumor activ-
ity. First, the chloroform extract and its fractions obtained by column
chromatography on polyamide were assayed on the human breast
(MCF-7 and MDA-MB-231), cervical (HeLa and SiHa), and ovarian
(A2780) cancer-cell lines for antiproliferative activity. The fraction
eluted with 60% MeOH exhibited the highest activity, it showed
442 £+ 0.6%, 49.3 + 0.9%, 54.6 + 0.6% and 5.2 £+ 0.5% inhibition
at 10 pg/mL, and 70.7 + 0.4%, 853 £ 1.0%, 63.7 = 1.3%, and
68.2 £ 0.8% inhibition at 30 pg/mL against MCF-7, MDA-MB-
231, HeLa, and A2780 cells, respectively. The 60% MeOH fraction
was selected for detailed phytochemical analysis. Thus, thirteen previ-
ously undescribed 5-methylcoumarins (1, 3, 4, 7, 8, 12-18, 20), named
centrapalus coumarin A—M, and seven known coumarins (2, 5, 6, 9-11,
19) were described from C. paucifiorus. All the compounds are variably
conjugated with a monoterpene structural part. The antiproliferative
activity of the isolated compounds was evaluated on human gynaeco-
logical (MCF-7, MDA-MB-231, HeLa, SiHa, and A2780) cell lines.

2. Materials and methods

2.1. General experimental procedures

Optical rotations were determined using a JASCO P-2000
polarimeter (JASCO International Co. Ltd., Hachioji, Tokyo,
Japan). NMR spectra were recorded in CDCl; using a Bruker
Avance DRX 500 spectrometer at 500 (‘H) and 125 MHz
("3C). The signals of the deuterated solvent were taken as ref-
erences. Two-dimensional (2D) experiments were performed
with standard Bruker software. During the 'H,'H-COSY,
HSQC and HMBC experiments, gradient-enhanced versions
were applied. HR-ESI-MS spectra were recorded using a
Thermo Scientific Q-Exactive Plus Orbitrap mass spectrometer
equipped with an ESI ion source in the positive ionization
mode. The data were acquired and processed using the MassL-
ynx software. Vacuum liquid chromatography (VLC) was per-
formed on silica gel (15 pm, Merck); LiChroprep RP-18 (40—
63 pum, Merck) stationary phase was used for reversed-phase
VLC, and open column chromatography (OCC) was per-
formed on polyamide (MP Biomedicals). Preparative thin-
layer chromatography (PTLC) was performed on silica gel
60 F,s4 plates (Merck). HPLC was conducted with Wufeng
HPLC, Waters HPLC, and Agilent HPLC instruments using
normal [LiChrospher Si 60 (5 pm, 250-4 mm)], [Luna (R) 5-
um silica (2) 100 L (250 — 21.2 mm)], reversed-phase [Kinetex
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5-um Cig 100 A (150-4.6 mm)], [Agnent ZORBAX ODS 5-um
Cig 100 A (250 x 9.4 mm)], and [Phenomenex Lux® 5-pm
i-Amylose-1] columns. The TLC plates were visualized under
a UV-light at 254 nm and detected by spraying with concen-
trated sulfuric acid, followed by heating. All the solvents used
for CC and TLC were of at least analytical grade (VWR Ltd.,
Hungary).

2.2. Plant material

The aerial parts of the plant were collected in August 2018 in
Zaria, Nigeria (N11°7'19.758” E7°43/23.1672'") and identified
by Umar Gallah (National Research Institute for Chemical
Technology, Zaria, Nigeria). A voucher specimen (897) has
been deposited in the herbarium, Institute of Pharmacognosy,
University of Szeged, Szeged, Hungary.

2.3. Extraction and isolation

The air-dried powdered plant material (548 g) was extracted by
percolation with MeOH (45 L) at room temperature. The
MeOH extract was concentrated in vacuo and yielded 133 g
of extract. This extract was dissolved in MeOH-H,O (1:1)
and subjected to solvent—solvent partitioning with CHCI;
(3 x 1000 mL) to afford the organic component. After concen-
tration, the organic phase (65.81 g) was chromatographed by
OCC on polyamide (100 g) with MeOH-H,O (1:4, 2:3, 3:2,
4:1, and 5:0) mixtures as eluents to afford 20%, 40%, 60%,
80%, and 100% MeOH fractions, respectively. These fractions
were evaluated for antiproliferative activity, and the 60%
MeOH fraction exhibited the highest activity and was selected
for further chromatographic separations. Vacuum-liquid chro-
matography (VLC) was conducted using the 60% MeOH frac-
tion (14 g) on silica gel with a gradient system of cyclohexane—
EtOAc-EtOH (9:1:0, 8:2:0, 7:3:0, 50:20:1.5, 50:20:3, 50:20:6,
50:20:9, 50:20:12, 50:20:15, 50:20:20, 50:20:40, 50:20:60, and
50:20:80). The fractions collected were monitored by TLC,
and those with similar profiles were combined, thereby afford-
ing combined fractions A-I. Fractions A-C obtained with
cyclohexane—EtOAc—EtOH (8:2:0, 50:20:1.5, and 50:20:3) were
rechromatographed by normal phase (NP)-VLC with
cyclohexane-EtOAc—EtOH to afford fractions A/l and A/II.
Fraction A/II was separated by RP-VLC with MeOH-H,0
gradient systems to yield fractions A/II/1-5. The NP-HPLC
purification of A/II/S with n-hexane-EtOAc, as a mobile
phase, led to the isolation of compounds 1 and 2 (1.8 and
1.3 mg, respectively).

The RP-VLC separation of fraction B with MeOH-H,O
mixtures as eluents afforded subfractions B/I-III. Fraction
B/I1 was subjected to NP-VLC using n-hexane—CHCl; mix-
tures to yield fractions B/II/1-2. A further chromatography
of B/II/2 by RP-VLC with MeOH-H,O as an eluent resulted
in four subfractions B/II/2a—d. After a two-step HPLC purifi-
cation (NP-HPLC using n-hexane—EtOAc-MeOH and RP-
HPLC using MeOH-H,O mixtures as a mobile phase), com-
pound 17 (2.4 mg) was isolated.

NP-VLC was performed on fraction B/III using a cyclohex-
ane-EtOAc solvent system to afford fractions B/III/1 and 2.
Through NP-HPLC with the mobile phase of n-hexane-EtO
Ac-MeOH, the latter resulted in four subfractions, B/III/2a—
d. RP- and NP-NPLC separations of B/III/2a with mobile

phases of MeOH-H,O and n-hexane-EtOAc-MeOH, respec-
tively, resulted in the isolation of compound 20 (4.2 mg).

