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KEYWORDS Abstract Structural modification of natural products is an effective strategy to discover potent
Teesmekntn demiiee lead compounds with improved medicinal performance. Toosendanin (TSN), a natural limonoid
Anti-cancer activity; with diverse pharmacological properties, was selected as the starting material for structural modi-
Structure—activity fication to obtain more active anti-cancer agents in the current study. A library containing 25 struc-
relationships turally diverse derivatives (including 12 new ones) were constructed on the basis of the structure-

guided modification of TSN. Subsequent cytotoxic assay of this library discovered that compounds
14, 18, and 25 showed more significant antiproliferative activity than the precursor TSN in MDA-
MB-468 cell model and so as compounds 14, 17-19, 21, and 25 in Hela cell model. Among them, the
new derivative 29-O-(6-chloronicotinoyl)-toosendanin (25) exhibited the most potent antiprolifera-
tive activity (ICsps 0.05-0.06 uM), being more active than TSN (ICs¢s 0.14-0.24 uM) and even the
first-line drug adriamycin (ICsqs ~ 0.07 uM) in both tested cancer cell lines. The SARs study uncov-
ered that the hemiacetal group, the 14,15-epoxy ring, 1-OH, 7-OH, 3-OAc, and 12-OAc were viewed
as the essential active groups and the 29-OH was the critically active modification position of TSN
for the enhancement of cytotoxicity. The discovering of 25 from TSN-based derivatives might serve
as a lead compound for anti-cancer chemotherapy, which may shed light on rationally design TSN-

based derivatives for obtaining more potent anti-tumor agents.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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cancer drugs are natural products or their derivatives (Newman and
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functions including insecticide (Shi et al., 1986), prejunctional blocker
(Shi et al., 1980), anti-botulinum (Shi and Tang, 2004), anti-obesity
(Chen et al., 2018), and anti-cancer (Shi and Wang, 2004) activities.
Among them, anti-cancer effect of TSN is the most significant research
hit in science community (Fan et al., 2022, Luo et al., 2018, Wang
et al., 2015, Wang et al., 2018, Zhang et al., 2005, Zhang et al.,
2017). For instance, the He group found that TSN inhibited hepatocel-
lular carcinoma cells by inducing mitochondria-dependent apoptosis
(He et al., 2010). The Ma group demonstrated that TSN led to the cell
arrested at G1/S phase by increasing p53 protein phosphorylation
(Cao et al., 2016). The Zhang group showed that TSN suppressed hep-
atocellular carcinoma metastasis through JAK?2/Stat3 and Wnt/B-
catenin signaling (Yang et al., 2021). However, the anti-cancer poten-
tial of TSN-derived compounds still remains unclear, largely due to
insufficient investigation of systematic structural modification of TSN.

Chemical optimization based on structure—activity relationships
(SARs) is an established and prevailing strategy to discover more
potent leads with excellent medicinal properties in drug development
(Eckert and Bajorath, 2007, Kubinyi, 2002, Peltason and Bajorath,
2007). Such strategy is especially prominent and efficent in natural
product-based anti-caner research, as exemplified by vinorelbine, a
vinblastine-derived chemotherapy medication with therapeutic efficacy
for the treatment of breast cancer and non-small cell lung cancer (Xu
et al., 2021), and docetaxel, a classical taxol-based clinic drug for the
cure of various cancers including prostate cancer, lung cancer and
other solid tumors (Bailly, 2022). In the past few decades, there were
few reports related to the SARs of TSN in the scientific community,
for instance, the Zhang group developed 12 derivatives of TSN by
semi-synthesis and evaluated their activity against the pre-third-
instar larvae of Mythimna separata in vivo (Xu and Zhang, 2011),
and the Xu group obtained 18 alkyl/alkenylacyloxy derivatives from
TSN and evaluated their insecticidal activities (Zhang et al., 2013).
However, TSN, as an anti-cancer natural product, the potential anti-
cancer activity of its derivatives against human cancer cell lines was
not well investigated. Therefore, it is of great value to study the poten-
tial anticancer activity of TSN-derived compounds.

In the past few years, our group has endeavored to discover anti-
cancer agents from natural products and their modified derivatives,
and reported some lead compounds (Fan et al., 2021, Zhang et al.,
2018, Zhu et al., 2016). In the current study, a total of 25 derivatives
classified into four types (types A — D in Fig. 1) were prepared based
on the structure-guided modification of TSN by various chemical reac-
tions including acylation, oxygenation, and hydrolysis. All synthesized
derivatives were evaluated for their antiproliferative effects on two
human cancer cell lines MDA-MB-468 and Hela. The results of bioas-
say and subsequent SARs studies indicated that 25 was a potent anti-
cancer agent against both cancer cell lines, being more potent than
TSN and the positive control adriamycin. Herein, the modified meth-
ods, cytotoxic activity, and SARs of these compounds were described.

2. Material and methods
2.1. General information

NMR spectra were measured on a Bruker AM-400 and AM-
500 spectrometers at 25 °C. HRESIMS were carried out on a
Finnigan LCQ Deca instrument. A Shimadzu LC-20AT
equipped with an SPD-M20A PDA detector was used for
HPLC, and a YMC-pack ODS-A column (250 x 10 mm, S-
5 um, 12 nm) was used for semipreparative HPLC separation.
Silica gel (300—400 mesh, Qingdao Haiyang Chemical Co. Itd.),
and Sephadex LH-20 gel (Amersham Biosciences) were used
for column chromatography (CC). All solvents were of analyt-
ical grade (Guangzhou Chemical Reagents Company, ltd.).
The purity of the samples (>95 %) was determined by HPLC,
conducted on a Shimadzu LC-20AT series system with Inertsil

ODS-SP columns (4.6 mm x 150 mm, 5 pm or 4.6 mm x 100
mm, 5 um). The samples were eluted with a mixture of MeCN/
H,O0 at a flow rate of 3 mL/min.

2.2. Plant material

The seeds of Melia toosendan Sieb.et Zucc were purchased in
June 2020 from Anhui Province, P. R. China, and were
authenticated by one of the authors (G. H. Tang). A voucher
specimen (accession number: CLZ202006) has been deposited
at the School of Pharmaceutical Sciences, Sun Yat-sen
University.

2.3. Extraction and isolation

The seeds of M. toosendan (5 kg) were extracted with 95 %
EtOH (15 L x 3) at room temperature (rt) to give 600 g of
crude extract. The extract was suspended in H,O (3 L) and
then partitioned with EtOAc. The EtOAc extract (100 g) was
subjected to silica gel CC (CH,Cl,/MeOH, 100:1-0:1) to
afford three fractions (Frs. I-11I). Fr. III (13.7 g) was applied
to silica gel CC (PE/EtOAc, 5:1—1:1) to give four fractions
(Frs. ITA—IIID). Fr. IIIC (8.7 g) was separated by Sephadex
LH-20 (MeOH) to give two fractions (Frs. IIIC1 and IIIC2).
Fr. IIIC1 (8 g) was applied to silica gel CC (PE/EtOAc,
5:1-1:1) to give an amount of toosendanin (TSN, 5 g), which
was used as the starting material for the design of various
derivatives.

2.4. Structural modification

2.4.1. Preparation of 2-5 by oxygenation of TSN

To a stirred solution of TSN (200 mg, 0.348 mmol) in 2 mL of
dichloromethane (DCM) was added excess Dess-Martin Perio-
dinane (1.5 g, 3.54 mmol) at rt and the mixture was stirred
overnight. The resulting solution was concentrated by evapo-
ration, washed by H,O (4 mL), and extracted with DCM
(5 mL x 3). After removal of the solvents under vacuum, the
residue was purified by semi-HPLC (MeCN/H,O, 75:25,
3 mL/min) to give the oxygenated products 2 (14 mg, fg
7 min), 3 (33 mg, rg 9 min), 4 (27 mg, g 10 min), and 5
(14 mg, g 11 min), respectively.

2.4.1.1. 29-Oxo-toosendanin (2). White amorphous powder;
'H NMR (CDCL&CD;OD, 400 MHz) data for the
sendanin-type moiety: oy 7.36 (1H, brs, H-23), 7.16 (1H, brs,
H-21), 6.15 (1H, brs, H-22), 5.40 (1H, s, H-12), 5.34 (1H, s,
H-9), 494 (1H, d, J = 14.1 Hz, H-19a), 4.89 (1H, brs, H-3),
448 (1H, d, J = 14.1 Hz, H-19b), 4.11 (1H, brs, H-1), 3.80
(1H, brs, H-15), 2.98 (1H, dd, J = 4.1, 13.8 Hz, H-5), 2.92
(IH, dd, J = 6.4, 11.1 Hz, H-17), 2.16 (IH, dd, J = 6.7,
13.5 Hz, H-16a), 2.04 (1H, m, H-2a), 2.00 (1H, m, H-2b),
1.99 (1H, m, H-16b), 1.85 (1H, dt, J = 14.0, 3.7, H-6a), 1.55
(IH, td, J = 1.8, 14.0 Hz, H-6b), 1.52 (3H, s, H-30), 1.30
(3H, s, H-18), 1.28 (3H, s, H-28), for the acyloxy groups: 3-
OAc [y 2.24 (3H, s)], 12-OAc [6y 2.09 (3H, s)]; '°C NMR
(CDCl3&CD;0D, 100 MHz) data for the sendanin-type moi-
ety: dc 209.0 (C, C-11), 175.8 (C, C-29), 143.3 (CH, C-21),
141.6 (CH, C-23), 123.5 (C, C-20), 112.6 (CH, C-22), 79.1
(CH, C-12), 74.9 (CH, C-3), 74.4 (CH,, C-19), 72.8 (C, C-
14), 70.4 (CH, C-7), 69.7 (CH, C-1), 59.3 (CH, C-15), 50.0
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(CH, C-9), 47.4 (C, C-4), 46.7 (C, C-13), 43.9 (C, C-10), 40.4
(C, C-8), 39.5 (CH, C-17), 34.3 (CH,, C-16), 32.6 (CH,, C-
2), 28.8 (CH,, C-6), 28.5 (CH, C-5), 22.2 (CH3, C-30), 20.3
(CHj3, C-28), 15.8 (CHj;, C-18), for the acyloxy groups: 3-
OAc [6c 171.8 (C), 21.1 (CH3)], 12-OAc [oc 171.8 (C), 20.9
(CH3)]. The spectroscopic data was identical to meliarachin
B (Su et al., 2011).

2.4.1.2. 7,29-Dioxo-toosendanin (3). White amorphous pow-
der; '"H NMR (CDCl;, 400 MHz) data for the sendanin-type
moiety: oy 7.35 (1H, t, J = 1.5, H-23), 7.19 (1H, brs, H-21),
6.24 (1H, brs, H-22), 5.20 (1H, d, J = 14.1 Hz, H-19a), 5.00
(1H, d, J = 1.7 Hz, H-3), 4.69 (1H, s, H-12), 4.49 (1H, s, H-

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Structures of TSN-based derivatives 1-25.

9), 448 (1H, d, J = 14.1 Hz, H-19b), 4.04 (1H, brs, H-1),
3.92 (1H, s, H-15), 2.98 (1H, dd, J = 5.3, 14.3 Hz, H-5),
291 (IH, dd, J = 6.5, 11.1 Hz, H-17), 2.70 (1H, t,
J = 14.0, H-6a), 2.49 (1H, dd, J = 5.3, 13.6 Hz, H-6b), 2.33
(1H, dd, J = 6.6, 13.5 Hz, H-16a), 2.19 (1H, m, H-2a), 2.12
(1H, m, H-16b), 2.07 (1H, m, H-2b), 1.38 (3H, s, H-30), 1.18
(3H, s, H-28), 1.07 (3H, s, H-18), for the acyloxy groups: 3-
OAc [dy 2.09 (3H, s)], 12-OAc [oy 1.99 (3H, s)]; °C NMR
(CDCl;, 100 MHz) data for the sendanin-type moiety: oc
206.7 (C, C-7), 203.0 (C, C-11), 172.8 (C, C-29), 142.9 (CH,
C-23), 140.9 (CH, C-21), 122.0 (C, C-20), 111.8 (CH, C-22),
81.5 (CH, C-12), 73.6 (CH, C-3), 71.9 (CH, C-19), 70.2 (CH,
C-1), 67.8 (C, C-14), 58.3 (CH, C-15), 54.3 (CH, C-9), 52.1
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(C, C-8), 47.6 (C, C-4), 40.9 (CH, C-17), 39.9 (C, C-10), 37.8
(CH,, C-6), 36.6 (CH, C-5), 32.6 (CH,, C-16), 31.2 (CH,, C-
2), 21.3 (CHj;, C-30), 20.5 (CH3, C-28), 15.3(CH;, C-18), for
the acyloxy groups: 3-OAc [0c 169.9 (C), 21.3 (CH3)], 12-
OAc [oc 171.1 (C), 19.9 (CH3)]; HRESIMS m/z 593.1994
[M + 1\]3.]Jr (calcd for C30H34011Na+, 5931993)

