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Y4, four monoterpene indole
alkaloids from Melodinus henryi†

Fa-Lei Zhang, Juan He, Tao Feng * and Ji-Kai Liu*

Melodinines Y1–Y4 (1–4), four undescribed alkaloids were isolated from Melodinus henryi. Their structures

were elucidated by extensive NMR, mass spectroscopic analyses, theoretical NMR and electronic circular

dichroism (ECD) calculations. Compounds 1 and 2 are the first examples of bisindole alkaloids possessing

an eburnamine–leuconoxine combination. Compound 3 is a rare 2,3-seco pleiocarpamine type

monoterpene indole alkaloid. Compound 1 showed cytotoxic activities against six human cancer cell

lines with IC50 values of 0.5–15.2 mM.
Introduction

Monoterpene indole alkaloids (MIAs) are undoubtedly an
important class of natural products that have attracted much
attention due to their structural diversity and remarkable bio-
logical activity.1–4 The genus Melodinus (Apocynaceae) contains
53 species all over the world, 11 of which are mainly distributed
in southern China and some of them have been used to treat
conditions such as bellyache, dyspepsia, orchitis, and rheu-
matic heart disease and as a Chinese folk medicine.5 It has been
demonstrated that plants of the genus Melodinus are rich in
MIAs.6 So far, more than 280 MIAs have been obtained from
these plants.6–9 Of them, over 40 bisindole alkaloids, comprised
by two MIA units, have been identied, and most of them have
been reported to demonstrate cytotoxicity against several
human cancer cell lines in vitro.6–9

M. henryi is a cane distributed in China, Thailand, and
Burma. The fruits of M. henryi is used for treating meningitis
and fracture in China.10 Previous chemical investigations on
this plant reported a series of MIAs with new carbon skeletons
and signicant bioactivities.9–17 For instance, melohenine A was
isolated as a novel C24 MIA with a rigid eight-ring system,17

melohenine B was isolated as a ketolactam derivative, regarded
as a key intermediate from indole to quinolone,17 while melo-
dinine V was a vincanol-eburenine bisindole alkaloids showing
selective cytotoxic activities against human HT-29 cells.9 It
induced cell cycle arrest at G1 phase and cellular apoptosis by
increasing histone-associated DNA fragmentation in the treated
HT-29 cells.9 Inspired by the novel structure and remarkable
biological activity, we have been engaged in research on the
chemical composition of the plant for a long time.11,13,16,17 In the
ntral University for Nationalities, Wuhan
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
current study, four new MIAs, melodinines Y1–Y4 (1–4), have
been isolated from the bark of M. henryi (Fig. 1). Their struc-
tures with absolute congurations were elucidated by means of
spectroscopic and computational methods. Melodinines Y1 and
Y2 (1 and 2) are two novel bisindole alkaloids representing the
rst example of an eburnamine–leuconoxine combination.
Melodinine Y3 (3) is a rare 2,3-seco pleiocarpamine type MIA. All
compounds were evaluated for their cytotoxicity against six
human cancer cell lines. Herein, the isolation, structural
elucidation, and biological activities of these compounds are
reported.
Results and discussion

The molecular formula of compound 1 was established as
C39H50N4O2 by the positive high resolution (HR) ESI mass
spectrum, indicating 17 degrees of unsaturation. It's UV
absorption bands at 293 and 207 nm suggesting an indole
Fig. 1 Compounds 1–4 isolated from M. henryi.
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Table 1 1H and 13C NMR data of 1 and 2 (methanol-d4, d in ppm and J in Hz)