Fraction C was subjected to reverse phase flash column
chromatography (RP-FCC) with MeOH-H,O mixtures as elu-
ents, and seven fractions, C/I-VII, were obtained. White crys-
tals were crystallized from certain fractions and separated and
analyzed by TLC. The crystals were a mixture of two com-
pounds with slightly different R; values. The NP-HPLC sepa-
ration of the crystals with n-hexane—-EtOAc-MeOH (80:19:1),
as a mobile phase, resulted in compounds 9 (20.6 mg) and 10
(15.6 mg) in pure form. Fraction C/III was subjected to NP-
VLC with n-hexane-CHCI; solvent system to yield fractions
C/III/1-5. Fraction C/III/1 was chromatographed by NP-
VLC using cyclohexane—EtOAc, as a mobile phase, to afford
subfractions C/III/la—g. The NP-HPLC purification of C/
II1/1b and C/III/1c using n-hexane-EtOAc-MeOH (80:19:1)
and (98:1:1) yielded fractions C/III/1b/1-2 and C/III/1c/1-3,
respectively. The RP-HPLC separation of fractions C/III/1b/1
and 2 with MeOH-H,O (7:3), as a mobile phase led to the iso-
lation of 18 (1.1 mg) and 11 (156.7 mg), respectively. Normal
phase preparative thin layer chromatography (NP-PTLC)
was conducted on C/III/1c/2 with CHCl3—acetone (100:2), as
mobile phase; further HPLC purification was performed using
MeCN-H,O (7:3), which led to the isolation of compounds 15
(15.2 mg) and 16 (9.6 mg). NP-HPLC was conducted on frac-
tion C/III/le using n-hexane-EtOAc-MeOH (90:8:2), as a
mobile phase. The fraction obtained in this separation was fur-
ther purified by RP-HPLC with MeOH-H,O (9:1), as a mobile
phase, followed by RP-HPLC with MeCN-H,O (47:53), lead-
ing to the isolation of a mixture of two stereoisomers, 5 + 6
(44.8 mg). Efforts were devoted to separating 5 + 6 by HPLC
using a chiral column, but after separation, both compounds
transformed into a mixture of the stereoisomers again. Frac-
tion C/III/1f was subjected to NP-HPLC using the mobile
phase of n-hexane—EtOAc—MeOH (80:19:1), and four subfrac-
tions (C/I11/1f/1-4) were obtained. The RP-HPLC of fraction
C/III/1f/3 with the mobile phase of MeOH-H,O (75:25)
resulted in the isolation of compound 19 (17.4 mg). The
three-step chromatographic separation of C/III/1f/4 by RP-
HPLC [mobile phases MeOH-H,O (75:25), then MeCN-
H,O (47:53)] and PTLC [mobile phase of CHCls—-acetone
(200:7)] yielded the pure compound, 12 (3.4 mg). Fraction C/
I11/1g was subjected to NP-HPLC using n-hexane-EtOAc—
MeOH (80:19:1), as a mobile phase, to yield four subfractions
(C/11I/1g/1-4). RP- and NP-HPLC separations were con-
ducted on C/III/1g/3 using mobile phases of MeOH-H,O
(75:25) and n-hexane—EtOAc (78:22), respectively, to isolate
the mixture 13 + 14 (1.6 mg). Fraction C/I11/3 was subjected
to NP-HPLC using n-hexane—-EtOAc-MeOH (95:4:1) and RP-
HPLC using MeOH-H,O (85:15) to furnish compounds 7
(42.1 mg) and 8 (11.4 mg), respectively. These two stereoiso-
meric compounds, although well separated by HPLC, rapidly
converted into a mixture of both isomers again, but at a ratio
of 2:1, as observed from the NMR spectra. Fraction C/III/5
was chromatographed by NP-HPLC with n-hexane—EtOAc—
MeOH (90:9:1) and afforded five fractions (C/I1I/5/a—¢). The
RP-HPLC separation of C/III/5/c with MeOH-H,O (74:26)
led to the isolation of compound 4 (0.7 mg).

NP-VLC was conducted on fraction C/V using n-hexane—
CHCI; as an eluent, yielding three fractions (C/V/1-3). The
NP-VLC purification of fraction C/V/1 with a cyclohexane—
EtOAc solvent system afforded subfractions C/V/1/a—d. The
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NP-HPLC separation of fraction C/V/l/c using n-hexane—
EtOAc-MeOH (80:19:1) and the final purification by RP-
HPLC with MeOH-H,O (68:32) resulted in the pure com-
pound, 3 (4.8 mg).

Centrapalus coumarin A (1), colorless oily material;
]38 + 68.0 (¢ 0.1, CHCIl3); 'H and '*C NMR data (Tables
1 and 2); HR-ESI-MS positive m/z 311.1634 [M + H]" (caled
for C20H23O3 3111642)

Centrapalus coumarin B (3), colorless oily material;
8 + 160.7 (¢ 0.1, CHCl;); 'H and ">C NMR data (Tables
I and 2); HR-ESI-MS positive m/z 327.1592 [M + H]" (calcd
for C20H23O4 3271591)

Centrapalus coumarin C (4), colorless oily material;
[0]5 + 29.6 (¢ 0.05, CHCl;); 'H and ">C NMR data (Tables
I and 2); HR-ESI-MS positive m/z 373.1642 [M + H] " (caled
for C21H2506 3731646)

Centrapalus coumarins D (7) and E (8), colorless oily mate-
rials; [o0]5 + 14.9 (¢ 0.1, CHCly); 'H and '*C NMR data
(Tables 1 and 2); HR-ESI-MS positive m/z 357.1329
[M + H]" (caled for CyoH, 06 357.1333).

Centrapalus coumarin F (12), white amorphous powder;
[o]5 =70.1 (¢ 0.1, CHCI3); 'H and '*C NMR data (Tables 1
and 2); HR-ESI-MS positive m/z 341.1381 [M + H]" (calced
for CyoH»;05 341.1384), 363.1198 [M + Na]™ (caled for Cyo-
H,0OsNa 363.1203).

Centrapalus coumarin G + H (13 + 14), colorless oily
material; [0]f + 24.0 (c 0.1, CHCl;); 'H and '*C NMR data
(Tables 3 and 4); HR-ESI-MS positive m/z 343.1537
[M + H]" (caled for C,oH»0s 343.1540), 365.1356
[M + Na]+ (calcd for C20H2205N’d 3651359)

Centrapalus coumarin I (15), white amorphous powder;
[0]5 + 111.8 (¢ 0.05, CHCl5); 'H and '*C NMR data (Tables

3 and 4); HR-ESI-MS positive m/z 343.1540 [M + H]" (calcd
for CyoH»305 343.1540).

Centrapalus coumarin J (16), white amorphous powder;
[o]d —186.0 (¢ 0.05, CHCl;); 'H and '*C NMR data (Tables
3 and 4); HR-ESI-MS positive m/z 343.1540 [M + H]" (caled
for CyoH»305 343.1540), 365.1361 [M + Na]™ (caled for C,o-
H,,05Na 365.1360).

Centrapalus coumarin K (17), colorless oily material;
[o]5 + 31.7 (¢ 0.1, CHCLy); 'H and '*C NMR data (Tables
3 and 4); HR-ESI-MS positive m/z 325.1434 [M + H]" (caled
for CyoH,04 343.1440).

