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Abstract
Topoisomerase is one of the most important targets of anticancer drugs. In order to develop effective and
low-toxic topoisomerase inhibitors, a series of xanthone derivatives have been designed and synthesized
using the principles of skeleton transition. In vitro growth inhibition experiments of human breast
cancer(MCF-7), gastric cancer (MGC-803), and cervical cancer(Hela) cell lines were used to evaluate the
compound's anti-tumor cell proliferation activity. Most of the compounds showed anti-tumor growth
activity, and also showed low toxicity to human normal cells L929. In the enzyme activity inhibition
experiment, compounds 7d and 8d showed the best inhibitory activity. The DNA binding studies disclosed
that the most potent compounds 7d and 8d can intercalate into DNA, induce apoptosis in MGC-803 cells
and arrested at G2/M phase. Molecular docking showed that compounds 7d and 8d could bind with
topoisomerase II and DNA through hydrogen bonds and π-stacking interactions.

1. Introduction
In recent years, the incidence and mortality of cancer have been on the rise. Traditional anticancer drugs
are mainly some cytotoxic chemotherapy drugs, and the representative drugs include DNA alkylation
agents (such as nitrogen mustard), metabolic antagonists (such as methotrexate), tubule inhibitors (such
as paclitaxel), and topoisomerase II inhibitors (such as etoposide)[1]. Targeted cancer therapy, in which
the drugs are used to specifically block the growth of cancer by interfering with molecular targets and
consequently causing less damage to normal cells, has become one of the high potential cancer
treatments [2, 3]. DNA plays a very important role in the cell cycle, and it is an important target for anti-
tumor drugs[4]. Following the clinical success of the DNA-intercalating topo II inhibitors doxorubicin,
mitoxantrone, and analogues as anticancer drugs, a great deal of work has been devoted toward other
classes of compounds with similar overall topology as topo II inhibitors[5–7].

Topoisomerase (Topo) was an enzyme that primarily addresses the conformational problems that arise
in DNA during recombination, replication, transcription, and repair [8–10]. It was a dependent enzyme for
eukaryotic cell proliferation and survival[11]. On the basis of their mechanisms, topoisomerases can be
classified into two major classes: Topo I and Topo II. Topo I cleaves one single-stranded DNA during each
catalytic cycle[12, 13]. Topo II breaks one double-stranded DNA strand, allowing another segment of duplex
DNA to pass through the transient breakage before resealing the broken strand to resolve DNA knots and
tangles[14, 15]. Because tumor cells have the characteristics of rapid proliferation, the content and activity
of topoisomerase were significantly higher than that of normal somatic cells[16]. Therefore, the rapid
proliferation of tumor cells can be prevented by inhibiting the activity of topoisomerase, thus killing tumor
cells. In recent years, topoisomerase inhibitors have become one of the hot spots in the research and
development of antitumor drugs[17–20].

Xanthones are a class of oxygen containing heterocyclic compounds with a broad range of biological
activities, and they have prominent significance in the field of medicinal chemistry. They have diverse
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biological activities including anti-cancer, antimicrobial[21], antimalarial[22], anticholinesterase[23],
anticonvulsant[24] and antioxidant[25] activities according to their diverse structures. In recent years, the
research on the anti-tumor activity of xanthones has been studied deeply. Reported to date, oxygenated
xanthones synthesized or isolated from natural resources inhibit the proliferation of several cancer cell
lines[26]. Antitumor targets were found to be topoisomerase[27], P-glycoprotein[28], PKC[29] and IKKβ[30]. In
2016, Chaomei Liu[20] et al. synthesized 3,6-disubstituted methoxy amido xanthene derivatives. The
compounds have good anti-tumor activity. They are resistant to MDA-MB-231, PC-3, A549, AsPC-1 and
HCT116, the IC50 values of these cells are 8.06, 6.18, 4.59, 4.76, 6.09 µM, respectively. In 2017, Elirosa

Minniti[31] et al designed and synthesized a series of xanthone derivatives and tested them for TopoIIα
inhibitory activity. The results showed that the target compounds have inhibitory effects on Topo IIα, with
IC50 values ranging from 1.0 to 2.5 µM. It can be seen that the xanthone derivatives have good anti-
cancer activity targeting Topo II and high development value.

Based on the excellent antitumor activity of xanthones, we designed and synthesized a series of
xanthones derivatives and studied the effect of different substituents on anticancer activity. The
evaluation of biological activities of these compounds was carried out for topoisomerase I and II
inhibitory activity, DNA binding activity and cytotoxicity against several human cancer cell lines.

2. Results And Discussion
2.1 Chemistry

i: acetic anhydride, 70 ℃, 0.5 h; ii: 2-chloro-5-nitrobenzoic acid, Cu, K2CO3, DMF, 130 ℃, 8-10h; iii: H2SO4,
70 ℃, 5 h; iv: chloroacetyl chloride or 3-chloropropionyl chloride, triethylamine, dichloromethane, ice bath,
overnight; v: secondary amine, acetonitrile, K2CO3, KI, 70 ℃, 5 h. vi: ethyl acetate, SnCl2, HCl, 70 ℃, 1 h;
vii: secondary amine, acetonitrile, K2CO3, KI, 70 ℃, 0.5-2 h.