Unit A Unit B

No. 1 dH 1 dC 2 dH 2 dC No. 1 dH 1 dC 2 dH 2 dC

2 131.9 s 132.3 s 20 2.97 m; 3.26 m 58.2 t 3.24 m; 3.63 m 57.7 t
3 2.58 t (10.0); 2.80 m 45.5 t 2.57 m; 2.77 m 45.4 t 30 2.75 m; 3.45 m 63.6 t 3.27 m 61.7 t
5 3.46 m 52.0 t 3.42 m 51.9 t 50 2.91 m; 3.33 m 64.5 t 3.02 m; 3.49 m 63.5 t
6 2.82 m; 3.03 m 17.6 t 2.81 m; 3.04 m 17.7 t 60 2.39 m; 2.48 m 34.0 t 2.30 m; 2.60 m 39.2 t
7 105.2 s 105.1 s 70 94.3 s 90.4 s
8 129.3 s 129.2 s 80 117.4 s 118.9 s
9 7.41 d (7.8) 119.2 d 7.42 d (8.0) 118.9 d 90 6.78 s 124.9 d 6.85 s 123.1 d
10 6.94 t (7.8) 120.7 d 6.97 t (8.0) 120.5 d 100 122.7 s 124.3 s
11 6.81 t (7.8) 121.9 d 6.90 t (8.0) 122.0 d 110 158.5 s 157.4 s
12 6.63 d (7.8) 113.1 d 6.79 d (8.0) 112.7 d 120 6.48 s 98.3 d 6.40 s 98.3 d
13 137.7 s 137.9 s 130 150.8 s 148.1 s
14 1.46 m; 1.82 m 20.6 t 1.47 m; 1.86 m 20.7 t 140 1.70 m 26.3 t 1.68 m 31.4 t
15 1.15 m; 1.53 m 24.4 t 1.12 m; 1.53 m 24.5 t 150 1.91 m; 2.41 m 26.9 t 2.14 m; 2.40 m 29.6 t
16 5.55 dd (11.0, 4.5) 49.9 d 5.57 dd (10.8, 4.6) 48.5 d 160 1.82 m; 2.30 m 20.0 t 1.84 m; 2.41 m 20.7 t
17 1.67 m; 2.37 m 42.7 t 1.73 m; 2.31 m 43.5 t 170 1.40 m; 1.61 m 33.2 t 1.61 m; 1.84 m 31.9 t
18 0.93 t (7.2) 7.7 q 0.89 t (7.4) 7.7 q 180 0.89 t (7.4) 7.1 q 0.93 t (7.5) 7.1 q
19 1.54 m; 2.09 m 29.3 t 1.54 m; 2.14 m 29.4 t 190 1.34 q (7.4) 34.5 t 1.30 m 35.3 t
20 36.4 s 36.5 s 200 32.8 s 33.0 s
21 4.38 s 61.2 d 4.33 s 61.1 d 210 103.7 s 102.1 s

OMe 2.68 s 53.0 q
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chromophore,7 and the IR absorption bands at 3418 cm�1

indicated NH and/or OH functionalities. The 1D NMR data
revealed that 1 possessed three methyl, 16 methylene, 8
methine, and 12 quaternary carbons (Table 1). Compound 1was
identied preferentially as a bisindole alkaloid with a combi-
nation of an eburnamine and a leuconoxine unit, similar to
isoeburnamine10 (unit A) and leuconoxine18 (unit B), aer
analyzed all of the NMR data.

The 1H–1H COSY spectrum revealed nine partial structures
a–i as shown in Fig. 2. In the 1H NMR spectrum, four aromatic
protons at dH 7.41 (1H, d, J ¼ 7.8 Hz), 6.94 (1H, t, J ¼ 7.8 Hz),
6.81 (1H, t, J¼ 7.8 Hz) and 6.63 (1H, d, J¼ 7.8 Hz) were assigned
to be the unsubstituted indole moiety in unit A, which were
Fig. 2 Key HMBC and 1H–1H COSY correlations of 1, 3, and 4.