2.4.1.3. 1,29-Dioxo-toosendanin (4). White amorphous pow-
der; '"H NMR (pyrdine-ds, 400 MHz) data for the sendanin-
type moiety: oy 7.58 (1H, brs, H-23), 7.43 (1H, brs, H-21),
6.33 (1H, brs, H-22), 6.04 (IH, s, H-12), 574 (1H, dd,
J = 1.6, 44 Hz, H-3), 540 (IH, d, J = 14.6 Hz, H-19a),
5.13 (1H, s, H-9), 5.05 (1H, d, J = 14.6 Hz, H-19b), 4.03
(1H, s, H-15), 3.95 (1H, brs, H-7), 3.83 (1H, dd, J = 4.8,
15.0 Hz, H-2a), 3.26 (1H, dd, J = 6.2, 11.1 Hz, H-17), 3.13
(1H, dd, J = 4.2, 13.2 Hz, H-5), 2.83 (I1H, dd, J = 1.7,
15.0 Hz, H-2b), 2.17 (1H, dd, J = 6.4, 13.4 Hz, H-16a), 2.04
(1H, m, H-6a), 1.94 (1H, dd, J = 11.5, 13.2 Hz, H-16b),
1.86 (3H, s, H-18), 1.83 (1H, m, H-6b), 1.31 (3H, s, H-28),
1.31 (3H, s, H-30), for the acyloxy groups: 3-OAc [0y 1.77
(3H, s)], 12-OAc [6y 2.01 (3H, s)]; '*C NMR (pyrdine-ds,
100 MHz) data for the sendanin-type moiety: dc 206.8 (C,
C-11), 206.5 (C, C-1), 173.0 (C, C-29), 143.6 (CH, C-23),
141.9 (CH, C-21), 113.0 (CH, C-22), 78.5 (CH, C-12), 77.2
(CH, C-3), 734 (C, C-14), 71.3 (CH,, C-19), 69.0 (CH, C-7),
59.7 (CH, C-15), 50.4 (CH, C-9), 49.3 (C, C-10), 47.5 (C, C-
4), 46.6 (C, C-13), 43.3 (C, C-8), 42.4 (CH,, C-2), 39.2 (CH,
C-17), 38.5 (CH, C-5), 34.5 (CH,, C-16), 30.3 (CH,, C-6),
22.3 (CH3, C-30), 20.0 (CH;, C-28), 16.7 (CHj;, C-18), for
the acyloxy groups: 3-OAc [dc 170.0 (C), 20.8 (CH3)], 12-
OAc [6¢c 1709 (C), 21.3 (CH3)]; HRESIMS m/z 593.1997
[M + Na]" (caled for C30H340;;Na™, 593.1993).

2.4.1.4.1,7,29-Trioxo-toosendanin (5). White amorphous pow-
der; '"TH NMR (CDCl;, 400 MHz) data for the sendanin-type
moiety: oy 7.35 (1H, t, J = 1.5, H-23), 7.16 (1H, brs, H-21),
6.12 (1H, brs, H-22), 5.53 (1H, s, H-12), 5.36 (1H, dd,
J = 2.1, 4.5 Hz, H-3), 5.19 (IH, d, J = 15.0 Hz, H-19a),
5.00 (1H, d, J = 15.0 Hz, H-19b), 4.33 (1H, s, H-9), 4.11
(IH, s, H-15), 3.26 (1H, dd, J = 4.6, 15.3 Hz, H-2a), 2.98
(1H, dd, J = 6.5, 11.2 Hz, H-17), 2.86 (1H, t, J = 15.3 Hz,
H-6a), 2.64 (1H, dd, J = 2.0, 15.3 Hz, H-2b), 2.45 (1H, m,
6b), 2.32 (1H, m, 16a), 2.04 (1H, m, 16b), 1.45 (3H, s, H-30),
1.29 (3H, s, H-18), 1.23 (3H, s, H-28), for the acyloxy groups:
3-OAc [0y 2.09 (3H, s)], 12-OAc [0y 2.02 (3H, s)]; *°C NMR
(CDCl;3, 100 MHz) data for the sendanin-type moiety: Jc
205.0 (C, C-7), 203.4 (C, C-1), 202.6 (C, C-11), 171.0 (C, C-
29), 143.0 (CH, C-23), 140.8 (CH, C-21), 121.9 (C, C-20),
111.5 (CH, C-22), 77.0 (CH, C-12), 75.1 (CH, C-3), 69.2
(CH,, C-19), 68.2 (C, C-14), 58.4 (CH, C-15), 54.3 (CH, C-
9), 51.3 (C, C-8), 48.2 (C, C-10), 47.4 (C, C-4), 46.2 (C, C-
13), 44.7 (CH, C-5), 41.4 (CH,, C-2), 39.5 (CH, C-17), 38.0
(CH,, C-6), 33.2 (CH,, C-16), 21.8 (CH3, C-30), 19.1 (CHs,
C-28), 15.6 (CH3, C-18), for the acyloxy groups: 3-OAc [dc
169.2 (C), 21.0 (CH3)], 12-OAc [dc 170.0 (C), 20.8 (CH3)];
HRESIMS m/z 591.1813 [M + Na]" (caled for C3H3,01;-
Na™, 591.1837).

2.4.2. Preparation of 1 by hydrolysis of 2

To a stirred solution of 2 (50 mg, 0.087 mmol) in 1 mL of
MeOH was added excess saturated NaHCO; soluton at rt,

which was kept stirring overnight. After that, the resulting
mixture was diluted with H,O (4 mL) and then extracted with
EtOAc (5§ mL x 3). The obtained organic layers were evapo-
rated in vacuo and then purified by semi-preparative HPLC
(MeCN/H,0, 70:30, 3 mL/min) to give compound 1 (20 mg,
tr 12 min).

2.4.2.1. 3-Deacetyl-29-oxo-toosendanin (1). White amorphous
powder; '"H NMR (CDCls, 400 MHz) data for the sendanin-
type moiety: dy 7.34 (1H, brs, H-23), 7.15 (1H, brs, H-21),
6.21 (1H, brs, H-22), 4.95 (1H, d, J = 14.1 Hz, H-19a), 4.82
(1H, s, H-12), 4.68 (1H, s, H-9), 443 (1H, d, J = 14.2 Hz,
H-19b), 4.13 (1H, brs, H-1), 3.78 (1H, brs, H-3), 3.71 (1H, d,
J = 3.8 Hz, H-15), 2.93 (1H, dd, J = 6.4, 10.9 Hz, H-17),
2.82 (1H, dd, J = 3.6, 13.6 Hz, H-5), 2.24 (1H, dd, J = 6.3,
13.4 Hz, H-16a), 2.11 (1H, m, H-2a), 1.98 (1H, m, H-16b),
1.94 (1H, m, H-2b), 1.83 (1H, m, H-6a), 1.66 (1H, m, H-6b),
1.24 (3H, s, H-28), 1.22 (3H, s, H-18), 1.12 (3H, s, H-30), for
the acyloxy group: 12-OAc [dy 1.97 (3H, s)]; '°C NMR
(CDCl;, 100 MHz) data for the sendanin-type moiety: dc
206.9 (C, C-11), 175.3 (C, C-29), 142.7 (CH, C-21), 140.9
(CH, C-23), 122.5 (C, C-20), 112.0 (CH, C-22), 80.7 (CH, C-
12), 74.5 (CH, C-3), 72.6 (CH,, C-19), 71.8 (CH, C-1), 71.6
(C, C-14), 70.3 (CH, C-7), 57.7 (CH, C-15), 48.9 (CH, C-9),
48.3 (C, C-4), 47.4 (C, C-13), 43.5 (C, C-8), 40.2 (C, C-10),
39.6 (CH, C-17), 33.1 (CH,, C-16), 33.0 (CH,, C-2), 28.6
(CH,, C-6), 27.0 (CH, C-5), 21.7 (CH3;, C-30), 20.2 (CH;, C-
28), 16.3 (CH3, C-18), for the acyloxy group: 12-OAc [dc
171.1 (C), 20.6 (CH3)]; HRESIMS m/z 553.2076 [M + Na]™
(C'dlCd for C28H34010Na+, 5532044)

2.4.3. Preparation of 6 from TSN

To a solution of TSN (50 mg, 0.087 mmol) in MeOH (1 mL)
was added 100 pL of 1 % H,SO, at rt and was stirred over-
night. Subsequently, the reaction mixture was diluted with
4 mL of H,O and extracted with EtOAc (5 mL x 3). The com-
bined organic layers were dried over anhydrous Na,SO,4 and
then evaporated in vacuo. The resulting residue was separated
by semi-preparative HPLC (MeCN/H-0, 80:20, 3 mL/min) to
give the product 6 (15 mg, tg 10 min).

24.3.1.  3,12-Dideacetyl-29-O-methyl-isotoosendanin ~ (6).
White amorphous powder; '"H NMR (CDCls, 500 MHz) data
for the sendanin-type moiety: oy 7.38 (1H, t, J = 1.5 Hz, H-
23), 7.30 (1H, brs, H-21), 6.42 (1H, brs, H-22), 4.81 (1H, brs,
H-1), 4.45 (1H, s, H-12), 4.16 (1H, brs, H-7), 4.09 (1H, s, H-
29), 4.06 (1H, d, J = 11.7 Hz, H-19a), 3.66 (1H, brs, H-3),
3.60 (1H, d, J = 11.7 Hz, H-19b), 3.51 (1H, t, J = 8.9 Hz, H-
17), 3.38 (1H, s, H-9), 3.05 (1H, s, H-14), 2.81 (1H, dt,
J = 44,154 Hz, H-2a), 2.69 (1H, dd, J = 8.4, 18.0 Hz, H-5),
2.61 (1H, m, H-16a), 2.58 (1H, m, H-16b), 2.50 (1H, dt,
J = 2.1, 14.6 Hz, H-6a), 1.97 (1H, d, J = 15.5 Hz, H-2b), 1.71
(1H, dt, J = 3.8, 14.7 Hz, H-6b), 1.22 (3H, s, H-30), 0.99 (3H,
s, H-28), 0.83 (3H, s, H-18), for the methoxy group: 29-OMe
[6u 3.33 (3H, s)]; '*C NMR (CDCls, 125 MHz) data for the
sendanin-type moiety: dc 218.5 (C, C-15), 212.9 (C, C-11),
143.2 (CH, C-23), 140.2 (CH, C-21), 124.1 (C, C-20), 111.2
(CH, C-22), 103.3 (CH, C-29), 79.2 (CH, C-12), 75.4 (CH, C-
3), 71.8 (CH, C-1), 69.9 (CH, C-7), 60.5 (CH, C-14), 58.0
(CH,, C-19), 49.0 (CH, C-9), 45.6 (C, C-13), 44.7 (CH,, C-16),
439 (C, C-8), 41.6 (C, C-4), 41.4 (C, C-10), 41.3 (CH, C-17),
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37.9 (CH,, C-2), 25.2 (CH,, C-6), 24.7 (CH, C-5), 22.6 (CH3, C-
30), 21.3 (CH3, C-18), 18.9 (CH3, C-28), for the methoxy group:
29-OMe [0¢ 55.7 (CH3)]. The spectroscopic data was identical to
that reported of meliarachin I (Su et al., 2011).

2.4.4. Preparation of T and 17 from TSN

An excess of 2-thiophenecarbonyl chloride (100 pL) was added
to a freshly distilled pyridine solution of TSN (100 mg,
0.174 mmol) at rt. The resulting solution was stirred for 1 h
and then quenched by adding 2 mL of anhydrous EtOH.
The residue obtained by removal of the solvent under vacuum
was subjected to semi-preparative HPLC (MeCN/H,O, 70:30,
3 mL/min) to yield compounds 17 (35 mg, tg 12 min) and 7
(25 mg, tg 13 min).