Centrapalus coumarin L (18), white amorphous powder;
[o0]5 + 45.4 (¢ 0.05, CHCl;); 'H and '>C NMR data (Tables
3 and 4); HR-ESI-MS positive m/z 285.1114 [M + H]™ (calcd
for C17H1704 285.1 121)

Centrapalus coumarin M (20), white crystalline material;
[0]5 + 76.6 (¢ 0.05, CHCl;); 'H and '*C NMR data (Table 5);
HR-ESI-MS positive m/z 325.1431 [M + H]" (caled for
Cy0H, 05 325.1434).

2.4. Determination of antiproliferative properties

The effects of the isolated compounds on the growth of a panel
of human adherent cancer-cell lines were determined by the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide)
(MTT) assay (Mosmann, 1983). Cell lines isolated from cervi-
cal (HeLa and SiHa), breast (MCF-7 and MDA-MB-231), and
ovarian cancers (A2780) and intact murine fibroblasts (NIH-
3 T3), were purchased from the European Collection of Cell
Cultures (Salisbury, UK). The SiHa cell line was obtained
from the American Tissue Culture Collection (Manassas,
VA, USA). All the cells were maintained in minimal essential

Table 1 'H NMR spectroscopic data of compounds 1-4, 7, 8 and 12 [500 MHz, CDCl;, § ppm (J = Hz)].

Position 1 2 3 4 7 8 12

6 7.00, d (8.1) 699,d 8.2 - - 702,d (7.6)  7.03,d (7.6)  7.04,d (8.0)

7 7.32, t (8.1) 731, t (8.2) 6.99, d (8.8) 7.07, d (8.7) 734,t (7.6) 736, t(7.6)  7.40, t (3.0)

8 7.14, d (8.1) 712,d 8.2)  7.03,d (8.8) 7.05, d (8.7) 713,d (7.6)  7.16,d (7.6)  7.20, d (8.0)

9 2.64, s 2.64, s 2.55, s 2.7, s 2.73, s 2.64, s 2.66, s

I'a 4.95,d (17.2) 5.13,d (17.6)  4.94, d (17.4) 5.11, d (16.9) 516,d (9.5  5.16,d (9.5  1.43,d (6.5)

1'b 5.18,d (11.3) 5.10, d (10.9) 5.18, d (10.5) 5.08, d (10.1) 5.11,d (17.7)  5.11,d (17.7)

b 6.00, dd (17.2, 6.18, dd (17.6,  6.02, dd (10.5, 6.15, dd (16.9, 10.1) 6.16, dd (17.7, 6.16, dd (17.7, 4.80, q (6.5)
11.3) 10.9) 17.4) 9.5) 9.5)

4o 1.78, dd (14.1, 1.95,dd (13.9, 1.78, dd (14.1, 1.83,dd (14.1, 12.2) 2.08,d (14.0) 2.14,d (14.2) 2.54" dd (15.2,
11.5) 11.7) 10.6) 2.5)

4B 1.88,dd (14.1, 1.7) 1.76,d (13.9) 1.89, dd (14.1, 1.6) 1.68, br d (14.1) 2.31,d (14.0) 2.37,d (14.2) 1.78 *dd (15.2,

9.2)

5 4.83, ddd (11.5, 4.92,dd (11.7, 4.83, ddd (10.6, 4.36-4.43, m - - 5.27,brd (9.2)
8.3, 1.7) 8.1) 8.0, 1.6)

¢ 5.36, d (8.3) 539,d (8.1)  5.38,d (8.0) 1.71-1.78, m, 2.23—  3.69, s 3.68, s -

2.30 m

7 - - - 2.78-2.84 m 7.00, br s

8 1.82, s 1.84, s 1.82, s 1.28,d (7.1) 539,d 4.5)  531,d(122) 1.84,s

9’ 1.71, s 1.78, s 1.72, s = 1.65, s 1.63, s =

10 1.58, s 1.61, s 1.58, s 1.56, s 1.62, s 1.61, s 1.58, s

11 - - 3.74, s - -

6(0H) - 5.05, s 485, s - -

§(OH) - - 3.19,d 4.5)  3.02,d (12.2)

% Signals may be reversed.
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Table 2 '3C NMR data of compounds 1-4, 7, 8, and 12 (125 MHz, CDCls, 6 ppm).
Position 1 2 3 4 7 8 12
2 160.8 160.9 164.2 n.d.* 160.5 160.3 160.9
3 105.1 107.5 105.1 103.4 107.2 106.9 108.9
4 164.2 163.5 161.1 n.d.* 160.1 160.0 167.4
4a 114.8 114.8 115.6 n.d.* 114.3 114.2 112.1
5 137.2 137.2 121.4 123.8 137.3 136.5 136.7
6 127.4 127.4 150.3 150.7 127.7 127.8 126.4
7 130.8 130.7 115.0 115.4 131.2 131.3 131.9
8 114.9 114.9 119.2 120.2 115.0 115.3 114.8
8a 154.1 153.9 148.5 148.7 154.1 154.2 156.1
9 23.8 23.7 13.8 12.6 24.0 23.8 21.3
g 114.3 112.2 114.2 111.6 113.1 113.3 15.6
2! 144.6 145.2 144.7 145.8 144.5 144.1 93.0
3/ 38.0 36.7 38.1 36.6 36.3 36.6 45.4
4 424 42.8 42.5 43.5 39.3 39.3 36.3
5 72.0 72.2 72.1 74.5 105.1 103.6 78.4
6 122.7 122.8 122.8 38.7 62.7 63.6 129.6
7 138.5 138.7 138.6 35.9 64.0 63.5 149.3
8’ 25.8 25.9 25.8 17.3 98.4 98.3 10.5
9 18.6 18.6 18.6 176.7 12.0 12.4 174.0
10 26.1 25.1 26.2 24.8 25.3 25.8 23.2
1 - — 52.0 - -
" not detected.

Table 3 'H NMR spectroscopic data of compounds 13-18 [500 MHz, CDCl;, 6 ppm (J = Hz)].
Position 13 + 14 15 16 17 18
6 7.01, d (8.0)/7.02 d (8.0) 7.10, d (7.8) 7.10, d (8.0) 7.11,d (7.9) 7.08, d (8.0)
7 7.33, br t (8.0) 7.39, t (7.8) 7.38, t (8.0) 7.38, t (7.9) 7.38, t (8.0)
8 7.17, d (8.0) 7.19, d (7.8) 7.17, d (8.0) 7.18, d (7.9) 7.18, d (8.0)
9 2.68, s 2.72, s 2.74, s 2.74, s 2.67,s
l'a 2.50-2.66, m (2H) 5.22,d (17.5) 5.06, d (17.3) 4.96, d (17.4) 5.06, d (17.4)
1'b 1.98, dd (13.4, 6.2)/2.03, dd (13.4, 6.2) 5.10, d (10.3) 5.09, d (10.5) 5.09, d (10.8) 5.14, d (10.6)
2’ 2.10, dd (13.4, 6.2)/2.13, dd (13.4, 6.2)  6.19, dd (17.5, 10.3)  6.18, dd (17.3, 10.5) 6.02, dd (17.4, 10.8) 6.11, dd (17.4, 10.6)
4o 3.05, d (16.0)/2.99, d (16.6) 3.45, d (15.3) 3.61, d (14.0) 291 d (13.7)*° 3.19, d (13.2)*
4B 2.91, d (16.0)/2.94, d (16.6) 2.68, d (15.3) 2.41, d (14.0) 2.74d (13.7)*° 3.03, d (13.2)*
6 3.36, s/3.38, s 4.30, s 4.29, s - 4.55,d (17.3)"