24 | RSC Adv., 2021, 11, 23–29
further supported by 1H–1H COSY and the key HMBC correla-
tions of dH 7.41 (1H, d, J ¼ 7.8 Hz, H-9) with dC 137.7 (s, C-13)
and dH 6.63 (1H, d, J ¼ 7.8 Hz, H-12) with dC 129.3 (s, C-8).
And the key HMBC correlations of dH 3.03 (1H, m, H-6) and
2.82 (1H, m, H-6) with dC 105.2 (s, C-7), dH 4.38 (1H, s, H-21) with
dC 131.9 (s, C-2), 45.5 (t, C-3), and 36.4 (s, C-20) suggested the
connections of partial structures b and c through N-4 atom, and
C-21 with N-4 and the connections of C-21 with C-2 and C-21
with C-20. In addition, the HMBC correlations also revealed
the connections of structures c–e and C-21 with C-20. The above
data suggested that unit A possessed an eburnan-type skeleton,
similar to isoeburnamine.

In the 1H NMR spectrum, two aromatic protons at dH 6.78
(1H, s) and 6.48 (1H, s) were assigned to a disubstituted benzene
group in unit B (Fig. 2). In the 13C NMR spectrum, eight signals
Fig. 3 Key ROESY correlations of 1, 3, and 4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of the calculated ECD spectra with the PCMmodel
for 1A with the experimental spectrum of 1 in methanol.
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at dC 158.5 (s), 150.8 (s), 124.9 (d), 122.7 (s), 117.4 (s), 98.3 (d),
103.7 (s), and 94.3 (s) showed characteristics for an indolenine
moiety. A methoxy placed at C-70 was established by the HMBC
correlation from dH 2.68 (3H, H3–OMe) to dC 94.3 (s, C-70). One
sp3 quaternary carbon at dC 103.7 (s, C-210) suggested that unit B
might have a structure similar to leuconoxine. The HMBC
correlations, associated with the 1H–1H COSY data, established
unit B as given in Fig. 2. The linkage of between units A and B by
the bond C-16/C-100 was established by HMBC correlations of
dH 5.55 (1H, dd, J ¼ 11.0, 4.5 Hz, H-16) with dC 122.7 (s, C-100),
158.5 (s, C-110), and 124.9 (d, C-90), and of dH 6.78 (1H, s, H-90)
with 49.9 (d, C-16). This data also determined the placement for
the OH at C-110 unambiguously.
Table 2 1H and 13C NMR data of 3 and 4 (methanol-d4, d in ppm and J

No.

3

dH dC

2 184.1 s
3 1.96 m; 2.72 m 46.1 t
5 1.94 m; 2.21 m 51.7 t
6 2.19 m; 2.55 m 31.9 t
7 3.39 d (5.5) 45.2 d
8 130.1 s
9 7.27 d (7.5) 125.0 d
10 7.03 t (7.5) 123.2 d
11 7.05 t (7.5) 127.3 d
12 6.68 d (7.5) 114.3 d
13 145.8 s
14 1.67 m; 2.25 m 31.0 t
15 3.78 d (7.5) 35.2 d
16 5.43 br s 63.2 d
17 172.7 s
18 1.73 dt (7.0, 2.0) 13.9 q
19 4.86 m 121.7 d
20 136.5 s
21 1.60 m; 2.68 m 59.6 t
OMe 3.84 s 53.0 q

© 2021 The Author(s). Published by the Royal Society of Chemistry
The relative conguration of 1 was elucidated by the ROESY
spectrum and the 1H–1H coupling constants. The coupling
constant of H-16 (dd, J ¼ 11.0, 4.5 Hz) suggested H-16 to be a-
oriented by comparison with that of isoeburnamine (dd, J ¼
11.5, 4.8 Hz).10 The ROESY correlations of H-16/H-15a and H-21/
H-19 suggested that H-21 and the ethyl were on the opposite
side (Fig. 3).7 The ROESY correlation of H3–OMe/H-15a0 sug-
gested that the methoxy and the ethyl were on the same side (b-
orientation) in unit B (Fig. 3), the same as that of leuconoxine.

To determine the linkage mode of units A and B, the theo-
retical NMR calculations and DP4+ probability analyses were
employed (see ESI†). The 13C NMR chemical shis of 1A and 1B
were calculated at the B3LYP/6-311+G(d,p) level with the PCM
model in methanol. The calculated results for 1A (R2 ¼ 0.9840)
were a better match with the experimental data than those of 1B
(R2 ¼ 0.9649) (Fig. S3†). Moreover, according to the DP4+
probability analyses, 1A was assigned with a 100% probability
(Table S5†). The messages suggested the 1A was the correct
relative structure for 1.