2.4.4.1. Isotoosendanin (7). White amorphous powder; 'H
NMR (pyrdine-ds, 400 MHz) data for the sendanin-type moi-
ety: oy 7.58 (1H, brs, H-21), 7.57 (1H, brs, H-23), 6.45 (1H,
brs, H-22), 6.02 (1H, d, J = 4.0 Hz, H-3), 5.52 (1H, s, H-
12), 5.41 (1H, s, H-29), 479 (1H, d, J = 12.4 Hz, H-19a),
478 (1H, brs, H-1), 4.72 (1H, s, H-9), 4.67 (lH, d,
J = 12.4 Hz, H-19b), 4.58 (1H, brs, H-7), 3.55 (IH, t,
J = 9.1 Hz, H-17), 4.13 (IH, s, H-14), 3.32 (1H, dt,
J = 47, 15.6 Hz, H-2a), 2.78 (2H, t, J = 9.1 Hz, H-16),
2.38 (IH, m, H-6a), 2.35 (1H, d, J = 15.6 Hz, H-2b), 2.05
(1H, dt, J = 3.8, 14.3 Hz, H-6b), 1.35 (3H, s, H-30), 1.21
(3H, s, H-18), 1.20 (3H, s, H-28), for the acyloxy groups: 3-
OAc [0y 1.97 (3H, s)], 12-OAc [6y 2.12 (3H, s)]; ’C NMR
(pyrdine-ds, 100 MHz) data for the sendanin-type moiety: ¢
217.6 (C, C-15), 209.1 (C, C-11), 144.1 (CH, C-23), 141.5
(CH, C-21), 124.3 (C, C-20), 111.7 (CH, C-22), 97.1 (CH, C-
29), 80.3 (CH, C-12), 74.7 (CH, C-3), 71.1 (CH, C-1), 69.8
(CH, C-7), 65.2 (CH,, C-19), 59.8 (CH, C-14), 48.4 (CH, C-
9), 45.5 (C, C-13), 45.4 (C, C-8), 45.0 (CH,, C-16), 42.9 (C,
C-10), 39.0 (C, C-4), 38.9 (CH, C-17), 37.6 (CH,, C-2), 29.2
(CH, C-5), 24.7 (CH,, C-6), 22.3 (CH;, C-18), 21.3 (CH;, C-
30), 20.4 (CHj, C-28), for the acyloxy groups: 3-OAc [dc
171.0 (C), 21.7 (CH3)], 12-OAc [6c 171.1 (C), 21.2 (CHy)].
The spectroscopic data was identical to known compound iso-
toosendanin (Xie and Yuan, 1985).

2.4.4.2. 29-O-(2-Thiophenecarbonyl)-toosendanin (17). White
amorphous powder; 'H NMR (CDCls, 400 MHz) data for
the sendanin-type moiety: oy 7.33 (1H, t, J = 1.5 Hz, H-23),
7.13 (1H, brs, H-21), 6.15 (1H, brs, H-22), 5.99 (1H, brs, H-
29), 542 (1H, d, J = 3.3 Hz, H-3), 5.27 (1H, s, H-12), 4.63
(1H, s, H-9), 4.38 (1H, d, J = 13.3 Hz, H-19a), 4.30 (1H, d,
J = 13.3 Hz, H-19b), 3.76 (1H, brs, H-15), 3.69 (1H, brs, H-
7), 297 (1H, dd, J = 6.3, 11.0 Hz, H-17), 2.90 (1H, dt,
J = 4.6, 16.5 Hz, H-2a), 2.76 (1H, dd, J = 4.1, 13.9 Hz, H-
5), 2.24 (1H, dd, J = 6.5, 13.2 Hz, H-6a), 2.06 (1H, m, H-
16a), 1.98 (1H, m, H-2b), 1.92 (1H, m, H-6b), 1.76 (1H, dt,
J = 3.7, 14.3 Hz, H-16b), 1.32 (3H, s, H-18), 1.18 (3H, s, H-
30), 0.91 (3H, s, H-28), for the acyloxy groups: 3-OAc [0y
2.12 (3H, s)], 12-OAc [og 198 (3H, 5s)], 29-0-2-
thiophenecarbonyl [0y 7.85 (1H, dd, J = 1.2, 3.8 Hz, H-5),
7.61 (1H, dd, J = 1.2, 5.0 Hz, H-3'), 7.12 (1H, m, H-4)];
13C NMR (CDCls, 100 MHz) data for the sendanin-type moi-
ety: dc 206.9 (C, C-11), 142.6 (CH, C-23), 140.8 (CH, C-21),
122.6 (C, C-20), 112.2 (CH, C-22), 95.7 (CH, C-29), 78.8
(CH, C-12), 73.6 (CH, C-3), 72.1 (C, C-14), 70.6 (CH, C-7),

70.1 (CH, C-1), 64.9 (CH,, C-19), 58.5 (CH, C-15), 48.6
(CH, C-9), 46.1 (C, C-13), 42.7 (C, C-8), 41.5 (C, C-10), 39.8
(C, C-4), 38.5 (CH, C-17), 34.9 (CH,, C-2), 33.7 (CH,, C-6),
28.0 (CH, C-5), 26.2 (CH,, C-16), 22.3 (CH3, C-30), 19.9
(CH;, C-28), 15.9 (CHj, C-18), for the acyloxy groups:
3-OAc [0¢ 170.1 (C), 21.6 (CH3)], 12-OAc [6¢ 170.6 (C), 20.9
(CH3)], 29-0-2-thiophenecarbonyl [d¢ 160.9 (C, C-6'), 134.6
(CH, C-3), 133.7 (CH, C-5), 132.8 (C, C-2'), 128.2 (CH, C-
4)]. HRESIMS m/z 707.2137 [M + Na] " (calcd for Cs5Hyo-
015SNa*, 707.2133).

2.4.5. Preparation of 8 from TSN

To a stirred solution of TSN (50 mg, 0.087 mmol) in I mL of
MeOH was added excess formic acid (500 pL) at rt. The reac-
tion mixture was then stirred at 50 °C for 4 h. After that, the
mixture solution was diluted with 4 mL of H,O and followed
by extraction with EtOAc for three times (each 5 mL). The col-
lected organic layers were evaporated in vacuo to yield a crude,
which was then purified by semi-preparative HPLC (MeCN/
H»0, 70:30, 3 mL/min) to give the product 8 (20 mg, tg 13 min).

2.4.5.1. 29-O-Methyl-isotoosendanin (8). White amorphous
powder; '"H NMR (CDCls, 400 MHz) data for the sendanin-
type moiety: oy 7.38 (1H, t, J = 1.6 Hz, H-23), 7.29 (1H, s,
H-21), 6.26 (1H, dd, J = 0.7, 1.7 Hz, H-22), 5.15 (1H, s, H-
12), 491 (1H, d, J = 3.8 Hz, H-3), 4.20 (1H, brs, H-1), 4.17
(1H, s, H-29), 4.12 (1H, d, J = 12.3 Hz, H-19a), 4.02 (1H,
brs, H-7), 3.95 (1H, d, J = 12.3 Hz, H-19b), 3.69 (1H, s, H-
9), 3.36 (1H, t, J = 9.7 Hz, H-17), 3.20 (1H, s, H-14), 2.84
(1H, dt, J = 4.8, 16.1 Hz, H-2a), 2.59 (2H, dd, J = 3.6,
10.1 Hz, H-16), 2.51 (1H, dd, J = 1.8, 13.7 Hz, H-6a), 1.79
(1H, d, J = 16.1 Hz, H-2b), 1.71 (1H, dt, J = 2.8, 14.2 Hz,
H-6b), 1.19 (3H, s, H-30), 1.01 (3H, s, H-18), 0.85 (3H, s, H-
28), for the acyloxy and methoxyl groups: 3-OAc [0y 2.09
(3H, s)], 12-OAc [oy 2.09 (3H, s)], 29-OMe [éy 3.32 (3H, s)];
13C NMR (CDCl;, 100 MHz) data for the sendanin-type moi-
ety: dc 218.0 (C, C-15), 207.2 (C, C-11), 143.4 (CH, C-23),
140.5 (CH, C-21), 122.5 (C, C-20), 110.5 (CH, C-22), 102.8
(CH, C-29), 79.8 (CH, C-12), 76.6 (CH, C-3), 71.1 (CH, C-
1), 69.6 (CH, C-7), 60.4 (CH, C-14), 58.4 (CH,, C-19), 48.3
(CH, C-9), 46.7 (C, C-13), 44.4 (C, C-10), 44.1 (CH,, C-16),
42.5 (C, C-8), 40.4 (C, C-4), 39.6 (CH, C-17), 36.4 (CH,, C-
2), 25.9 (CH, C-5), 25.4 (CH,, C-6), 21.7 (CH3, C-18), 20.9
(CH3;, C-30), 18.3 (CH3, C-28), for the acyloxy and methoxyl
groups: 3-OAc [oc 170.0 (C), 21.1 (CHy)], 12-OAc [dc 170.8
(C), 21.15 (CH3y)], 29-OMe [dc 55.6 (CH3)]. The spectroscopic
data was identical to that reported of meliarachin G (Su et al.,
2011).

2.4.6. Preparation of 9 and 16 from TSN

To a stirred solution of TSN (100 mg, 0.174 mmol) in freshly
distilled DCM (2 mL) was added 100 pL of Et3N, followed
by the treatment with furoyl chloride (100 pL) at rt. The result-
ing mixture solution was kept stirring at rt overnight and then
quenched with anhydrous EtOH (2 mL). After removal of the
solvent under vacuum, the residues were subjected to semi-
preparative HPLC (MeCN/H,0, 75:25, 3 mL/min) to afford
compounds 9 (20 mg, g 10 min) and 16 (23 mg, 7 13 min).

2.4.6.1. 29-O-(2-Furoyl)-isotoosendanin (9). White amor-
phous powder; 'H NMR (CDCls, 400 MHz) data for the
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sendanin-type moiety: oy 7.39 (1H, brs, H-23), 7.30 (1H, brs,
H-21), 6.27 (1H, brs, H-22), 5.97 (1H, s, H-29), 5.48 (1H, d,
J = 32 Hz, H-3), 507 (1H, s, H-12), 434 (IH, d,
J = 12.7 Hz, H-19a), 428 (1H, d, J = 12.7 Hz, H-19b),
4.13 (1H, d, J = 3.1 Hz, H-1), 3.79 (1H, s, H-9), 3.37 (1H,
d, J = 9.7 Hz, H-17), 3.23 (1H, s, H-14), 2.87 (IH, dt,
J = 4.7, 16.7 Hz, H-2a), 2.73 (1H, dd, J = 3.0, 13.3 Hz, H-
5), 2.62 (1H, m, H-16a), 2.60 (1H, m, H-16b), 2.18 (1H, H-
6a), 2.10 (1H, H-6b), 1.93 (1H, d, J = 16.6 Hz, H-2b), 1.20
(3H, s, H-30), 1.02 (3H, s, H-18), 0.87 (3H, s, H-28), for the
acyloxy groups: 3-OAc [dy 2.12 (3H, s)], 12-OAc [oyx 2.09
(3H, s)], 29-0-2-furoyl [oy 7.62 (1H, brs, H-5), 7.26 (1H,
brs, H-3), 6.52 (1H, brs, H-4); '*C NMR (CDCls,
100 MHz) data for the sendanin-type moiety: dc 218.0 (C,
C-15), 207.0 (C, C-11), 143.5 (CH, C-23), 140.7 (CH, C-21),
122.2 (C, C-20), 110.5 (CH, C-22), 94.7 (CH, C-29), 79.5
(CH, C-12), 73.8 (CH, C-3), 70.9 (CH, C-1), 69.4 (CH, C-7),
64.8 (CH,, C-19), 60.4 (CH, C-14), 47.9 (CH, C-9), 47.2 (C,
C-13), 44.8 (C, C-8), 43.9 (CH,, C-16), 42.1 (C, C-10), 39.5
(C, C-4), 39.3 (CH, C-17), 35.7 (CH,, C-2), 28.5 (CH, C-5),
23.4 (CH,, C-6), 21.6 (CHj;, C-18), 20.9 (CH3, C-30), 18.81
(CH;, C-28), for the acyloxy groups: 3-OAc [oc 169.8 (C),
21.6 (CH3)], 12-OAc [6c 170.7 (C), 20.8 (CHjz)], 29-0-2-
furoyl [6c 157.2 (C, C-6'), 147.5 (CH, C-5'), 143.7 (C, C-2'),
119.6 (CH, C-3'), 112.2 (CH, C-4')]; HRESIMS m/z 691.2508
[M + Na]" (caled for C35sH40013Na ™, 691.2361).