4.51, d (17.3)*
8’ 1.41,s/1.43 s 1.41, s 1.44, s 2.06, s -
9 1.27, s 1.27, s 1.31, s 1.70, s
10 1.60, s/1.57, s 1.66, s 1.65, s 1.57, s 1.66, s
7'-OH 3.54, s 3.86, br s - =

# signals can be reversed.

b data obtained from '"H NMR recorded in benzene dg at 328 K.

medium supplemented with fetal bovine serum (10%),
nonessential amino acids (1%), and penicillin—streptomycin
(1%) at 37 °C in a humidified atmosphere containing 5%
CO,. All the media and supplements were purchased from
Lonza Group Ltd. (Basel, Switzerland). Cells were seeded into
96-well plates (5000 cells/well). After overnight incubation, the
isolated compounds were added in two final concentrations (10
and 30 uM). After incubation for 72 h under cell-culture con-
ditions, MTT solution (20 pL, 5 mg/mL) was added to each
well and incubated further for 4 h. Finally, the medium was
discarded, and the precipitated formazan was dissolved in
dimethyl sulfoxide (DMSO) during 60 min of shaking at
37 °C. The absorbance was determined at 545 nm using a
microplate reader (SpectoStarNano, BMG Labtech, Orten-
berg, Germany). A clinically used anticancer agent, cisplatin

(Ebewe GmbH, Unterach, Austria), was included as a refer-
ence compound. For the compounds with substantial activities
(exceeding 50% cell growth inhibition at 30 uM), the assays
were repeated with a set of dilutions (0.1-30 uM) to calculate
the ICsy) values. Calculations were performed using the
GraphPad Prism 5.01 software (GraphPad Software Inc.,
San Diego, CA, USA).

3. Results and discussion

3.1. Isolation and structure determination of the compounds

Twenty compounds (1-20) were isolated from the CHCI; frac-
tion of the MeOH extract prepared from the aerial parts of C.
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Table 4 '>C NMR data of compounds 13-17 [125 MHz, CDCl;, ¢ ppm].
Position 13 + 14 15 16 17 18
2 162.8 161.1 161.1 161.1 160.9
3 161.2 114.2 116.4 109.6 116.6
4 99.98/99.95 168.9 168.2 166.1 167.0
4a 114.6/114.7 116.6 116.6 116.4 114.
5 136.59/136.61 135.4 135.3 135.9 137.1
6 127.6/127.7 128.1 128.1 128.3 128.3
7 130.7/130.8 131.2 131.1 131.2 131.6
8 115.3 114.8 114.8 114.9 115.0
8a 153.8 152.6 152.4 152.9 153.5
9 23.7/23.8 23.8 23.5 23.9 23.9
i 17.4 115.1 113.4 113.6 113.9
2! 29.7/29.8 141.0 145.7 143.4 144.0
3 78.8/78.9 442 424 42.9 28
4 48.3/48.5 53.4 53.7 53.5 53.3
5 203.2/203.0 208.4 210.6 196.3 207.4
¢ 65.9/66.0 93.7 94.9 147.8 78.3
7 61.6/61.7 72.0 72.5 137.5 —
8 24.8/24.9 24.9 24.8 19.6 -
9’ 18.5/18.7 26.9 27.1 20.3 —
10’ 24.7/25.0 30.2 23.2 23.9 27.0
Table 5 'H and *C NMR data of compound 20 [500 MHz observed to be C,oH1,05 based on the HR-ESI-MS peak at
(‘H), and 125 MHz (*C), CDCls, § ppm (J = Hz)]. m/z 311.1634 [M + H]" (calcd for C,0H,;05 311.1642). The
— = "H NMR and '*C JMOD spectra of 1 indicated the presence
RO S N LS me Key ‘l“t‘,“BC of one vinyl [0y 4.95 d (17.2 Hz), 5.18 d (11.3 Hz), 6.00 dd
cofrelations (17.2, 11.3 Hz); 6c 114.3, 144.6]; one 2-methyl-1-propenyl
2 - 161.0 ) [0 5.36 d (8.3 Hz), 1.82's, 1.71 s; d¢ 122.7, 138.5, 25.8, 18.6,
3 - 103.8 H-¢ 26.1], two methyl groups (0i 2.64 s, 1.58 s; ¢ 23.8, 26.1]; a
:a : iﬁg E:g H.8. H.9 skeleton comprising seven quaternary carbons (dc 164.2,
5 : 142:2 H-7: H9 .1 160.8, 154.1, 137.2, 114.8, 105.1, and 38.0); four methins [dy
7 7.38, t (7.8) 132.2 ddd (11.5, 8.3, 1.7 HZ); (SC 127.4, 130.8, 114.9, 72.0]; and one
8 7.20, d (7.8) 115.2 methylene group [0y 1.78 dd (14.1, 11.5 Hz), 1.88 ddd (14.1,
8a - 157.2 H-7, H-8 1.7 Hz); dc 42.4] (Tables 1 and 2). The NMR spectroscopic
9 2.76-2.85, m 34.2 H-6 data were very similar to those of preethulia coumarin (2)
L3l (Bohlmann and Zdero, 1982; Appendino et al., 2001)
dd (13.2,7.5) (Fig. 1), which was isolated in our experiment and showed that
v 1.65-1.75, m 33.1 compound 1 is a 5-methylcoumarin derivative connected with
. ??gﬁ;?i 2m 4.50) 1288 Ho10/ a monoterpene unit. The monoterpene part was elucidated by
3 o B 130:4 H-10' COSY and HMBC correlations. The '"H-"H COSY spectrum
& 2.17, d (13.5) 376 H-2', H-10' afforded sequences of correlated protons: —CHz—CH(OR)—
3.03, d (13.5) CH= (6y 1.78 dd, 1.88 dd, 4.83 ddd, and 5.36 d) and a vinyl
5 _ 129.9 H-4', H-8' group CH, = CH- (dyg 4.95 d, 5.18 d, and 6.00 dd). The con-
6 3.50, d (10.1) 51.1 nectivities of these structural fragments were determined based
7 2.61-2.72, m 37.3 on the HMBC correlations of C-3' (d¢ 38.0) with H-10" (dy
8B 3.54,d (10.5) 76.3 1.58), H-2' (dy 6.00), and H-4' (5 1.78, 1.88); and C-7' (6¢
8'at 4.27,d (8.3) ; 138.5) with H-6' (3 5.36), H-8' (dy; 1.82), and H-9' (6y 1.71)
o 1.14,d (7.0) e e (Fig. 2). These data showed that 1 and preethulia coumarin
10’ 1.98, s 26.9 H-2', H-4

pauciflorus by a combination of chromatographic methods,
such as OCC, VLC, preparative TLC and HPLC. The struc-
ture elucidation was conducted by spectroscopic analysis,
including 1D ('H and '*C JMOD) and 2D NMR (COSY,
HSQC, HMBC and NOESY) and HR-ESI-MS experiments.
Compound 1 (centrapalus coumarin A), was isolated as a
colorless oily material with the optical rotation of
3 + 68.0 (¢ 0.1, CHCl5). The molecular formula of 1 was