The absolute conguration of 1 was determined by ECD
calculations. As shown in Fig. 4, the calculated ECD spectrum of
(16S,20R,21R,70R,200R)-1A matched well with the experimental
one, suggesting the absolute conguration of 1 to be
16S,20R,21R,70R,200R (the ECD curve was simulated in SpecDis
V1.71 using a Gaussian function with sigma/gamma value
0.15 eV and a UV shi of �31 nm). Therefore, the structure of
compound 1 was identied and named as melodinine Y1.

Compound 2 was isolated as a white powder, and its
molecular formula was established as C38H48N4O2 by HRESIMS
data, indicating 17 degrees of unsaturation. With the aid of
DEPT and HSQC spectra, the 38 carbon resonances as displayed
by the 13C NMR spectrum could be ascribed to two CH3, sixteen
in Hz)

4

dH dC

93.1 s
2.88 dt (17.0, 2.0); 3.29 d (4.7) 55.7 t
2.59 td (13.0, 3.8); 2.70 dt (11.6, 3.4) 50.3 t
1.60 td (13.0, 3.8); 2.01 dt (11.6, 3.4) 37.5 t

79.3 s
130.9 s

7.26 d (8.5) 124.0 d
6.71 dd (8.5, 2.3) 111.3 d

161.6 s
7.65 d (2.3) 106.1 d

141.2 s
5.77 dd (10.0, 4.7) 125.2 d
5.47 dt (10.0, 2.0) 135.4 d

170.2 s
2.35 d (17.3); 2.91 d (17.3) 45.1 t
0.96 t (7.3) 9.5 q
1.42 dq (14.5, 7.3); 2.28 dq (14.5, 7.3) 34.0 t

40.4 s
2.79 s 61.8 d
3.79 s 56.0 q

RSC Adv., 2021, 11, 23–29 | 25

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09819a


Fig. 6 Comparison of the calculated ECD spectra with the PCMmodel
for 4b with the experimental spectrum of 4 in methanol.

Table 3 Cytotoxicity of compound 1 (IC50, mM)

No. SK-BR-3 SMMC7721 HL-60 PANC-1 A549 MCF-7

1 7.8 7.4 0.5 14.5 14.7 15.2
Cisplatin 22.5 14.1 1.8 19.5 26.5 13.8
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CH2, eight CH, and twelve non-protonated carbons (Table 1).
Preliminary analyses of these spectroscopic features implied
that 2 had the same carbon skeleton as that of 1, except that one
hydroxy group at C-70 in 2 replaced the methoxy group in 1,
which was supported by the HRESIMS data. Detailed analysis of
2D NMR data suggested that the other parts of 2 were the same
to those of 1. The absolute conguration of 2 was suggested to
be 16S,20R,21R,70R,200R by comparison with CD curve to that of
1 (see Fig. S32 in the ESI†). Therefore, compound 2 was iden-
tied as melodinine Y2.

Compound 3 was isolated as a white powder, and the
molecular formula of 3 was established as C20H24N2O3 by
HRESIMS data. The 13C NMR and DEPT spectra of 3 displayed
20 carbon resonances ascribed to two CH3 (including
a methoxy), ve CH2, eight CH, and ve C (Table 2). The 1D
NMR spectra of 3 were very similar to those of the known
compound, secopleiocarpamine A,19 except for the presence of
a methylene group rather than a –CN group at C-3 in compound
3. It was conrmed by the key 2D NMR correlations (Fig. 2). The
ROESY correlation of H-15/H-16 suggested that H-15 and H-16
were on the same side (Fig. 3). However, the orientation of H-
7 could not been deduced from the ROESY correlations. To
determine its nal structure, the theoretical NMR calculations
and DP4+ probability analyses were employed on two possible
structures (7R,15S,16S)-3a and (7S,15S,16S)-3b, and the calcu-
lations messages suggested that (7R,15S,16S)-3a was the correct
relative structure for 3 (Table S11†). As shown in Fig. 5, the
absolute conguration of 3 was suggested to be 7R,15S,16S by
means of ECD calculation. Therefore, compound 3 was identi-
ed as melodinine Y3.