2.4.6.2. 29-O-(2-Furoyl)-toosendanin (16). White amorphous
powder; '"H NMR (CDCls, 400 MHz) data for the sendanin-
type moiety: dy 7.33 (1H, brs, H-23), 7.13 (1H, brs, H-21),
6.15 (1H, brs, H-22), 6.01 (1H, s, H-29), 5.39 (1H, d,
J = 3.4 Hz, H-3), 5.26 (1H, s, H-12), 4.63 (1H, s, H-9), 4.37
(1H, d, J = 13.3 Hz, H-19a), 4.30 (1H, d, J = 13.3 Hz, H-
19b), 3.76 (1H, brs, H-15), 3.69 (1H, brs, H-7), 2.98 (1H, dd,
J = 6.3, 11.0 Hz, H-17), 2.89 (1H, dt, J = 4.5, 16.4 Hz, H-
2a), 2.77 (1H, dd, J = 4.0, 13.9 Hz, H-5), 2.24 (1H, dd,
J = 6.5, 13.3 Hz, H-6), 2.06 (1H, m, H-16a), 1.95 (IH, m,
H-2b), 1.93 (1H, m, H-6b), 1.76 (1H, dt, J = 3.8, 14.6 Hz,
H-16b), 1.32 (3H, s, H-18), 1.18 (3H, s, H-30), 0.90 (3H, s,
H-28), for the acyloxy groups: 3-OAc [0y 2.11 (3H, s)], 12-
OAc [0y 1.97 (3H, s)], 29-0-2-furoyl [éy 7.62 (1H, brs, H-
5", 7.25 (1H, d, J = 4.3 Hz, H-3), 6.52(1H, dd, J = 1.7,
3.5 Hz, H-4)]; >*C NMR (CDCls, 100 MHz) data for the
sendanin-type moiety: dc 206.9 (C, C-11), 142.6 (CH, C-23),
140.8 (CH, C-21), 122.6 (C, C-20), 112.2 (CH, C-22), 954
(CH, C-29), 78.8 (CH, C-12), 73.7 (CH, C-3), 72.1 (C, C-14),
70.6 (CH, C-7), 70.1 (CH, C-1), 64.9 (CH,, C-19), 58.6 (CH,
C-15), 48.6 (CH, C-9), 46.1 (C, C-13), 42.7 (C, C-8), 41.5 (C,
C-10), 39.8 (C, C-4), 38.5 (CH, C-17), 34.9 (CH,, C-2), 33.7
(CH,, C-6), 28.0 (CH, C-5), 26.2 (CH,, C-16), 22.3 (CH;, C-
30), 19.8 (CHj, C-28), 15.9 (CHj, C-18), for the acyloxy
groups: 3-OAc [0¢ 170.1 (C), 21.6 (CH3)], 12-OAc [6¢ 170.6
(©), 20.9 (CH3)], 29-0-2-furoyl [6¢ 157.3 (C, C-6'), 147.4
(CH, C-5), 143.8 (C, C-2), 119.5 (CH, C-3'), 112.0 (CH, C-
4)]; HRESIMS m/z 691.2383 [M + Na]™ (caled for C3sHyo-
O5Na™, 691.2361).

2.4.7. Preparation of 10 by hydrolysis of TSN

To a stirred solution of TSN (100 mg, 0.174 mmol) in freshly
distilled pyridine (2 mL) was added excess 5-bromonicotinoyl
chloride (100 pL) at rt. The resulting solution was stirred at

rt overnight and then quenched by adding 2 mL of anhydrous
EtOH. After removal of the solvent under vacuum, the resi-
dues were successively purified by flash CC (PE:EtOAc,
20:1 — 5:1) and semi-preparative HPLC (MeCN/H,0, 70:30,
3 mL/min) to yield the corresponding acylated product 10
(30 mg, g 12.5 min).

2.4.7.1. 29-O-(5-Bromonicotinoyl)-isotoosendanin (10). White
amorphous powder; '"H NMR (CDCl;, 400 MHz) data for
the sendanin-type moiety: éy 7.40 (1H, t, J = 1.6 Hz, H-23),
7.31 (1H, brs, H-21), 6.28 (1H, brs, H-22), 6.02 (1H, s, H-
29), 5.51 (1H, d, J = 3.1 Hz, H-3), 5.07 (1H, s, H-12), 4.36
(1H, d, J = 13.0 Hz, H-19a), 4.32(1H, d, J = 13.0 Hz, H-
19b), 4.15 (1H, brs, H-1), 3.81 (IH, s, H-9), 3.38 (1H, t,
J = 9.7 Hz, H-17), 3.23 (IH, s, H-14), 2.87 (1H, dt,
J = 4.5,16.3 Hz, H-2a), 2.77 (1H, dd, J = 3.5, 13.8 Hz, H-
5), 2.62 (1H, m, H-16a), 2.60 (1H, m, H-16b), 2.18 (1H, H-
6a), 2.10 (1H, H-6b), 1.94 (1H, brs, H-2b), 1.21 (3H, s, H-
30), 1.03 (3H, s, H-18), 0.89 (3H, s, H-28), for the acyloxy
groups: 3-OAc [dy 2.13 (3H, s)], 12-OAc [éy 2.10 (3H, s)],
29-0-5-bromonicotinyl [0y 9.14 (1H, d, J = 1.6 Hz, H-2),
8.88 (IH, d, / = 2.2 Hz, H-6), 8.40 (1H, m, H-4)]; "*C
NMR (CDCls, 100 MHz) data for the sendanin-type moiety:
oc 218.0 (C, C-15), 207.0 (C, C-11), 143.5 (CH, C-23), 140.7
(CH, C-21), 122.2 (C, C-20), 110.5 (CH, C-22), 95.7 (CH, C-
29), 79.5 (CH, C-12), 73.5 (CH, C-3), 70.9 (CH, C-1), 69.4
(CH, C-7), 65.1 (CH,, C-19), 60.4 (CH, C-14), 47.9 (CH, C-
9), 47.2 (C, C-13), 44.8 (C, C-8), 43.9 (CH,, C-16), 42.1 (C,
C-10), 39.6 (C, C-4), 39.3 (CH, C-17), 35.9 (CH,, C-2), 28.6
(CH, C-5), 23.3 (CH,, C-6), 21.6 (CH;, C-18), 20.8 (CH;, C-
30), 18.8 (CHj, C-28), for the acyloxy groups: 3-OAc [dc
169.7 (C), 21.5 (CH3y)], 12-OAc [6c 170.7 (C), 20.8 (CH3)],
29-0-5-bromonicotinyl [d¢ 163.0 (C, C-7'), 155.4 (CH, C-6'),
149.2 (CH, C-2'), 139.9 (CH, C-4'), 126.8 (C, C-3'), 120.9 (C,
C-5")]; HRESIMS m1/z 782.1622 [M + Na]™ (calcd for C¢Ha-
0,;,NBrNa ™, 780.1626).

2.4.8. Preparation of 11 by alkaline hydrolysis of TSN

To a solution of TSN (100 mg, 0.174 mmol) in 1 mL of MeOH
at rt was added excess saturated NaHCOj solution, which was
stirred overnight. The resulting solution was diluted with H,O
(4 mL) and then extracted with EtOAc (5 mL x 3). The com-
bined organic phases were evaporated in vacuo and purified by
flash CC (PE:EtOAc, 5:1 — 1:1) to give a totally-deacetyl pro-
duct 11 (45 mg).

2.4.8.1. 3,12-Dideacetyl-toosendanin (11). Colorless oil; 'H
NMR (pyrdine-ds, 400 MHz) data: oy 7.57 (1H, brs, H-21),
7.55 (1H, t, J = 1.5 Hz, H-23), 7.02 (1H, brs, H-22), 6.01
(1H, m, H-12), 5.49 (1H, s, H-29), 493 (1H, d, J = 13.0 Hz,
H-19a), 4.79 (1H, d, J = 12.6 Hz, H-19b), 4.53 (1H, s, H-9),
4.04 (1H, s, H-15), 3.61 (1H, m, H-3), 3.51 (1H, dt, J = 3.7,
14.4 Hz, H-5), 3.33 (1H, dt, J = 5.9, 10.7 Hz, H-17), 2.36
(1H, m, H-2a), 2.31 (IH, m, H-16a), 2.24 (1H, m, H-2b),
2.05 (1H, m, H-6a), 2.05 (1H, m, H-16b), 1.87 (1H, m, H-
6b), 1.92 (3H, s, H-18), 1.40 (3H, s, H-30), 1.39 (3H, s, H-
28); 13C NMR (pyrdine-ds, 100 MHz) data: é¢ 216.0 (C, C-
11), 1429 (CH, C-23), 141.7 (CH, C-21), 126.0 (C, C-20),
114.4 (CH, C-22), 97.9 (CH, C-29), 80.1 (CH, C-12), 74.3 (C,
C-14), 72.6 (CH, C-1), 72.6 (CH, C-3), 71.1 (CH, C-7), 65.2
(CH,, C-19), 59.2 (CH, C-15), 49.9 (CH, C-9), 479 (C, C-
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13), 43.8 (C, C-8), 43.5 (C, C-10), 42.5 (C, C-4), 41.0 (CH, C-
17), 38.9 (CH,, C-2), 34.2 (CH,, C-16), 28.5 (CH, C-5), 27.0
(CH,, C-6), 23.6 (CH;, C-30), 21.9 (CH3, C-28), 15.6 (CH3;,
C-18). The spectroscopic data was identical to that reported
of deacetylated toosendanin (Fischer et al., 2009).

2.4.9. Preparation of 12-15 by acylation of TSN

Each anhydride (including acetic, propionic, butyric, and vale-
ric anhydrides with the amounts of 40, 56, 71, and 86 pL,
respectively) was added dropwise to a stirred solution of
TSN (50 mg, 0.087 mmol) in freshly distilled pyridine (2 mL)
under the protection of N,. Each resulting solution was
allowed to keep stirring overnight under the same condition,
which was then quenched by adding 2 mL of anhydrous etha-
nol. After removal of the solvent under vacuum, each residue
was successively purified by flash CC (CH,Cl,:MeOH,
100:1 — 50:1) and semi-preparative HPLC (MeCN/H,O,
75:25, 3 mL/min) to afford the corresponding compounds:
12 (from the reaction mixture of TSN and acetic anhydride;
20 mg, g 8 min), 13 (from the reaction mixture of TSN and
propionic anhydride; 23 mg, g 10.5 min), 14 (from the reac-
tion mixture of TSN and butyric anhydride; 18 mg, g
11 min), and 15 (from the reaction mixture of TSN and valeric
anhydride; 16 mg, g 12 min).

2.4.9.1. 29-O-Acetyl-toosendanin (12). White amorphous pow-
der; 'TH NMR (CD;0D, 500 MHz) data for the sendanin-type
moiety: oy 7.40 (1H, t, J = 1.5 Hz, H-23), 7.20 (1H, brs, H-
21), 6.16 (1H, d, J = 0.9 Hz, H-22), 5.78 (1H, s, H-29), 5.34
(1H, s, H-12), 5.12 (1H, d, J = 3.9 Hz, H-3), 4.38 (1H, d,
J = 12.8 Hz, H-19a), 424 (1H, d, J = 12.8 Hz, H-19b),
423 (1H, d, J = 4.3 Hz, H-1), 3.81 (1H, brs, H-15), 3.60
(IH, brs, H-7), 291 (1H, dd, J = 4.7, 14.2 Hz, H-5), 2.88
(IH, dd, J = 5.9, 11.2 Hz, H-17), 2.66 (1H, dt, J = 4.,
16.1 Hz, H-2a), 2.12 (1H, dd, J = 6.5, 13.4 Hz, H-16a), 2.02
(IH, m, H-16b), 1.99 (IH, m, H-6a), 1.86 (1H, d,
J = 16.1 Hz, H-2b), 1.74 (1H, dt, J = 3.8, 14.2 Hz, H-6b),
1.37 (3H, s, H-18), 1.13 (3H, s, H-30), 0.82 (3H, s, H-28), for
the acyloxy groups: 3-OAc [0y 2.09 (3H, s)], 12-OAc [y
1.94 (3H, s)], 29-OAc [0y 2.07 (3H, s)]; *C NMR (CD;0D,
125 MHz) data for the sendanin-type moiety: dc 209.1 (C,
C-11), 143.7 (CH, C-23), 142.1 (CH, C-21), 124.2 (C, C-20),
113.0 (CH, C-22), 96.2 (CH, C-29), 79.7 (CH, C-12), 74.6
(CH, C-3), 73.5 (C, C-14), 70.7 (CH, C-1), 70.3 (CH, C-7),
66.3 (CH,, C-19), 59.9 (CH, C-15), 50.1 (CH, C-9), 46.9 (C,
C-13), 43.9 (C, C-10), 42.6 (C, C-8), 40.3 (C, C-4), 39.9 (CH,
C-17), 36.7 (CH,, C-2), 34.8 (CH,, C-16), 29.5 (CH, C-5),
26.4 (CH,, C-6), 20.8 (CH;, C-18), 19.4 (CH;, C-28), 15.8
(CH3, C-30), for the acyloxy groups: 3-OAc [d¢ 172.7 (O),
22.9 (CH3)], 12-OAc [¢ 172.1 (C), 21.3 (CH3)], 29-OAc [d¢
171.4 (C), 20.9 (CH3)]. The spectroscopic data was identical
to that reported (Xu and Zhang, 2011).