(2) are stercoisomers. The configuration of the compounds
was solved using the NOESY spectra. Key NOESY correla-
tions of 1 were observed between H-6' and H-4' at oy 1.78
(z) and between H-4' at oy 1.88 () and H-5', confirming the
opposite orientation of the vinyl and the 2-methyl-1-propenyl
groups, as that of preethulia coumarin (2). The same configu-
ration of C-3’ was indicated by the Overhauser effects between
H-4'/H-2' for 1 and H-5/H;-10' for preethulia coumarin (2).
The three-dimensional (3D) molecular model of 2 indicates
that H-5" and H3-10' probably have the most probably axial
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12 13 H-6'c 15 16
14 H-6'8

17 18 19 20

Fig. 1  Structure of compounds 1-20 isolated from C. paucifiorus.
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Fig. 2 Key COSY (-), HMBC (-), and NOESY (H < H)
correlations of centrapalus coumarin A (1).

position on the ring with a chair conformation. Previously
unpublished '*C NMR data of 2 are listed in Table 2.

Compound 3 (centrapalus coumarin B) was isolated as a
colorless oily compound with the optical rotation of
[0]& + 160.7 (¢ 0.1, CHCly). The molecular formula of 3
was observed to be CyoH,,04 based on the HR-ESI-MS peak
at mjz 327.1592 [M + H]" (caled for CpH»304 327.1591).
Comparing the '"H NMR and '*C NMR JMOD spectral data
of 3 with those of 1 revealed that both compounds are based
on a 5-methylcoumarin structure substituted with a monoter-
pene unit (Tables 1 and 2). The monoterpene parts of 1 and
3 were the same, as indicated by the good agreement of the
'H and '3C NMR data. The difference between the two com-
pounds lies in the aromatic ring, in that 3 contains an addi-
tional hydroxyl group at C-6 and NOE correlations of 6-OH
with protons at dy 2.55 (H3-9) and 6.99 (H-7). This was
demonstrated by the ortho-coupled doublet protons at oy
6.99 d (8.8) (H-7), and 7.03 d (8.8) (H-8), carbon resonance
of C-6 at dc 150.3 (for 1 oc 127.4), and the OH singlet at oy
5.05 (6-OH), which exhibited an HMBC correlation with C-
6. The stereochemistry of 3 was analyzed by NOESY spec-
troscopy and found that the configuration of C-3' and C-5
were identical to those of 1, with regard to the H-2'/H-4'f,
H-4'0/H-6', and H-5'/H-4'f correlations.

Compound 4 (centrapalus coumarin C) was isolated as a
colorless oily compound with the optical rotation of
[]E + 29.6 (¢ 0.05, CHCl;). It was shown by HR-ESI-MS
to have the molecular formula of C,;H»404, according to the
quasi-molecular ion peak at mjz 373.1642 [M + H]™ (caled
for CyH,50¢ 373.1646). The 'H NMR and '3C JMOD
NMR spectral data of 4 showed a similar 6-hydroxy-5-
methylcoumarin core as that of compound 3 (Tables 1 and
2). For the monoterpene part, the "H-"H COSY spectrum sug-
gested structural fragments with correlated protons: —CH,-
CH(OR)-CH,~CH(CHj3) — (oy 1.83 d, 1.68 d, 4.36-4.43 m,
2.23-2.30 m, 1.71-1.78 m, and 1.28 d) (C4-C8) and -
CH = CH, (dy 6.15 dd, 5.11 d, and 5.08 d) (vinyl group).
These structural parts, together with a quaternary carbon con-
necting methyl (éy 1.56 s) and quaternary carbons at dc 36.6,
and carbonyl at 176.7 were connected by the inspection of the
long-range C—H correlations observed in the HMBC spectrum
between C3’' and H-1’, H-2/, and H-10"; C-10’ and H-4'a, and
H-2', and C-9’ and H-6', H-7', H-8', and OCHj; group. These
data established the constitution of this compound as depicted
by the structural formula of 4. The relative configurations of

chiral carbons C3' and C-5 were defined by the NOESY cor-
relation between H-5" and H-10'.

Compounds 7 and 8 (centrapalus coumarins D and E,
respectively) were isolated as a mixture of two stereoisomers
in ratio 2:1 whose components rapidly transform into each
other when separated by HPLC. Fortunately, it was possible
to solve the structure of both compounds as a mixture. The
protonated molecular ion of compounds 7 and 8 at m/z
357.1329 [M + H]" (caled for C,oH, 06 357.1333) in the
HR-ESI-MS spectrum offered the molecular formula,
C36Hs6Og. The '"H NMR and '*C NMR JMOD spectral data
indicated a similar 3’-methyl-3’-vinyl substituted A/B/C ring
system as that of 1 with a difference of C-5', which is a quater-
nary carbon for 7 and 8 (d¢ 105.1 and 103.6), and a methine
for 1 (6c 72.0, oy 4.83) (Tables 1 and 2). The HMBC correla-
tions between C-5' and the proton signals at dy 5.39 (7) and
5.31 (8) (H-8') suggested that the C-6'-C-9’ part of the mole-
cule was cyclized connecting to C-5 through an oxygen link-
age, thereby forming ring D and resulting in a tetracyclic
monoterpene-coumarin structure. Ring D was substituted with
a hydroxy and an epoxy group, as confirmed by the HMBC
correlations of C-6' (7: dc 62.7, 8: dc 63.6); C-7' (7: d¢c 64.0,
8: 0¢ 63.5); and C-8 (7: oc 98.4, 8: 6c 98.3) with 8-OH (7:
on 3.19 d, 8: dy 3.02 d); C-6' with H-9' (7: oy 1.65 s, 8: oy
1.63 s); and C-5 and C-7" with H-8' (7: 6y 5.39 d, 8: dy 5.31
d). The coupling constant of H-8'/8'-OH was different for com-
pounds 7 and 8 (7: J = 4.5 Hz, 8: J = 12.2), which demon-
strates the opposite configuration of 7 and 8 in this position.
NOESY correlations provided evidence of the stereochemistry
of these compounds. The key Overhauser effect of 7 was
observed between the 8'-OH group and H-9, which was possi-
ble only when the spiro structure and 8 f-OH exist as in the
depicted structure of 7. For the other isomers, the distance
between the H-9 and the hydroxyl group is greater than 3 A
(Fig. 3). The NOE correlation of H-8" with H-9' indicated their
o orientations. The Overhauser effect between H-6' and H-2
indicated that the vinyl group is f-oriented, and the 10'-

Fig. 3

3D model of centrapalus coumarin D (7) with indication
of the key NOESY correlation.
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methyl group exhibits the o orientation. Accordingly, NOESY
cross-peaks between 10’-methyl/H-4'cc and H-4'f/H-6' were
detected. For compound 8, a strong NOESY correlation was
observed between H-9 and H-8', confirming that the C-8' con-
figuration is reversed in this compound. Other NOE correla-
tions corresponded to the NOE correlations of the major
isomer.