The molecular formula of 4, C20H24N2O4, was determined by
the positive HR-ESI mass spectrum. According to the compar-
ison of the 13C NMR spectra with that of D14-vincinone,20 the
difference between them was two hydroxyl groups replaced the
double bonds between C-2 and C-7 in 4, which was supported by
the HRESIMS data. The relative conguration of 4 was deter-
mined by the ROESY correlation of H-19/H-21 (Fig. 3), which
allowed the congurations of H-21 and ethyl to be assigned as a.
Fig. 5 Comparison of the calculated ECD spectra with the PCMmodel
for 3a with the experimental spectrum of 3 in methanol.

26 | RSC Adv., 2021, 11, 23–29
However, the relative conguration of the two hydroxyl groups
could not be dened by the ROESY data alone. The theoretical
NMR calculations and DP4+ probability were employed to
determine its nal structure. As shown in Fig. S13,† the 13C
NMR chemical shis of (2R,7R,20R,21S)-4a, (2S,7S,20R,21S)-4b,
(2R,7S,20R,21S)-4c and (2S,7R,20R,21S)-4d were calculated at
the B3LYP/6-311+G(d,p) level with the PCMmodel in methanol.
The calculated results for 4b (R2 ¼ 0.9980) were a better match
with the experimental data than others (Fig. S13†). Moreover,
according to the DP4+ probability analyses, 4b was assigned
with a 100% probability (Table S20†). The absolute congura-
tion of 4 was suggested to be 2S,7S,20R,21S by means of ECD
calculation at the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) level was
compared with the experimental ECD curve (Fig. 6). Therefore,
compound 4 was identied as melodinine Y4.

All compounds were investigated for their cytotoxicity
against SK-BR-3, SMMC7721, HL-60, PANC-1, A549, and MCF-7
in vitro. As a result, compound 1 showed cytotoxicity toward six
cancer cell lines, especially strongly inhibited HL-60 cell with an
IC50 value of 0.5 mM (Table 3). The other compounds were
inactive at the concentration of 40 mM. From the results of
compounds 1 and 2, it can be inferred that themethoxy group at
position 70 is the necessary for cytotoxicity.
Conclusions

In summary, four new MIAs including two bisindole alkaloids
with an unusual eburnamine–leuconoxine combination, and
a rare 2,3-seco pleiocarpamine type alkaloid were isolated from
the bark of Melodinus henryi. Their structures with absolute
© 2021 The Author(s). Published by the Royal Society of Chemistry
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congurations were established. Compound 1 showed cytotox-
icity toward six cancer cell lines. The new modication of the
isolated compounds expand the chemical diversity of the MIAs
family. Furthermore, cytotoxicity assays have demonstrated that
compound 1 signicantly inhibited HL-60 cancer cell line,
presenting us with a great opportunity to discover promising
natural agents for new antitumor leadings.