2.4.9.2. 29-O-Propionyl-toosendanin (13). White amorphous
powder; '"H NMR (CDCls, 400 MHz) data for the sendanin-
type moiety: dy 7.33 (1H, brs, H-23), 7.13 (1H, brs, H-21),
6.15 (1H, brs, H-22), 5.81 (1H, s, H-29), 5.27 (1H, s, H-12),
4.61 (1H, s, H-9), 4.33 (1H, d, J = 13.2 Hz, H-19a), 4.29
(1H, d, J = 13.5 Hz, H-19b), 3.75 (1H, brs, H-15), 3.67 (1H,
brs, H-7), 2.97 (1H, dd, J = 6.3, 11.1 Hz, H-17), 2.81 (1H,
dt, J = 4.6, 16.4 Hz, H-2a), 2.72 (1H, dd, J = 4.0, 13.9 Hz,

H-5), 2.24 (1H, dd, J = 6.4, 13.5 Hz, H-6a), 2.03 (1H, m,
H-16a), 1.99 (1H, m, H-2b), 1.91 (1H, m, H-6b), 1.72 (1H,
dt, J = 3.5, 14.3 Hz, H-16b), 1.32 (3H, s, H-18), 1.16 (3H, s,
H-30), 0.82 (3H, s, H-28), for the acyloxy groups: 3-OAc [dy
2.10 (3H, s)], 12-OAc [oyg 1.97 (3H, s)], 29-O-propionyl [0y
240 (1H, q, J = 7.5 Hz, H-2’a) 2.03 (1H, m, H-2'b), 1.15
(3H, t,J = 7.5 Hz, H-3')], ">*C NMR (CDCl;, 100 MHz) data
for the sendanin-type moiety: doc 206.8 (C, C-11), 142.6 (CH,
C-23), 140.8 (CH, C-21), 122.6 (C, C-20), 112.0 (CH, C-22),
94.5 (CH, C-29), 78.7 (CH, C-12), 73.8 (CH, C-3), 72.1 (C,
C-14), 70.6 (CH, C-7), 70.2 (CH, C-1), 64.8 (CH,, C-19),
58.6 (CH, C-15), 48.6 (CH, C-9), 46.1 (C, C-13), 42.7 (C, C-
8), 41.7 (C, C-10), 39.5 (C, C-4), 38.5 (CH, C-17), 35.2 (CH,,
C-2), 33.7 (CH,, C-6), 28.5 (CH, C-5), 25.9 (CH,, C-16),
22.5 (CHj, C-30), 19.5 (CH;, C-28), 15.9 (CH3, C-18), for
the acyloxy groups: 3-OAc [d¢ 170.0 (C), 21.6 (CH3)], 12-
OAc [0¢ 170.5 (C), 20.9 (CH3)], 29-O-propionyl [6¢ 173.4 (C,
C-1'), 27.8 (CH,, C-2), 9.0 (CHj, C-3')]. The spectroscopic
data was identical to that reported (Xu and Zhang, 2011).

2.4.9.3. 29-O-Butyryl-toosendanin (14). White amorphous
powder; '"H NMR(CDCl;, 500 MHz) data for the sendanin-
type moiety: oy 7.33 (1H, brs, H-23), 7.12 (1H, brs, H-21),
6.14 (1H, brs, H-22), 5.80 (1H, s, H-29), 5.27 (1H, s, H-12),
4.60 (1H, s, H-9), 4.33 (1H, d, J = 13.2 Hz, H-19a), 4.28
(IH, d, J = 13.2 Hz, H-19b), 3.75 (1H, s, H-15), 3.66 (1H,
brs, H-7), 2.97 (1H, dd, J = 6.3, 11.0 Hz, H-17), 2.80 (1H,
dt, J = 4.5, 16.4 Hz, H-2a), 2.72 (1H, dd, J = 3.9, 14.0 Hz,
H-5), 2.23 (1H, dd, J = 6.4, 13.1 Hz, H-6a), 2.05 (1H, m,
H-16a), 1.99 (1H, m, H-2b), 1.72 (1H, m, H-16b), 1.31 (3H,
s, H-18), 1.16 (3H, s, H-30), 0.82 (3H, s, H-28), for the acyloxy
groups: 3-OAc [0y 2.10 (3H, s)], 12-OAc [0y 1.97 (3H, s)], 29-
O-butyryl [0y 2.35 2H, t, J = 7.4 Hz, H-2") 1.66 (2H, m, H-
3, 095 3H, t, J = 7.4 Hz, H-4)]; *C NMR (CDCls,
125 MHz) data for the sendanin-type moiety: dc 206.8 (C,
C-11), 142.6 (CH, C-23), 140.8 (CH, C-21), 122.6 (C, C-20),
112.0 (CH, C-22), 94.4 (CH, C-29), 78.7 (CH, C-12), 73.8
(CH, C-3), 72.1 (C, C-14), 70.5 (CH, C-7), 70.2 (CH, C-1),
64.8 (CH,, C-19), 58.6 (CH, C-15), 48.5 (CH, C-9), 46.1 (C,
C-13), 42.7 (C, C-8), 41.6 (C, C-10), 39.4 (C, C-4), 38.5 (CH,
C-17), 35.1 (CH,, C-2), 33.7 (CH,, C-6), 28.1 (CH, C-5),
25.9 (CH,, C-16), 22.4 (CH;, C-30), 19.5 (CH3, C-28), 15.9
(CH;, C-18), for the acyloxy groups: 3-OAc [6¢ 170.1 (C),
21.6 (CH3)], 12-OAc [6¢ 170.6 (C), 20.9 (CH3)], 29-O-butyryl
[0c 172.6 (C, C-1'), 36.4 (CH,, C-2'), 18.4 (CH,, C-3"), 13.7
(CH;, C-4)]. The spectroscopic data was identical to that
reported (Xu and Zhang, 2011).

2.4.9.4. 29-O-Valeryl-toosendanin (15). White amorphous
powder; '"H NMR (CDCls, 500 MHz) data for the sendanin-
type moiety: oy 7.33 (1H, brs, H-23), 7.12 (1H, brs, H-21),
6.14 (1H, brs, H-22), 5.80 (1H, s, H-9), 5.27 (1H, s, H-3),
4.60 (1H, s, H-9), 4.33 (1H, d, J = 13.2 Hz, H-19a), 4.28
(1H, d, J = 13.2 Hz, H-19b), 4.26 (1H, brs, H-1), 3.75 (1H,
s, H-5), 3.66 (1H, brs, H-7), 2.97 (1H, dd, J = 6.3, 11.0 Hz,
H-17), 2.80 (1H, dt, J = 4.5, 16.4 Hz, H-2a), 2.72 (1H, dd,
J = 4.0, 14.0 Hz, H-5), 2.23 (1H, dd, J = 6.2, 13.4 Hz, H-
6a), 2.06 (1H, dd, J = 1.4, 14.4 Hz, H-16a), 1.99 (1H, m, H-
2b), 1.90 (1H, m, H-6b), 1.72 (1H, m, H-16b), 1.31 (3H, s,
H-18), 1.16 (3H, s, H-30), 0.82 (3H, s, H-28), for the acyloxy
groups: 3-OAc [dy 2.10 (3H, s)], 12-OAc [éy 1.97 (3H, s)],
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29-O-valeryl [0y 2.37 (2H, t, J = 7.5 Hz, H-2) 1.61 (2H, dt,
J = 1.5, 151 Hz, H-3), 1.35 (2H, m, H-4), 0.91 (3H, t,
J = 7.4 Hz, H-5)]; 3C NMR (CDCl;, 125 MHz) data for
the sendanin-type moiety: oc 206.8 (C, C-11), 142.6 (CH, C-
23), 140.8 (CH, C-21), 122.6 (C, C-20), 112.0 (CH, C-22),
94.5 (CH, C-29), 78.7 (CH, C-12), 73.8 (CH, C-3), 72.1 (C,
C-14), 70.5 (CH, C-7), 70.2 (CH, C-1), 64.8 (CH,, C-19),
58.6 (CH, C-15), 48.5 (CH, C-9), 46.1 (C, C-13), 42.7 (C, C-
8), 41.6 (C, C-10), 39.4 (C, C-4), 38.5 (CH, C-17), 35.1 (CH,,
C-2), 33.7 (CH,, C-6), 28.1 (CH, C-5), 25.9 (CH,, C-16),
22.4 (CHs, C-30), 19.5 (CH;, C-28), 15.9 (CHj, C-18), for
the acyloxy groups: 3-OAc [0¢ 170.1 (C), 21.6 (CH3y)], 12-
OAc [0¢ 170.6 (C), 20.9 (CH3)], 29-O-valeryl [6¢ 172.8 (C,C-
1), 34.2 (CH,, C-2), 26.9 (CH,, C-3'), 22.3 (CH,, C-4), 13.8
(CH;, C-5)]. The spectroscopic data was identical to that
reported (Zhang et al., 2013).

2.4.10. Preparation of 18-25 by acylation of TSN

Each acyl chloride (including benzoyl, 4-fluorobenzoyl, 4-
chlorobenzoyl, 4-bromobenzoyl, 4-dimethylaminobenzoyl, 4-
nitrobenzoyl, 4-anisoyl, and 6-chloronicotinoyl chlorides)
(100 pL) was added to a stirred solution of TSN (100 mg,
0.174 mmol) in freshly distilled pyridine (2 mL) at rt. Each
resulting solution was then stirred at rt overnight and followed
by quenching with 2 mL of anhydrous EtOH. After removal of
the solvent under vacuum, each residue was subjected to flash
CC (PE:EtOAc, 20:1 — 5:1) and semi-preparative HPLC
(MeCN/H,0, 70:30, 3 mL/min) to yield the corresponding
acylated compounds: 18 (from the reaction mixture of TSN
and benzoyl chloride; 35 mg, tg 12 min), 19 (from the reaction
mixture of TSN and 4-fluorobenzoyl chloride; 40 mg, fr
11 min), 20 (from the reaction mixture of TSN and 4-
chlorobenzoyl chloride; 50 mg, tg 14 min), 21 (from the reac-
tion mixture of TSN and 4-bromobenzoyl chloride; 40 mg, g
9 min), 22 (from the reaction mixture of TSN and 4-
dimethylaminobenzoyl chloride; 30 mg, g 12 min), 23 (from
the reaction mixture of TSN and 4-nitrobenzoyl chloride;
45 mg, tg 15 min), 24 (from the reaction mixture of TSN
and 4-anisoyl; 55 mg, tg 12.5 min), and 25 (from the reaction
mixture of TSN and 6-chloronicotinoyl chloride; 50 mg, fr
13.5 min).

2.4.10.1. 29-O-Benzoyl-toosendanin (18). White amorphous
powder; '"H NMR (CDCl;, 400 MHz) data for the sendanin-
type moiety: oy 7.34 (1H, t, J = 1.6 Hz, H-23), 7.14 (1H,
brs, H-21), 6.15 (1H, d, J = 1.0 Hz, H-22), 6.04 (1H, s, H-
29), 5.49 (1H, d, J = 3.3 Hz, H-3), 5.28 (1H, s, H-12), 4.65
(1H, s, H-9), 442 (1H, d, J = 13.2 Hz, H-19a), 4.36 (1H, d,
J = 13.2 Hz, H-19b), 4.31 (1H, brs, H-1), 3.77 (1H, brs, H-
15), 3.70 (1H, brs, H-7), 2.98 (1H, dd, J = 6.3, 11.0 Hz, H-
17), 2.92 (1H, dd, J = 4.7, 6.5 Hz, H-2a), 2.79 (1H, dd,
J = 4.0, 13.9 Hz, H-5), 2.25 (1H, dd, J = 6.6, 13.3 Hz, H-
6a), 2.08 (1H, dd, J = 1.9, 14.2 Hz, H-16a), 2.00 (1H, m, H-
2b), 1.94 (1H, dd, J = 11.6, 13.7 Hz, H-6b), 1.78(1H, dt,
J = 3.9, 144 Hz, H-16b), 1.33 (3H, s, H-18), 1.20 (3H, s, H-
30), 0.91 (3H, s, H-28), for the acyloxy groups: 3-OAc [0y
2.13 (3H, s)], 12-OAc [og 1.98 (3H, s)], 29-OBz [oy 8.04 (2H,
dd, J = 1.2, 8.3 Hz, H-2//6'), 7.59 (1H, tt, J = 1.3, 7.0 Hz,
H-4), 7.47 (2H, t, J = 7.7 Hz,H-3'/5)]; '*C NMR(CDCl;,
100 MHz) data for the sendanin-type moiety: dc 206.8 (C,
C-11), 142.6 (CH, C-23), 140.8 (CH, C-21), 122.6 (C, C-20),

112.0 (CH, C-22), 95.3 (CH, C-29), 78.8 (CH, C-12), 73.7
(CH, C-3), 72.1 (C, C-14), 70.6 (CH, C-7), 70.2 (CH, C-1),
65.0 (CH,, C-19), 58.6 (CH, C-15), 48.6 (CH, C-9), 46.1 (C,
C-13), 42.7 (C, C-8), 41.7 (C, C-10), 39.8 (C, C-4), 38.5 (CH,
C-17), 35.3 (CH,, C-2), 33.7 (CH,, C-6), 28.2 (CH, C-5),
26.0 (CH,, C-16), 22.5 (CH;, C-30), 19.6 (CHj, C-28), 15.9
(CH3;, C-18), for the acyloxy groups: 3-OAc [d¢ 170.1 (O),
21.7 (CH3)], 12-OAc [o¢ 170.6 (C), 20.9 (CH3)], 29-OBz [d¢
165.4 (C, C-7"), 133.8 (CH, C-4), 130.1(CH x 2, C-2'/¢'),
129.4 (C, C-1"), 128.8 (CH x 2, C-3'/5")]. The spectroscopic
data was identical to that reported (Xu and Zhang, 2011).