Compound 12 (centrapalus coumarin F) was obtained as a
white amorphous powder with the optical rotation of [o]3
—70.1 (¢ 0.1, CHCl3). Its molecular formula was deduced to
be C,0H»0Os from the protonated molecular ion at m/z
341.1381 [M + H]™ (caled for C,oH»;05 341.1384) detected
in the HR-ESI-MS spectrum. The '"H NMR and '*C NMR
JMOD spectral data of 12 showed similar A, B, and C rings
as those of 1 (Tables 1 and 2). The linkage of the C-10" methyl
group at C-3' in 12 was evident with regard to its cross-peaks
with C-3, C-3’, and C-4' in the HMBC spectrum. However,
further parts of the monoterpene unit were observed to be dif-
ferent. The connected structural parts were CH;-CH < (dy
1.43 d and 4.80 q; dc 15.6 and 93.0) (C-1'-C-2’ fragment)
and CH;-CH = C-C(O)- (oy 1.84 s, 7.00 brs; dc 10.5,
149.3, 129.6, and 174.0) (C-8'—C-7-C-6'-C-9’ fragment). The
first one is linked to C-3’ because the proton at dy 4.80 (H-
2") exhibited HMBC correlations with C-3, C-4, and C-10/,
while the second fragment bound to C-5 according to the
HMBC cross-peak between H-7' (0y 7.00) and C-5". The chem-
ical shift value of C-9' (6c 174.0) indicated the presence of a
lactone ring. Thus, the elucidated structure of 12 corresponds
to the molecular composition. NOESY correlations between
H-1"/H-10" and H-10’/H-4’ revealed the o orientations of 10'-
and 1’-methyls and H-5'.

Compounds 13 and 14 (centrapalus coumarins G and H,
respectively) were isolated as a mixture of two isomers. The
molecular formulas of compounds 13 and 14 were shown to
be C0H»,0O5 based on the HR-ESI-MS peak at m/z 343.1537
[M + H]" (caled for ChyH»30s 343.1540). The 'H NMR
and '*C NMR JMOD spectra of 13 and 14 showed two very
close sets of "H and 'C signals, suggesting the presence of a
stereoisomer pair at a ratio of approximately 1:1 (Tables 3
and 4). The aromatic range of the spectra confirmed the pres-
ence of a 5S-methylcoumarin structure for 13 and 14. However,
an interesting arrangement of the monoterpene component
that substantially differed from those previously described
was observed. The vinyl and methyl groups previously
attached to ring C at C-3' was absent, but the COSY spectrum
of the monoterpene part showed the structural fragment of —
CH,—CHy>— (dy 2.60 m, 1.98 dd/2.03 dd and 2.10 dd/2.13 dd;
oc 17.4, 29.7/29.8). The HMBC correlation of the monoter-
pene component revealed the —-CH,—CH,—C(CH3)(OR)-
CH,—CO-CH(O)C(CH3), structure (éy 2.60 m, 1.98 dd/2.03
dd, 2.10 dd/2.13 dd, 291 d/294 d, 3.05 d/2.99 d,
3.36 s/3.38 s, 1.41 s/1.43 s, 1.27 s, and 1.60/1.57 s; 7.4,
29.7/29.8, 78.8/78.9, 48.3/48.5, 203.2/203.0, 65.9/66.0,
61.6/61.7,24.8/24.9, 18.5/18.7, and 24.7/25.0) (C-1'-C-9"). This
unusual monoterpene segment was corroborated by HMBC
correlations observed between H-1'/C-3, C-4, C-3/, H-10'/C-
2/, C-3, C-4, H-4/C-5, H-6'/C-5, C-7', C-8, and H-8/C-9'.
The stereochemistry of the two stereoisomers was investigated
by NOESY spectroscopy. H-10" correlated with H-9, H-2'a,
and H-2'b for both compounds, which suggested that they
have the same configuration at C-3’, and the difference lies
in the configuration of C-6'.

Compound 15 (centrapalus coumarin I) was isolated as a
white amorphous powder with the optical rotation of
[o]d + 111.8 (¢ 0.05, CHCl3). The molecular formula of com-
pound 15 was determined to be Cy0H»,Os by analyzing the
prominent ion peak at m/z 343.1540 [M + H]" (caled for
CaoH»305 343.1540) through HR-ESI-MS. The 'H NMR
and '*C NMR JMOD spectral data of 15 revealed similar pat-
tern characteristics to 5-methylcoumarin derivatives, such as
previously discussed compounds. The same methyl and vinyl
groups were identified at position C-3' as in the case of 1-11,
as shown by the NMR signals at dy 1.66 s and dc 30.2 (C-
10), and oy 5.22 d, 5.10 d (H-1"), and 6.19 dd (H-2') and J¢
115.1 (C-1"), and 141.0 (C-2’), and HMBC cross-peaks between
C-3//H-1', H-2/, and H-10' (Tables 3 and 4). However, a sub-
stantial difference was observed in its ring C, which was a
seven-membered ring in contrast to the six-membered ring C
in compounds 1-14. The C-4—-C-9’ part of the molecule com-
prised a keto group (dc 208.4); an O-substituted quaternary
carbon (dc 72.0); an O-substituted methine (oy 4.30 s, ¢
93.7); a methylene (0y 3.45 d, 2.68 d; ¢ 53.4); and two tertiary
methyls (04 1.41 s and 1.27 s; dc 24.9 and 26.9). The long-
range heteronuclear correlations between C-3'/H,-4', C-5/
H,-4', H-6/, C-6//H,-4', H-8' and C-7//H-6¢/, H3-8', and H3-9’
enabled to elucidate an oxepane ring C substituted with a keto
group at C-5 and a 1-hydroxyisopropyl group at C-6'. The
stereochemical assignment was determined by a set of NOESY
cross-peaks between H-9/H-8, OH/H-10’, H-10'/H-4'0,
H-4p/H-2', H-4p/H-1", and H2'/H-6¢, indicating the
o-orientation of a 1-hydroxyisopropyl group, Hs-10’, and
H-4'a (0 3.45 d) and the f-orientation of H-4'f (5 2.68 d),
H-2', and H-6'.

Compound 16 (centrapalus coumarin J) was obtained as a
white amorphous powder with the optical rotation of [o]F
—186.0 (¢ 0.05, CHCIl3). The molecular formula of 16 was cal-
culated as C,oH»,Os5 by its quasi-molecular ion peak observed
at m/z 343.1540 [M + H]" (caled for CyH,305 343.1540)
through HR-ESI-MS. The evaluation of its '"H NMR and
13C NMR JMOD spectral data revealed the same planar struc-
ture as that of 15. Difference was found in the chemical shift
values of C-1'-C-3’, C-10', H-1’, and H-4' (Tables 3 and 4),
and NOESY correlations suggested the opposite stereochem-
istry at C-3'. For 16, H-6' and H;-10" exhibited NOESY
cross-peaks, from which the f§ position of the 10’-methyl group
was confirmed.