Experimental section
General experimental procedures

Optical rotations weremeasured with an Autopol IV polarimeter
(Rudolph, Hackettstown, USA). UV spectra were obtained using
a Double Beam Spectrophotometer UH5300 (Hitachi High-
Technologies, Tokyo, Japan). IR spectra were obtained by
a Shimadzu IRTracer-100 spectrometer using KBr pellets. CD
spectra were recorded with an Applied Photophysics Chirascan-
Plus CD Spectrometer (Chirascan, New Haven, USA). 1D and 2D
NMR spectra were run on a Bruker Avance III 600 MHz spec-
trometer or on a Bruker DRX-500 spectrometer with TMS as an
internal standard. Chemical shis (d) were expressed in ppm
with reference to solvent signals. High resolution electrospray
ionization mass spectra (HRESIMS) were recorded on an Agilent
6200 Q-TOF MS system or a LC-MS system consisting of a Q
Exactive™ Orbitrap mass spectrometer with a HESI ion source
(ThermoFisher Scientic, Bremen, Germany). HREIMS was
recorded on a Waters Auto Premier P776 spectrometer or on an
API QSTAR Pulsar I spectrometer. Column chromatography
(CC) was performed on silica gel (200–300 mesh, Qingdao
Marine Chemical Ltd., Qingdao, People's Republic of China),
RP-18 gel (20–45 mm, Fuji Silysia Chemical Ltd., Japan), and
Sephadex LH-20 (Pharmacia Fine Chemical Co., Ltd., Sweden).
Medium Pressure Liquid Chromatography (MPLC) was per-
formed on a Büchi Sepacore System equipping with pump
manager C-615, pump modules C-605 and fraction collector C-
660 (Büchi Labortechnik AG, Flawil, Switzerland). Preparative
High Performance Liquid Chromatography (prep-HPLC) was
performed on an Agilent 1260 liquid chromatography system
equipped with Zorbax SB-C18 columns (5 mm, 9.4 mm �
150 mm or 21.2 mm � 150 mm) and a DAD detector. Fractions
were monitored by TLC (GF 254, Qingdao Haiyang Chemical
Co., Ltd. Qingdao), and spots were visualized by Dragendorff's
reagent.

Plant material

The bark of M. henryi was collected from Mengla County,
Yunnan province, P. R. China on August 12th, 2017. The plant
was identied by Mr Yu Chen of Kunming Institute of Botany,
Chinese Academy of Sciences. A voucher specimen (No.
YChen20170812.MHb) has been deposited at School of Phar-
maceutical Sciences, Chinese Academy of Sciences.

Extraction and isolation

The powdered bark of M. henryi (10.0 kg) were extracted three
times with 90% EtOH. The combined extracts were concen-
trated under reduced pressure, and adjusted to pH ¼ 2–3 with
© 2021 The Author(s). Published by the Royal Society of Chemistry
5& HCl. The acidic mixture was defatted with ethyl acetate
(EtOAc) and then basied to pH ¼ 9–10 with 10% ammonia
solution. The aqueous phase was subsequently extracted with
EtOAc to give an alkaloidal extract (201.3 g). The crude alkaloids
were then subjected to a silicagel column (200–300 mesh) using
CHCl3–MeOH gradient (1 : 0–0 : 1) to obtain ve fractions (A–E).
Fraction C (5.1 g) was separated by silica gel CC (petroleum
ether–Me2CO, 20 : 1–0 : 1) to afford subfractions C-1–C-3. Sub-
fraction C-2 was puried on a preparative C18 HPLC column
with a gradient of MeCN–H2O (60 : 40) to yield 1 (3.0 mg,
retention time (tR) ¼ 16.5 min) and 2 (1.5 mg, tR ¼ 22.1 min).
Subfraction C-3 was puried on a preparative C18 HPLC column
with a gradient of MeCN–H2O (50 : 50) to yield 3 (2.0 mg, tR ¼
14.5 min) and 4 (2.2 mg, tR ¼ 26.3 min).

Melodinine Y1 (1). White powder; [a]25.5D �237.2 (c 0.20,
CH3OH); UV (CH3OH) lmax (log 3) 293 (3.60), 207 (4.49) nm; IR
(KBr) vmax 3418, 2926, 1624, 1456, 1384, 1319, 1180 cm�1; 1H
NMR (500 MHz) and 13C NMR (100 MHz) data (CD3OD), see
Table 1; positive ion HRESIMS m/z 607.4013 [M + H]+ (calcd for
C39H51N4O2, 607.4012).

Melodinine Y2 (2). White powder; [a]25.5D �62.6 (c 0.20,
CH3OH); UV (CH3OH) lmax (log 3) 374 (2.69), 294 (3.68), 207
(4.49) nm; IR (KBr) vmax 3422, 3246, 2937, 1626, 1457, 1308,
1136, 745 cm�1; 1H NMR (500 MHz) and 13C NMR (100 MHz)
data (CD3OD), see Table 1; positive ion HRESIMS m/z 593.3879
[M + H]+ (calcd for C38H49N4O2, 593.3855).