2.4.10.2. 29-O-(4-Fluorobenzoyl)-toosendanin (19). White
amorphous powder; 'H NMR (CDCls, 400 MHz) data for
the sendanin-type moiety: oy 7.33 (1H, t, J = 1.6 Hz, H-23),
7.13 (1H, brs, H-21), 6.14 (1H, d, J = 1.0 Hz, H-22), 6.00
(1H, s, H-29), 5.45 (1H, d, J = 3.5 Hz, H-3), 5.26 (1H, s, H-
12), 4.64 (1H, s, H-9), 441 (1H, d, J = 13.2 Hz, H-19a),
435 (1H, d, J = 13.2 Hz, H-19b), 4.30 (1H, brs, H-1), 3.76
(1H, s, H-15), 3.69 (1H, brs, H-7), 2.96 (1H, dd, J = 6.3,
11.1 Hz, H-17), 2.90 (1H, dt, J = 4.6, 16.3 Hz, H-2a), 2.80
(IH, dd, J = 4.0, 13.9 Hz, H-5), 2.23 (1H, dd, J = 6.5,
13.4 Hz, H-6a), 2.05 (1H, dd, J = 1.5, 14.2 Hz, H-16a), 1.98
(1H, m, H-2b), 1.91 (1H, dd, J = 11.5, 13.4 Hz, H-6b), 1.77
(1H, dt, J = 3.7, 14.2 Hz, H-16b), 1.32 (3H, s, H-18), 1.18
(3H, s, H-30), 0.89 (3H, s, H-28), for the acyloxy groups: 3-
OAc [0y 2.12 (3H, s)], 12-OAc [0y 1.97 (3H, s)], 29-0-(4-
fluorobenzoyl) [0y 8.05 (2H, dd, J = 5.4, 8.8 Hz, H-2'/¢'),
7.13 (2H, t, J = 8.6 Hz, H-3//5)]; '*C NMR (CDCl;,
100 MHz) data for the sendanin-type moiety: dc 206.9 (C,
C-11), 142.6 (CH, C-23), 140.8 (CH, C-21), 122.6 (C, C-20),
112.0 (CH, C-22), 954 (CH, C-29), 78.8 (CH, C-12), 73.7
(CH, C-3), 72.1 (C, C-14), 70.4 (CH, C-7), 70.1 (CH, C-1),
65.0 (CH,, C-19), 58.6 (CH, C-15), 48.5 (CH, C-9), 46.1 (C,
C-13), 42.7 (C, C-8), 41.6 (C, C-10), 39.8 (C, C-4), 38.5 (CH,
C-17), 35.3 (CH,, C-2), 33.7 (CH,, C-6), 28.2 (CH, C-5),
25.9 (CH,, C-16), 22.5 (CH;, C-30), 19.5 (CH3, C-28), 15.9
(CH3, C-18), for the acyloxy groups: 3-OAc [d¢ 170.2 (O),
21.6 (CH3)], 12-OAc [6¢ 170.6 (C), 20.8 (CH3)], 29-O-(4-
fluorobenzoyl) [0 166.3 (C, C-4), 164.4 (C, C-7), 132.6
(CH x 2, C-2'/¢), 125.6 (C, C-1"), 116.0 (CH x 2, C-3'/5)];
HRESIMS m/z 719.2460 [M + Na]" (caled for C3;H4 0o-
FNa™, 719.2474).

2.4.10.3. 29-O-(4-Chlorobenzoyl)-toosendanin (20). White
amorphous powder; '"H NMR (CDCls, 400 MHz) data for
the sendanin-type moiety: oy 7.34 (1H, t, J = 1.6 Hz, H-23),
7.14 (1H, brs, H-21), 6.15 (1H, d, J = 1.0 Hz, H-22), 6.02
(1H, s, H-29), 5.46 (1H, d, J = 3.5 Hz, H-3), 5.27 (1H, s, H-
12), 4.65 (1H, s, H-9), 4.41 (1H, d, J = 13.2 Hz, H-19a),
4.36 (1H, d, J = 13.2 Hz, H-19b), 4.31 (1H, brs, H-1), 3.76
(1H, s, H-15), 3.70 (1H, brs, H-7), 2.98 (1H, dd, J = 6.3,
11.1 Hz, H-17), 2.90 (1H, dt, J = 4.6, 16.3 Hz, H-2a), 2.80
(1H, dd, J = 4.0, 13.9 Hz, H-5), 2.25 (1H, dd, J = 6.5,
13.5 Hz, H-6a), 2.07 (1H, dd, J = 1.7, 14.2 Hz, H-16a), 1.98
(1H, m, H-2b), 1.92 (1H, dd, J = 11.2, 13.3 Hz, H-6b), 1.77
(1H, dt, J = 3.7, 14.3 Hz, H-16b), 1.33 (3H, s, H-18), 1.19
(3H, s, H-30), 0.90 (3H, s, H-28), for the acyloxy groups: 3-
OAc [0y 2.13 (3H, s)], 12-OAc [0y 1.98 (3H, s)], 29-O-(4-
chlorobenzoyl) [0y 7.97 (2H, d, J = 8.6 Hz, H-2'/¢), 7.44
(2H, d, J = 8.6 Hz, H-3//5)]; '*C NMR (CDCl;, 100 MHz)
data for the sendanin-type moiety: dc 206.8 (C, C-11), 142.6
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(CH, C-23), 140.8 (CH, C-21), 122.6 (C, C-20), 112.0 (CH, C-
22),95.6 (CH, C-29), 78.8 (CH, C-12), 73.5 (CH, C-3), 72.1 (C,
C-14), 70.6 (CH, C-7), 70.1 (CH, C-1), 65.1 (CH,, C-19), 58.6
(CH, C-15), 48.5 (CH, C-9), 46.1 (C, C-13),42.7 (C, C-8), 41.7
(C, C-10), 39.8 (C, C-4), 38.5 (CH, C-17), 35.3 (CH,, C-2), 33.7
(CH,, C-6), 28.2 (CH, C-5), 26.0 (CH,, C-16), 22.5 (CH;, C-
30), 19.5 (CHj, C-28), 159 (CHj, C-18), for the acyloxy
groups: 3-OAc [0¢ 170.1 (C), 21.6 (CH3)], 12-OAc [é¢ 170.6
(©), 20.9 (CH3)], 29-0-(4- chlorobenzoyl) [d¢ 164.6 (C, C-7'),
140.4 (C, C-4'), 131.4 (CH x 2, C-2'/¢), 129.2 (CH x 2, C-
3'/5"), 127.9 (C, C-1')]; HRESIMS m/z 735.2206 [M + Na]*
(caled for Ci;H405,CINa™, 735.2179). The spectroscopic
data was identical to that reported (Xu and Zhang, 2011).

2.4.10.4. 29-O-(4-Bromobenzoyl)-toosendanin (21). White
amorphous powder; '"H NMR (CDCls, 500 MHz) data for
the sendanin-type moiety:oy 7.34 (1H, t, J = 1.5 Hz, H-23),
7.14 (1H, brs, H-21), 6.15 (1H, brs, H-22), 6.02 (1H, s, H-
29), 5.45 (1H, d, J = 3.6 Hz, H-3), 5.27 (1H, s, H-12), 4.65
(1H, s, H-9), 4.41 (1H, d, J = 13.2 Hz, H-19a), 4.37 (1H, d,
J = 13.2 Hz, H-19b), 4.31 (1H, brs, H-1), 3.76 (1H, s, H-
15), 3.70 (1H, brs, H-7), 2.98 (1H, dd, J = 6.3, 11.1 Hz, H-
17), 2.90 (1H, dt, J = 4.6, 16.4 Hz, H-2a), 2.80 (1H, dd,
J = 4.1, 14.0 Hz, H-5), 2.25 (1H, dd, J = 6.2, 13.3 Hz, H-
6a), 2.08 (1H, td, J = 2.0, 14.4 Hz, H-16a), 1.98 (IH, m, H-
2b), 1.92 (1H, dd, J = 11.4, 13.4 Hz, H-6b), 1.77 (1H, dt,
J = 3.8, 14.3 Hz, H-16b), 1.33 (3H, s, H-18), 1.19 (3H, s, H-
30), 0.90 (3H, s, H-28), for the acyloxy groups: 3-OAc [iy
2.13 (3H, s)], 12-OAc [0y 1.98 (3H, 5s)], 29-0-(4-
bromobenzoyl) [0y 7.90 (2H, d, J = 8.5 Hz, H-3/5), 7.61
(2H, d, J = 8.5 Hz, H-2//¢')]; >*C NMR (CDCl;, 125 MHz)
data for the sendanin-type moiety: dc 206.8 (C, C-11), 142.6
(CH, C-23), 140.8 (CH, C-21), 122.6 (C, C-20), 112.0 (CH,
C-22), 95.6 (CH, C-29), 78.8 (CH, C-12), 73.5 (CH, C-3),
72.1 (C, C-14), 70.6 (CH, C-7), 70.1 (CH, C-1), 65.1 (CH,,
C-19), 58.6 (CH, C-15), 48.5 (CH, C-9), 46.1 (C, C-13), 42.7
(C, C-8), 41.7 (C, C-10), 39.8 (C, C-4), 38.5 (CH, C-17), 35.3
(CH,, C-2), 33.7 (CH,, C-6), 28.2 (CH, C-5), 26.0 (CH,, C-
16), 22.5 (CH;, C-30), 19.5 (CH;, C-28), 15.9 (CH3, C-18),
for the acyloxy groups: 3-OAc [d¢ 170.1 (C), 21.6 (CH3)], 12-
OAc [6¢ 170.6 (C), 20.9 (CH3)], 29-0O-(4-bromobenzoyl) [0¢
164.7 (C, C-7), 132.2 (CH x 2, C-2'/¢), 131.5 (CH x 2, C-
3/5), 129.1 (C, C-1'), 128.3 (C, C-4)]; HRESIMS m/z
779.1698 [M + Na]™ (caled for C37H4,01,BrNa™, 779.1674).

2.4.10.5. 29-O-(4-Dimethylaminobenzoyl)-toosendanin (22).
White amorphous powder; '"H NMR (CDCl;, 500 MHz) data
for the sendanin-type moiety: dy 7.27 (1H, brs, H-23), 7.01
(1H, brs, H-21), 6.67 (1H, brs, H-22), 6.05 (1H, s, H-29),
5.36 (1H, d, J = 4.5 Hz, H-3), 5.06 (1H, s, H-12), 4.79 (1H,
s, H-9), 455 (1H, d, J = 13.2 Hz, H-19a), 441 (1H, d,
J = 13.2 Hz, H-19b), 4.28 (IH, d, J = 2.5 Hz, H-1), 3.79
(1H, s, H-15), 3.78 (1H, brs, H-7), 2.98 (1H, m, H-17), 2.90
(1H, m, H-2a), 2.89 (1H, dd, J = 6.3, 11.4 Hz, H-5), 2.76
(1H, m, H-16a), 2.68 (1H, m, H-16b), 2.10 (1H, dd, J = 6.5,
13.8 Hz, H-6a), 1.98 (1H, m, H-2b), 1.80 (1H, m, H-6b),
1.32 (3H, s, H-18), 1.24 (3H, s, H-30), 0.79 (3H, s, H-28), for
the acyloxy groups: 3-OAc [0y 1.90 (3H, s)], 12-OAc [0y
1.89 (3H, s)], 29-0O-(4-dimethylaminobenzoyl) [0y 8.05 (2H,
d, J = 9.0 Hz, H-3/5), 8.02 (2H, d, J = 9.0 Hz, H-2'/¢'),
1.99 (6H, s, N(Me),)]; '>*C NMR (CDCl;, 125 MHz) data for
the sendanin-type moiety: dc 206.2 (C, C-11), 142.4 (CH, C-

23), 140.8 (CH, C-21), 122.6 (C, C-20), 112.1 (CH, C-22),
96.0 (CH, C-29), 78.9 (CH, C-12), 74.0 (CH, C-3), 72.2 (C,
C-14), 71.0 (CH, C-7), 70.8 (CH, C-1), 64.0 (CH,, C-19),
58.6 (CH, C-15), 49.6 (CH, C-9), 46.1 (C, C-13), 42.2 (C, C-
8), 41.6 (C, C-10), 40.2 (C, C-4), 38.1 (CH, C-17), 35.5 (CH,,
C-2), 33.7 (CH,, C-6), 29.2 (CH, C-5), 26.8 (CH,, C-16),
23.1 (CHj, C-30), 19.9 (CH;, C-28), 16.1 (CH3, C-18), for
the acyloxy groups: 3-OAc [o¢ 169.7 (C), 21.2 (CH3)], 12-
OAc  [0¢ 170.5 ©), 209  (CHj)], 29-0-(4-
dimethylaminobenzoyl) [d¢ 165.7 (C, C-7'), 153.8 (C, C-4),
131.7 (CH x 2, C-2'/C-6'), 116.8 (C, C-1"), 110.9 (CH x 2,
C-3'/C-5) 402 (CH; x 2, N(Me),)]; HRESIMS m/z
744.2987 [M + Na] " (caled for C30H,470,NNa ™, 744.2990).