Compound 17 (centrapalus coumarin K) was isolated as a
colorless oily compound with the optical rotation of
[0 + 31.7 (¢ 0.05, CHCls). The molecular formula of 17
was shown to be CyoH,0O4 based on the HR-ESI-MS peak
at mjz 325.1434 [M + H]" (caled for CyoH,;0, 343.1440).
The 'H and '*C NMR JMOD spectroscopic data of com-
pound 17 revealed a similar structural pattern as that of 15
(Tables 3 and 4). The main difference was observed in the
chemical shifts of C-6' and C-7'. The deshielded signals of C-
6 (17: 6c 147.8; 15: 6¢c 93.7) and C-7 (17: o¢ 137.5; 15: oc
72.0) (0c) suggested the presence of a C-6'/C-7" olefin bond
in 17 instead of H-6' and 7-OH in 15. The HMBC correlations
of H-8' and H-9' with C-5' (weak *J), C-6/, and C-7' confirmed
the isopropylidene group at C-6'. The configuration of the chi-
ral carbon, C-3’, could not be determined. Interestingly, the 4'-
methylene protons were not visible as two doublets in the 'H
NMR spectrum, similar to compounds 13-16, and subse-
quently, 18. The signals of this methylene group was located
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in the '"H NMR spectrum within the range of 2.80-3.25 ppm.
Oppositely, the 4'-methylene carbon (d¢ 53.5) was visible in the
JMOD spectrum. The '"H NMR spectra were recorded under
different conditions to detect the missing protons and measure-
ment in benzene dg at 328 K revealed a pair of doublet at 2.91
and 2.74 ppm with a coupling constant of J = 13.7 Hz. These
protons demonstrated mutual coupling in the 'H-'"H COSY
spectrum recorded at 328 K; therefore, these signals were
assigned to H,-4'. Another unexpected observation during
the structural determination of 17 was defining C-10'. The pro-
tons of this methyl group in the HSQC spectrum did not exhi-
bit an HSQC correlation with the corresponding carbon. This
behavior was probably related to the presence of a double
bond in the C-6'-C-7' position, which was in conjugation with

Table 6 Antiproliferative properties of the isolated compounds.

the keto group, C-5', causing anisotropy around carbons C-4'
and C-10".

Compound 18 (centrapalus coumarin L) was isolated as a
white amorphous powder with the optical rotation of
[0y + 454 (¢ 0.05, CHCly). Its molecular formula,
C7H 604, was obtained from the quasi-molecular peak at
m/z 285.1114[M + H]" (calcd for C7H ;0,4 285.1121) during
HR-ESI-MS. The 'H and '*C NMR signals of 18 exhibited a
similar 5-methylcoumarin structure substituted with a seven-
membered ring C, as observed in compounds 15-17 (Tables
3 and 4). However, the monoterpene component of 18 com-
prised only seven carbons, in contrast to ten in 15-17. The
seven-membered ring was substituted with methyl and vinyl
groups at C-3', as confirmed by the long-range heteronuclear
correlations of C-3 and C-3' with H,-1’, H-2/, and Hs-10'.

Compound Conc. or ICs Cell growth inhibition (%) + SEM and calculated ICs, values (uM)
MCEF-7 MDA-MB-231 HeLa SiHa A2780

1 10 uM —* - 4794 £+ 0.77 - 22.11 £ 2.65
30 uM 26.4_2 + 2.11 - 76.85 £ 3.23 30.23 £ 1.63 62.14 £ 0.86
ICso nd.” n.d. 9.21 n.d. 19.65

2 10 uM 21.77 £ 3.14 - 44.80 £ 1.24 = 22.17 £ 1.32
30 uM 33.82 £ 3.50 25.76 £+ 2.63 7591 + 1.49 25.63 £+ 2.18 54.83 £ 0.84
ICso n.d. n.d. 9.58 n.d. 26.50

3 10 pM 22.22 £ 2.72 - 4297 £ 0.02 22.40 £ 2.60 28.94 £+ 1.16
30 uM 4591 £+ 1.20 21.98 + 1.52 7533 £ 0.44 24.28 £+ 1.70 57.20 £ 0.66
ICso n.d. n.d. 8.44 n.d. 27.29

5 10 uM - - - - -
30 uM 26.74 £ 3.18 = 22.75 + 0.87 22.61 £ 1.08 20.62 £ 0.22

7+ 8 10 uM - - - - -
30 uM - - 22.60 £ 1.93 = =

9 10 pM 29.23 + 1.08 - 26.18 £ 1.01 22.64 £ 1.98 26.43 £ 1.51
30 pM 70.66 + 0.85 47.65 £ 0.90 74.97 £ 0.27 66.12 + 1.34 57.79 + 1.13
1Cso 15.30 n.d. 14.59 18.94 26.94

10 10 uM 20.16 £ 1.86 - - 2426 £ 1.71 =
30 pM 43.78 + 1.60 - 24.90 + 2.86 35.90 + 0.89 -

11 10 uM 23.83 £ 1.01 - - 24.76 £+ 0.60 =
30 uM 40.62 £+ 1.50 - 2145 £ 248 27.70 £ 0.54 =

12 10 pM 57.26 + 1.05 = 69.48 + 1.30 20.83 £ 1.68 37.22 + 3.02
30 pM 69.71 + 1.01 26.23 + 1.38 94.60 + 0.55 40.84 + 1.49 67.96 + 2.01
ICs 6.59 n.d. 2.28 n.d. 15.41

13 + 14 10 pM = = = 28.95 £ 0.82 =
30 pM 37.77 = 1.72 20.72 + 1.02 40.58 + 3.72 4792 + 1.89 32.28 + 1.06

15 10 uM = = = = =
30 uM 20.28 + 2.44 = = = =

16 10 uM - - - - -
30 uM 23.16 £ 3.06 — 2293 £ 2.51 — —

19 10 uM - - - - -
30 uM 2642 £ 2.63 32.79 £ 3.25 38.02 + 2.48 22.22 £+ 0.82 27.74 £ 1.29

20 10 uM 21.33 + 3.47 - 38.39 + 2.02 - 21.82 + 2.54
30 uM 28.38 £ 1.66 21.39 £+ 2.03 42.00 £ 1.36 21.12 £ 1.29 30.27 £ 2.97

cisplatin 10 uM 66.91 + 1.81 4272 + 2.68 42.61 + 2.33 60.98 + 0.92 83.57 + 2.21
30 uM 96.80 £ 0.35 86.44 + 0.42 99.93 £ 0.26 88.95 £ 0.53 95.02 £ 0.28
1Cso 5.78 10.17 12.43 4.29 1.30

" Cell growth inhibition values less than 20% were considered negligible and are not given numerically.