Melodinine Y3 (3). White powder; [a]25.8D +230.9 (c 0.04,
CH3OH); UV (CH3OH) lmax (log 3) 255 (2.99), 210 (3.49) nm; IR
(KBr) vmax 3460, 2090, 1637, 1016, 615 cm

�1; 1H NMR (600 MHz)
and 13C NMR (150 MHz) data (CD3OD), see Table 2; positive ion
HRESIMS m/z 341.18587 [M + H]+ (calcd for C20H25N2O3

+,
341.18597).

Melodinine Y4 (4). White powder; [a]23.9D +73.3 (c 0.01,
CH3OH); UV (CH3OH) lmax (log 3) 290 (3.55), 245 (3.79), 220
(4.01), 210 (3.93) nm; IR (KBr) vmax 3350, 2945, 2833, 1666, 1454,
1417, 1114, 1031, 667 cm�1; 1H NMR (600 MHz) and 13C NMR
(150 MHz) data (CD3OD), see Table 2; positive ion HRESIMSm/z
357.18048 [M + H]+ (calcd for C20H25N2O4

+, 357.18088).
Cytotoxicity assay

Six human cancer cell lines, human myeloid leukemia HL-60,
hepatocellular carcinoma SMMC-7721, lung cancer A-549,
breast cancer SK-BR-3, breast cancer MCF-7, and pancreatic
cancer PANC-1 cells, were used in the cytotoxic assay. All the
cells were cultured in RPMI-1640 or DMEM medium (Hyclone,
USA), supplemented with 10% fetal bovine serum (Hyclone,
USA) in 5% CO2 at 37 �C. The assays were performed according
to the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide) method in 96-well microplates.21 Briey, 100 mL
of adherent cells was seeded into each well of 96-well cell
culture plates and allowed to adhere for 12 h before drug
addition, while suspended cells were seeded just before drug
addition with an initial density of 1 � 105 cells per mL. Each
tumor cell line was exposed to the test compound at concen-
trations of 0.064, 0.32, 1.6, 8, and 40 mM in triplicates for 48 h,
with cisplatin (Sigma, USA) as a positive control. Aer each
RSC Adv., 2021, 11, 23–29 | 27
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compound treatment, cell viability was detected and a cell
growth curve was graphed. IC50 values were calculated by Reed
and Muench's method.22
Computation methods
13C NMR calculation. Conformation search based on

molecular mechanics with MMFF force elds were performed
for compounds to get stable conformers with populations
higher than 1%.23,24 Gauge-independent atomic orbital (GIAO)
calculations of 13C NMR of conformers were accomplished by
DFT at the mPW1PW91/6-311+G(d,p) level with PCM model in
methanol based on predominant B3LYP/6-31G(d) optimized
geometries were performed in Gaussian 16 soware package
with g09 default keyword.25 The calculated NMR data of these
conformers were averaged according to the Boltzmann distri-
bution theory and their relative Gibbs free energy. The 1H and
13C NMR chemical shis for TMS were also calculated by the
same procedures and used as the reference. Aer calculation,
the experimental and calculated data were evaluated by linear
correlation coefficients (R2) and the improved probability DP4+
method.26

ECD calculation. Conformation search based on molecular
mechanics with MMFF force elds were performed for
compounds to get stable conformers with populations higher
than 1%. All these conformers were further optimized by the
density functional theory method at the B3LYP/6-31G(d) or
B3LYP/6-311G(2d,p) level by Gaussian 16 program package and
the ECD were calculated using density functional theory
(TDDFT) at B3LYP/6-31+G(d,p) or B3LYP/6-311G(d) level in
methanol with IEFPCMmodel, respectively. The calculated ECD
curves were all generated using SpecDis 1.71 program package
and the calculated ECD data of all conformers were Boltzmann
averaged by Gibbs free energy.27
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