2.4.10.6. 29-O-(4-Nitrobenzoyl)-toosendanin (23). White
amorphous powder; '"H NMR (CDCls, 400 MHz) data for
the sendanin-type moiety: oy 7.34 (1H, t, J = 1.6 Hz, H-23),
7.14 (1H, brs, H-21), 6.16 (1H, d, J = 1.0 Hz, H-22), 6.05
(1H, s, H-29), 5.46 (1H, d, J = 3.5 Hz, H-3), 5.25 (1H, s, H-
12), 4.66 (1H, s, H-9), 4.43 (1H, d, J = 13.2 Hz, H-19a),
438 (1H, d, J = 13.2 Hz, H-19b), 4.31 (1H, d, J = 2.9 Hz,
H-1), 3.77 (1H, s, H-15), 3.71 (1H, brs, H-7), 2.98 (1H, dd,
J = 6.3, 11.1 Hz, H-17), 2.90 (1H, m, H-2a), 2.83 (1H, dd,
J = 4.4, 14.2 Hz, H-5), 2.25 (1H, dd, J = 6.6, 13.3 Hz, H-
6a), 2.08 (1H, m, H-16a), 1.98 (1H, m, H-2b), 1.92 (1H, m,
H-6b), 1.77 (1H, m, H-16b), 1.33 (3H, s, H-18), 1.20 (3H, s,
H-30), 0.92 (3H, s, H-28), for the acyloxy groups: 3-OAc [dy
2.14 (3H, s)], 12-OAc [éy 1.98 (3H, s)], 29-O-(4-nitrobenzoyl)
[0u 832 (2H, d, J = 89 Hz, H-3'/5), 821 (2H, d,
J = 8.9 Hz, H-2//6")]; >*C NMR (CDCls, 100 MHz) data for
the sendanin-type moiety: dc 206.8 (C, C-11), 142.6 (CH, C-
23), 140.8 (CH, C-21), 122.6 (C, C-20), 112.0 (CH, C-22),
96.3 (CH, C-29), 78.9 (CH, C-12), 73.3 (CH, C-3), 72.1 (C,
C-14), 71.0 (CH, C-7), 70.0 (CH, C-1), 65.2 (CH,, C-19),
58.6 (CH, C-15), 48.5 (CH, C-9), 46.2 (C, C-13), 42.8 (C, C-
8), 41.6 (C, C-10), 40.0 (C, C-4), 38.6 (CH, C-17), 35.3 (CH,,
C-2), 33.7 (CH,, C-6), 28.2 (CH, C-5), 26.0 (CH,, C-16),
22.5 (CHj, C-30), 19.5 (CH;, C-28), 16.0 (CH3, C-18), for
the acyloxy groups: 3-OAc [0 170.2 (C), 21.6 (CHy)], 12-
OAc [6¢ 170.6 (C), 20.9 (CHj3)], 29-O-(4-nitrobenzoyl) [d¢
163.6 (C, C-7), 151.1 (C, C-4), 1348 (C, C-1), 131.2
(CH x 2, C-2'/6), 124.0 (CH x 2, C-3'/5")]. The spectroscopic
data was identical to that reported (Xu and Zhang, 2011).

2.4.10.7. 29-O-(4-Anisoyl)-toosendanin (24). White amor-
phous powder; '"H NMR (CDCl;, 400 MHz) data for the
sendanin-type moiety: dy 7.33 (1H, t, J = 1.5 Hz, H-23),
7.13 (1H, brs, H-21), 6.15 (1H, brs, H-22), 6.01 (1H, s, H-
29), 5.49 (1H, d, J = 3.4 Hz, H-3), 5.28 (1H, s, H-12), 4.64
(1H, s, H-9), 441 (1H, d, J = 13.2 Hz, H-19a), 4.36 (1H, d,
J = 13.2 Hz, H-19b), 4.31 (1H, brs, H-1), 3.76 (1H, s, H-
15), 3.70 (1H, brs, H-7), 2.98 (1H, dd, J = 7.0, 11.8 Hz, H-
17), 2.92 (1H, dd, J = 5.8, 10.5 Hz, H-2a), 2.78 (1H, dd,
J = 4.0, 13.8 Hz, H-5), 2.25 (1H, dd, J = 6.2, 13.6 Hz, H-
6a), 2.08 (1H, dd, J = 1.7, 14.2 Hz, H-16a), 1.98 (1H, m, H-
2b), 191 (1H, dd, J = 11.2, 13.3 Hz, H-6b), 1.77 (1H, dt,
J = 3.5, 142 Hz, H-16b), 1.33 (3H, s, H-18), 1.19 (3H, s, H-
30), 0.90 (3H, s, H-28), for the acyloxy groups: 3-OAc [0y
2.13 (3H, s)], 12-OAc [0y 1.98 (3H, s)], 29-O-(4-anisoyl) [0y
8.00 (2H, d, J = 8.9 Hz, H-2'/¢), 6.94 (2H, d, J = 8.9 Hz,
H-3'/5), 3.86 (3H, s, 4-OMe); '*C NMR (CDCl,,
100 MHz) data for the sendanin-type moiety: dc 206.8 (C,
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C-11), 142.6 (CH, C-23), 140.8 (CH, C-21), 122.6 (C, C-20),
112.0 (CH, C-22), 95.0 (CH, C-29), 78.8 (CH, C-12), 73.8
(CH, C-3), 72.1 (C, C-14), 70.6 (CH, C-7), 70.2 (CH, C-1),
64.9 (CH,, C-19), 58.6 (CH, C-15), 48.6 (CH, C-9), 46.1 (C,
C-13), 42.7 (C, C-3), 41.7 (C, C-10), 39.9 (C, C-4), 38.5 (CH,
C-17), 35.3 (CH,, C-2), 33.7 (CH,, C-6), 28.3 (CH, C-5),
26.0 (CH,, C-16), 22.5 (CH;, C-30), 19.6 (CH3, C-28), 15.9
(CH3, C-18), for the acyloxy groups: 3-OAc [d¢ 170.1 (O),
21.7 (CH3)], 12-OAc [0 170.6 (C), 20.9 (CH3)], 29-0-(4-
anisoyl) [0¢ 165.1 (C, C-7), 164.1 (C, C-4'), 132.2 (CH x 2,
C-2'/6'),121.7 (C, C-1'), 114.1 (CH x 2, C-3'/5"), 55.6 (CH3,
5-OMe)]. The spectroscopic data was identical to that
reported (Xu and Zhang, 2011).

2.4.10.8. 29-0O-(6-Chloronicotinoyl)-toosendanin (25). White
amorphous powder; '"H NMR (CDCl;, 400 MHz) data for
the sendanin-type moiety: oy 7.33 (1H, t, J = 1.6 Hz, H-23),
7.13 (1H, brs, H-21), 6.15 (1H, d, J = 1.0 Hz, H-22), 6.04
(1H, s, H-29), 5.41 (1H, d, J = 3.4 Hz, H-3), 5.26 (1H, s, H-
12), 4.65 (1H, s, H-9), 4.41 (1H, d, J = 13.2 Hz, H-19a),
4.36 (1H, d, J = 13.2 Hz, H-19b), 4.30 (1H, brs, H-1), 3.76
(1H, s, H-15), 3.70 (1H, brs, H-7), 2.98 (1H, dd, J 6.3,
11.1 Hz, H-17), 2.87(1H, m, H-2a), 2.80 (1H, dd, J = 44,
14.6 Hz, H-5), 2.24 (1H, dd, J = 6.6, 13.2 Hz, H-6a), 2.06
(1H, m, H-16a), 1.98 (1H, m, H-2b), 1.93 (1H, dd, J = 11.2,
13.2 Hz, H-6b), 1.78 (1H, m, H-16b), 1.32 (3H, s, H-18),
1.19 (3H, s, H-30), 0.90 (3H, s, H-28), for the acyloxy groups:
3-OAc [0y 2.12 (3H, s)], 12-OAc [0y 1.98 (3H, s)], 29-0-(6-
chloronicotinyl) [0y 9.01 (H, dd, J = 0.5, 2.4 Hz, H-2), 8.22
(H, dd, J = 24, 8.3 Hz, H-4), 7.44 (H, dd, J = 0.5, 8.3 Hz,
H-5)]; *C NMR (CDCl;, 100 MHz) data for the sendanin-
type moiety:dc 206.8 (C, C-11), 142.6 (CH, C-23), 140.8
(CH, C-21), 122.6 (C, C-20), 112.0 (CH, C-22), 96.1 (CH, C-
29), 78.9 (CH, C-12), 73.2 (CH, C-3), 72.1 (C, C-14), 70.5
(CH, C-7), 70.0 (CH, C-1), 65.2 (CH,, C-19), 58.6 (CH, C-
15), 48.5 (CH, C-9), 46.2 (C, C-13), 42.7 (C, C-8), 41.6 (C,
C-10), 39.8 (C, C-4), 38.6 (CH, C-17), 35.2 (CH,, C-2), 33.7
(CH,, C-6), 28.2 (CH, C-5), 26.0 (CH,, C-16), 22.5 (CH;, C-
30), 19.6 (CHj, C-28), 159 (CHj, C-18), for the acyloxy
groups: 3-OAc [6¢ 170.0 (C), 21.6 (CH3)], 12-OAc [0¢ 170.6
(C), 20.8 (CH3)], 29-0-(6-chloronicotinyl) [6¢ 163.4 (C, C-7'),
156.6 (C, C-6'), 151.6 (CH, C-2'), 139.8 (CH, C-4), 124.6
(CH, C-5), 1245 (C, C-3))]; HRESIMS m/z 736.2172
[M + Na]+ (calcd for C36H40012NN3.+, 7362131)

2.5. Measurement of cytotoxicity

Cell cytotoxicity was measured by using the MTT method.
Briefly, cells were plated in 96-well plates (1 x 10° cells/well)
for 24 h. Later, the attached cells were treated with different
concentrations of compounds for 96 h. After that, the cells
were incubated with 5 mg/mL MTT (Millipore) for another
4 h, and then the suspension was discarded and the dark blue
crystals (formazan) were subsequently dissolved in DMSO
(Millipore). The absorbance at 570 nm was measured using a
FlexStation 3 multifunction microplate reader (Molecular
Devices). The cell viability was final calculated as the percent-
age compared to the control group. Each experiment was per-
formed at least in triplicate.

3. Results and discussion

3.1. TSN and its derivatives from isolation and modification

The starting material, TSN (5 g), was obtained from the EtOH
extract of the seeds of M. toosendan. As shown in Fig. 1, 25
derivatives including 12 new ones (1, 3-5, 9, 10, 16, 17, 19,
21, 22, and 25) were obtained by simple structural modification
of the natural TSN. The structures of new compounds were
determined by analyzing or comparing NMR and HRMS
data, and the known compounds are determined by comparing
with the NMR data in the literature. Structurally, these mod-
ified derivatives could be classified into four groups: type A)
29-carbonyl derivatives of TSN (1-5), type B) non-epoxy
derivatives of TSN (6-10), type C) totally-deacetyl TSN (11),
and type D) 29-acyloxy derivatives of TSN (12-25).

The synthetic routes to the diverse TSN-based derivatives
were presented in Scheme 1. Briefly, the functional groups or
different substituents at C-1/3/7/12/29 as well as the 14,15-
epoxy ring were the main structural modification sites, which
were aimed to investigate their influences on the cytotoxic
activity. The oxidation of TSN with Dess-Martin reagent in
dichloromethane (DCM) generated four oxygenated products
2-5 (type A). Subsequently, the hydrolysis of 2 gave 3-
deacetylate 1 under the condition of an excess of sodium bicar-
bonate (NaHCO3). Compounds 6 and 8 (type B) without the
14,15-epoxy ring were obtained by treating of TSN with
diluted sulfuric acid and formic acid, respectively. Compound
10 (type B) was obtained from TSN by treating with 5-
bromonicotinoyl chloride in pyridine solvent at rt. The hydro-
lation of TSN yielded the totally-deacetyl TSN 11 (type C)
under the condition of NaHCOj;. Acylation of TSN with dif-
ferent anhydrides (such as acetic, propionic, butyric, and vale-
ric) or acyl chlorides (such as benzoyl, 4-fluorobenzoyl, 4-
chlorobenzoyl, 4-bromobenzoyl, 4-dimethylaminobenzoyl, 4-
nitrobenzoyl, 4-anisoyl, and 6-chloronicotinoyl) afforded the
corresponding esters 12-15 and 18-25 (type D), respectively.
While in the pyridine solvent, acylation of TSN with 2-
thiophenecarbonyl chloride yielded non-epoxy derivative 7
(type B) and 29-O-2-thiophenecarbonyl ester 17 (type D),
and the treatment of TSN with furoyl chloride in solvents tri-
ethylamine/DCM also gave two types of products (9 of type B
and 16 of type D).