" : not determined.
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The presence of a 5'-keto group (d¢ 207.4) was suggested by
the isolated 4'- and 6'-methylenes (o4 3.19 d, 3.03 d, each
13.2 Hz; dy.¢ 4.55 d, 4.51 d, each 17.3 Hz), and further con-
firmed by the HMBC correlations between C-5, H,-4', and
H,-6'.

Compound 20 (centrapalus coumarin M), was isolated as a
white crystalline powder with the optical rotation of
[¢]p + 76.6 (¢ 0.05, CHCIy). Its molecular formula was shown
to be CyyH»0O4 based on the HR-ESI-MS peak at m/z
325.1431 [M + H] " (caled for CaoH»,05 325.1434). The 'H
and >C NMR data of 20 exhibited an unusually complex pen-
tacyclic coumarin structure. Although rings A and B were sim-
ilar to those of previously described compounds, the methyl
group at C-5 was replaced by a methylene group (dy 2.82 m,
3.31 dd; 6c 34.2) (Table 5). Rings C and D were elucidated
as five-membered rings, while ring E formed a ten-membered
macrocycle. The COSY spectrum revealed the presence of
structural parts A >CH-CH(CH;)-CH,— (dy 3.50 d, 2.66—
2.50 m, 3.54 d, 4.27 d, and 1.14 d; 6¢ S51.1, 37.3, 76.3 and
12.2) [C-6'-C-7(C-9)-C-8 fragment] and B —CH,—CH,-
CH= (0y 2.76-2.85 m, 3.31 dd, 1.65-1.75 m, 2.28-2.38 m,
5.70 dd; oc 34.2, 33.1, 128.8) (C-9—C-1'-C-2' fragment). The
HMBC correlations between H-6' (64 3.50 d), C-3 (¢
103.8), C-4 (0¢ 167.6), H-8' (o 4.27 d), and C-5 (d¢ 129.9)
revealed the existence of five-membered rings C and D. A
macrocyclic ring was formed between C-5 and C-5' with the
participation of structural part B and quaternary carbon C-
3 (6c 130.4), methylene C-4' (6 2.17 d, 3.03 d, oc 37.6),
and methyl group C-10' (g4 1.98 s, d¢ 26.9). Their connection
was verified by HMBC correlations of C-5/H-9, C-4'/H-2', C-
4/H-10', C-5/H-4', and C-10'/H-2'. The NOESY spectrum
showed that H-6, H-7', and C-4’ exhibited an o-orientation,
while C-9" was f-oriented. This was confirmed by Overhauser
effects between H-4'/H-6', H-6'/H-8'«, H-8' $/H-9’, and H-8' ¢/
H-7'. In compound 20, the 5-methylcoumarin part is usually
condensed with a head-to-tail coupled monoterpene unit.
Instead of a C-3/C-3' connection, C-3/C-6' and C-9/C-1" were
formed, resulting in a new macrocyclic carbon skeleton.

Other known monoterpene-coupled coumarin derivatives
(2,5, 6,9-11, 19) were isolated and identified from the C. pau-
ciflorus extract. They were identified based on a comparison
between their spectroscopic and reported data. Preethulia cou-
marin (2) was isolated from Vernonia cinarescens (Bohlmann
et al, 1982). TIsoethuliacoumarin A (5) and 5-epi-
isoethuliacoumarin A (6) were isolated from Ethulia conyzoides
(Mahmoud et al., 1998). Compounds 9 and 10 were previously
reported as mixtures of an oxidation product prepared from
natural coumarins of Ethulia conyzoides (Mahmoud et al.,
1998). Ethuliacoumarin (11) has been obtained from Ethulia
conyzoides (Mahmoud et al., 1983), Conyza bovei (Metwally,
1996), Vernonia brachycalyx (Keige et al., 1998), Bothriocline
amplifolia (Ahmed et al., 1991), B. ripensis (Ahmed et al.,
1991) and exhibited molluscicidal activity. Hoehnelia cou-
marin (19) was isolated from Ethulia vernonioides (Schuster
et al., 1993).

3.2. Discussion of antiproliferative activities

The antiproliferative properties of 16 of the 19 isolated com-
pounds were investigated against a panel of human adherent
cell lines of gynecological origin (Table 6). The amounts of

six compounds were insufficient for the in vitro assay; there-
fore, only a limited conclusion was obtained concerning their
structure—activity relationships. Generally, HeLa cells
appeared to be the most sensitive, while MDA-MB-231 cells
from triple-negative breast cancer exhibited a minor growth-
inhibiting action. The 5-methylcoumarin derivatives with a 2-
methyl-1-propenyl group on ring C (1-3) exhibited similar
antiproliferative effects; their activity against HeLa cells was
comparable to that of cisplatin, but the other cell lines were
less sensitive. The structurally closely related 5 was ineffective,
which may have been due to the changed orientation of the
substituents at C-3’, and the increased polarity because of
the presence of two hydroxy groups. The presence of a five-
membered ring D (7 + 8, 9, and 10) was not advantageous,
particularly when it bears an epoxy group (7 + 8). The 5-
methylcoumarin coupled with a seven-membered ring (12)
was confirmed to be the most potent compound; its action
on MCF-7 cells (ICsg, 6.59 uM) was similar to that of cisplatin
(ICs0, 5.78 uM), while it was substantially more effective
against HeLa cells (ICso, 2.28 uM). The cancer selectivity of
centrapalus coumarin F (12) was determined using the same
assay against intact murine fibroblasts (NIH-3 T3). Treatment
with 12 resulted in an inhibition of 30.72 + 1.29% and 52.5
9 + 0.92% at 10 and 30 pM, respectively, while the reference
agent, cisplatin caused 73.88 + 1.63% and 97.10 £ 0.15%, at
the same concentrations. The calculated ICsy values against
the NIH-3 T3 cells were 25.42 and 5.19 uM for 12 and cis-
platin, respectively, indicating an improved cancer selectivity
for 12. A mixture of 13 and 14 demonstrated the most pro-
nounced activity against SiHa cells, but the growth inhibition
was less than 50% at 30 pM. Compounds with a seven-
membered ring C (15 and 16) elicited no relevant actions,
and S5-methylcoumarin derivatives containing a five-
membered ring C (19 and 20) exhibited only modest activities.

4. Conclusions

Thirteen previously unreported compounds, named centrapalus cou-
marins A-M (1, 3, 4, 7, 8, 12-18, 20) based on the 5-methylcoumarin
skeleton, and seven known coumarins (2, 5, 6, 9-11, 19), from the aerial
parts of C. pauciflorus were isolated and described. The compounds are
hybrid molecules of a monoterpene and a 4-hydroxy-5-methylcoumarin
unit. The diversity of the compounds originates from the connection of
the monoterpene part. Centrapalus coumarins F (12) and M (20) are
based on new heterocyclic ring systems. The monoterpene part of centra-
palus coumarin L (18) was derived through the loss of a C; unit.

Most of the tested molecules exhibited negligible or modest
antiproliferative actions against human cancer cells of gynecological
origin. However, centrapalus coumarin F (12) was more active against
HeLa cells than the reference agent, cisplatin. Based on the in vitro
results, its cancer selectivity is considerable.
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