3.2. Screening for potential cytotoxicity compounds in MDA-
MB-468 and Hela cells

The cytotoxicity of TSN and its derivatives (1-25) against two
human cancer cell lines MDA-MB-468 and Hela was measured
by the MTT method. Adriamycin, the first-line agent in cancer
chemotherapy, was used as the positive drug. The bioassay
results showed that the structure modifications in various posi-
tions of TSN have different influences on the activity (Fig. 2).
Among the four types of TSN derivatives, none of the com-
pounds of types A—C were active in both tested cells, while
several compounds of type D had more activity than TSN or
comparable effect to TSN. As shown in Fig. 2 and Table 1,
the cytotoxic activity of compounds 14, 18, and 25 against
MDA-MB-468 cells and compounds 14, 17-19, 21, and 25
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4)

Toosendanin (TSN)

) @)

11 12,13-15 R=Ac, a-C
18,19-25 R =Bz, f-I

Scheme 1  Syntheses of derivatives 1-25 from natural product TSN.*®. *Please see Fig. | for the structures of groups (Ac, Bz, and
a—m). b Reagents and conditions: (1) Dess-Martin Periodinane, DCM, rt, overnight; (2) NaHCO3, MeOH, rt, overnight; (3) 1 % H,SOy,
MeOH, rt, overnight; (4) 2-Thiophenecarbonyl chloride, pyridine, 0 °C, 1 h; (5) Formic acid (for 8), MeOH, 50 °C, 4 h; (6) 5-
Bromonicotinoyl chloride (for 10), pyridine, rt, overnight; (7) Acetic anhydride (for 12)/propionic anhydride (for 13)/butyric anhydride
(for 14)/valeric anhydride (for 15)/benzoyl chloride (for 18)/4-fluorobenzoyl chloride (for 19)/4-bromobenzoyl chloride (for 20)/4-
chlorobenzoyl chloride (for 21)/4-(dimethylamino)benzoyl chloride (for 22)/4-nitrobenzoyl chloride (for 23)/4-anisoyl chloride (for 24)/6-
chloronicotinoyl chloride (for 25), pyridine or DCM/Et;N (10:1), rt, overnight; (8) Furoyl chloride, DCM/Et;N (10:1), rt, overnight.
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Fig. 2 The cytotoxicity of compounds 1-25. Compounds with ICsy values > 50 uM were not shown.

Table 1 The ICsy and folds values of compounds 1-25 on two cancer cell lines.

Compd. MDA-MB-468 Hela

ICso (uM) Folds* ICso (M) Folds"
1 1.68 £+ 0.165 6.9 | 2.29 £ 0.158 16.1 |
2 8.48 + 0.826 40.0 | 8.66 + 0.438 60.7 |
3 >50.00 >206.0 | >50.00 >350.0 |
4 >50.00 >206.0 | >50.00 >350.0 |
5 >50.00 >206.0 | >50.00 >350.0 |
6 6.55 + 0.837 27.0 | 10.59 + 0.579 743 |
7 16.00 £ 1.23 66.0 | 10.12 £+ 0.858 71.0 |
8 >50.00 >206.0 | >50.00 >350.0 |
9 19.74 £ 1.53 81.4 | 7.53 £ 0.908 52.8 |
10 29.47 + 0.828 121.5 | 17.74 £ 1.93 124.4 |
11 21.85 £ 0.323 90.1 | >50.00 >350.0 |
12 0.66 + 0.0534 2.7 0.33 £+ 0.0291 24 ]
13 0.26 + 0.0433 1.1 0.30 £+ 0.0307 2.1
14 0.14 £+ 0.0322 1.7 7 0.11 £ 0.0201 1.2 7
15 2.62 + 0.312 10.8 | 0.83 £+ 0.0378 58]
16 243 £+ 0.215 10.0 | 0.28 + 0.0383 2.0 ]
17 0.29 + 0.0330 1.2 ] 0.06 + 0.00939 237
18 0.17 + 0.0255 157 0.13 + 0.0169 1.1 7
19 2.00 £+ 0.300 82| 0.10 £ 0.0131 1.57
20 0.31 + 0.0354 1.3 | 0.20 £+ 0.0149 14 ]
21 0.28 + 0.0195 1.1 0.05 £+ 0.0108 2.817
22 17.40 + 1.20 71.8 | 14.54 + 0.986 102.0 |
23 12.06 £ 2.44 49.7 | 25.08 £+ 0.747 176.0 |
24 2.22 + 0.240 9.2 ] 0.31 £+ 0.0516 22 ]
25 0.06 + 0.00978 387 0.05 + 0.00548 2.817
TSN 0.24 £+ 0.0223 - 0.14 + 0.0139 -
ADR 0.07 + 0.00237 - 0.07 + 0.00574 -

# The increase (T) or decrease (|) fold values of the compounds are calculated by comparison their ICs, values with that of TSN in the same

cancer cell model.

against Hela cells was more potent than that of TSN, and five
compounds exhibited comparable property to that of TSN in
both cells (12, 13, 17, 20, and 21 in Hela cells; 12, 13, 16, 20,
and 24 in MDA-MB-468 cells). Compound 25 was the most
active TSN-derived molecule with ICsps 0.05-0.06 uM against
MDA-MB-468 and Hela cells, being more significant than that
of TSN and the positive control adriamycin. In addition, the
active compounds 14, 17-19, 21, and 25 were selected to test
their cytotoxicity in hepatic cancer cells (HepG2) and human

normal breast epithelial cells (MCFI10A). The results
(Table S1, see Supporting Information) showed that these
derivatives except for 21 had more potent than or comparable
property to that of TSN. It is worth mentioning that com-
pound 25 with the best activity against MDA-MB-468 and
Hela cells also has the strongest activity against hepatic cancer
cells, suggesting that it may be a broad-spectrum anticancer
molecule. Moreover, all the selected compounds had signifi-
cant toxicity to MCF10A cells at a concentration of 0.3 pM
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(Table S2, see Supporting Information), which indicated that
these compounds had low even no selectivity to normal cell
lines.

3.3. Structural optimization strategy and structure—activity
relationship (SAR)

Structurally, TSN is a representative of tetranortriterpenoids,
which is highly decorated with different oxygenated functional
groups. In this study, the structural modification was deployed
on the following regions, the hemiacetal, the epoxy group, the
free hydroxyls at C-1 and C-7, and the acetyl groups at C-3
and C-12. According to the bioassay results, the products of
the oxygenation of the hemiacetal of TSN with or without
the free hydroxyls at C-1 or/and C-7 exhibited a dramatical
decrease in the activity, as shown by compounds of type A
(1-5) vs TSN. This indicated that the present of the hemiacetal
group in TSN was essential for the activity, and 1-OH and 7-
OH were also indispensable for the cytotoxic effect as the oxi-
dation of these hydroxyls totally lost the activity (3-5 vs 1-2).
The cleavage of the epoxy group in TSN also resulted in a sig-
nificant decrease of the activity, as exampled by compounds of
type B (6-10), suggesting that the existence of the epoxy ring
was beneficial to the activity. The presence of 3-OAc and 12-
OAc in TSN was favorable for the activity, as the hydrolysis
of both acetyl groups led to the decrease of the activity (11
vs TSN). The collective information about the activities of
compounds of types A—C suggested that 1-OH, 7-OH, 3-
OAc, 12-OAc, the hemiacetal group, and the 14,15-epoxy ring
were viewed as the essential active functional groups.

A detailed analysis of the bioassay data of compounds of
type D showed that different kinds of substituents such as
alkyls, phenyls, and aromatic heterocycles at 29-OH have dif-
ferent effects on the activity, which indicated that 29-OH was
the key modification position for the enhancement of cytotox-
icity. Among the 29-acyloxy derivatives of TSN (type D), com-
pounds with each kind of substituents (alkyls, phenyls, and
aromatic heterocycles) have one or more molecules with stron-
ger activity than TSN.

For derivatives with alkyl alteration (12-15), the extension of
carbon chain can enhance the activity in both cancer cell lines, as
shown by 12 vs 13 vs 14. However, the carbon number of alkyl
chain was not allowed to surpass four carbons, as the acylation
of 29-OH with valeric anhydride decreased the activity (14 vs
15). Therefore, compound 14, the 29-O-butyryl TSN-based
derivative, was the most active molecule in the kind of TSN
derivatives with alkyls at 29-OH, whose ICsq values for MDA-
MB-468 and Hela cells were 0.14 uM and 0.12 uM, respectively,
being more potent than TSN. From the results of this series of
compounds, it can be seen that the change of alkyls in 29-OH
is a productive strategy to augment the cytotoxicity.

For phenyl series (18-24), the implement of benzoyl and
different substituted benzoyls to modify 29-OH of TSN
showed different certain influences on the cytotoxic activity
in two cancer cell lines. In MDA-MB-468 cells model, except
for the 29-O-benzoyl-TSN (18), the cytotoxicities of other
compounds (19-24) with substituents on 29-O-benzoyl were
all decreased in comparison with that of TSN, showing that
the substituent groups in benzene ring were detrimental to
the activity. Among these derivatives with different para-
substituted benzoyls (19-24), the dimethylamino (see 22) and

® The groups of 3-OAc and 12—0Ac</;0
g

were essential to the activity P
12: = -:

The cleavage of the 14,15-
epoxy ring dramatically
decreased the activity

he oxidation of 1-OH or/and
7-OH totally lost the activity

*® Different acyloxy groups at C-29 have
different influence on the activity

Fig. 3 SARs of toosendanin derivatives on cytotoxicity against
two cancer cell lines.

nitro (see 23) groups displayed significant adverse effect on
the activity (their ICsy value with about 72- and 50-folds
decreasing than TSN, respectively), while the halogen atoms
like chlorine and bromine (see 20 and 21) on the para-
position of benzoyl have less reducing effect. In Hela cells
model, compounds 18, 19, and 21 exhibited the enhanced
activity than TSN, while compounds 22 and 23 have extremely
decreased the cytotoxic activity by 102- and 175-folds, respec-
tively. It’s obvious that the substituents such as fluorine and
bromine on the para-position of benzoyl were beneficial for
the cytotoxic activity and the dimethylamino and nitro groups
were detrimental to the activity. The chlorine or methoxy
groups on the para-position of benzoyl (see 21 or 24) displayed
less effect on the activity. Compounds 19 and 21 displayed the
increased activity on Hela cancer cell line while exhibited the
decreased effect on MDA-MB-468 cells, which suggested that
they have good selectivity.

For derivatives with aromatic heterocycles (16, 17, and 25),
the modification of 29-OH with aromatic heterocycles such as
furan formyl, thiophene formyl, and chloronicotinoyl indi-
cated that the 6-chloronicotinoyl group (see 25) was the most
effective bioactivity fragment. Specifically, the ICso values of
29-0-(6-chloronicotinoyl)-toosendanin (25) were 0.06 uM for
MDA-MB-468 cells and 0.05 uM for Hela cells, respectively,
being more than twofold stronger than TSN and comparable
to the first-line drug adriamycin.

In general, we obtained a series of compounds of type D
through different lead compound optimization strategies
including alkyl, phenyl and aromatic heterocyclic group alter-
ation, and explored their effects on the cytotoxicity of human
cancer cell lines MDA-MB-468 and Hela. At last, we found
that 29-O-butyryl-toosendanin (14) from alkyl series, 29-O-
benzoyl-toosendanin (18) from phenyl series, and 29-O-(6-chl
oronicotinoyl)-toosendanin (25) from aromatic heterocyclic
series exhibited the enhanced activity in the two tested cancer
cell lines. Strikingly, compound 25 was the strongest bioactive
molecule among all the activity-increased 29-OH-modified
derivatives. The above-mentioned SARs information was sum-
marized in Fig. 3.

4. Conclusions

In summary, a small limonoids library containing 25 structurally
diverse compounds (1-25) was constructed on the basis of the structure
modification of TSN. Compounds 1, 3-5, 9, 10, 16, 17, 19, 21, 22, and
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25 were 12 new derivatives. The cytotoxic assay of this library discov-
ered that three compounds (14, 18, and 25) in MDA-MB-468 cell
model and six compounds (14, 17-19, 21, and 25) in Hela cell model
were more active than the precursor TSN, respectively. Among these
active TSN derivatives, 25 exhibited the most potent antiproliferative
activity in both cancer cell models, which was better than that of the
first-line drug adriamycin. The SARs analysis indicated that the 29-
OH in TSN was the key modification position for the enhancement
of cytotoxicity, which may provide insight on rationally design TSN-
based derivatives with more potent anti-cancer effect. This is the first
report on the anticancer activity of TSN-derived compounds, which
suggests that the new derivative 25 may be used as a lead compound
for TSN-based anticancer chemotherapy. Whether 25 has higher
bioavailability and lower hepatotoxicity than TSN (Wang et al.,
2013, Lu et al., 2016) needs further research. In a word, this study
may embark the converging research trend toward the intriguing
anti-cancer potential of TSN-derived molecules.
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