The synthetic route of the target compounds 7a-7g, 8a-8g, 11a-11g, 12a-12f are described in Scheme 1. 2-
(3-aminophenoxy)-5-nitrobenzoic acid 3 was afforded from 3-acetamidophenol and 2-chloro-5-
nitrobenzoic acid as raw material via Ullmann reaction, then dehydration provided 6-amino-2-nitro-9H-
xanthen-9-one 4[32]. The intermediate 4 was reacted with different acyl chloride to obtain the amide
analogues 5 and 6 in the dichloromethane solvent system. Compounds 5 or 6 with different secondary
amines provided target compounds 7a-7g, 8a-8g. Compounds 5 and 6 were reduced to compounds 9 and
10 under the catalysis of stannous chloride. The target analogues 11a-11g and 12a-12f were easily
obtained at the reflux condition with different secondary amines.

2.2 Antiproliferative activity

All compounds were assessed for in vitro anti-proliferative activity using MTT assay against three
different human cancer cell lines MCF-7 (human breast cancer), Hela (human cervical cancer), MGC-803
(human gastric cancer), and a normal cell L929 (fibroblasts cell line), etoposide, camptothecine and
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adriacin were used as positive controls. The inhibitory activities (IC50 values) of the compounds against
tested cancer cell lines and a normal cell are listed in Table 1 and Table 2.

As shown in Table 1 and Table 2, all of the target compounds had the best inhibitory effect on MGC-803,
and poor effect on Hela. Among them, compounds 7d, 8a, 8c, 8d, 8e, 8f, 8g and 12c showed well anti-
proliferation against MGC-803 cancer cell lines with IC50 values lower than 10 µM. In general, most of the
compounds showed better activity when n is 2 than when n is 1. When R is substituted by the same
secondary amines, the nitro-substituted compounds on the xanthone ring are more cytotoxic than amino-
substituted compounds.
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2.3 DNA topoisomerase I inhibition activity

The inhibitory properties of the compounds against topoisomerase I was determined by DNA relaxation
assay using agarose gel electrophoresis[33]. Camptothecin as a potent Topoisomerase I inhibitor, was
used as positive control in this test. The obtained results of topoisomerase I inhibitory properties of the
compounds were presented in Fig. 1. As shown in Fig. 1, in the blank control group (Lane D), DNA kept the
supercoil structure during electrophoresis and ran the farthest. In the negative control group (Lane T),
DNA was completely transformed from supercoiled DNA to relaxed DNA under the action of Topo I. In the
experimental group (Lane C and Lanes 7a-7g, 8a-8g, 11a-11g and 12a-12f), the positive control
camptothecin can almost completely inhibit the relaxation effect mediated by Topo I, and DNA still
maintains a supercoiled structure (Line C). While none of the tested compounds 7a-7g, 8a-8g, 11a-11g
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and 12a-12f exhibited topoisomerase I inhibition potency even at 100 µM, indicating that these
compounds may display selective inhibition against Topoisomerase II.

2.4 DNA topoisomerase II inhibitory activity

All compounds were evaluated the inhibitory activities against topoisoerase II by pBR322 DNA relaxation
assay at a high concentration of 100 µM for the screening of candidate topoisomerase inhibitors[34].
Etoposide was used as positive control for topoisomerase II. The obtained results of topoisomerase II
inhibitory properties of the compounds were presented in Fig. 2. As shown in Fig. 2, most of the
compounds (7a, 7b, 7d, 7e, 7g, 8a, 8b, 8d, 8e, and 8g) exhibit inhibitory activity. Among them, compounds
7d and 8d with N-methylpiperazine showed significant inhibitory activity at 20 µM. As shown in Fig. 2,
11a-11g and 12a-12f with amino substitution groups on xanthone ring showed none inhibitory. None of
the tested compounds exhibited topoisomerase I inhibition potency, and most of the compounds showed
selective inhibition for topoisomerase II.

2.5. UV-Visible titration assay

UV-Visible studies are useful in examining the mode of binding of DNA with small molecules[35, 36]. When
small molecules intercalated into DNA, the stacking interaction between aromatic chromophore and the
base pairs of DNA will lead to bathochromic shifts and hypochromicity on the UV-Visible curve of
compound-DNA complex[37, 38]. In the absence of ctDNA, all the compounds has absorption peak at
around 300 nm. Increasing ctDNA concentration, the absorption bands of 7d, 7e, 8d, and 8e displayed
clear hypochromism with a concomitant minor red shift. The results indicated that 7d, 7e, 8d, and 8e
probably interact with DNA by intercalation mode, involving a stacking interaction between xanthone ring
of compounds and DNA base pairs.

2.6 EB displacement assay

The intercalation mode of compounds binding to DNA was further examined using the competitive
binding ethidium bromide (EB) displacement assay[3]. The DNA bound form of EB has a stronger
fluorescence emission than free EB. If there is a compound compete with EB for DNA-binding sites, the
fluorescence quenching of DNA-EB system is observed, so the DNA-EB displacement experiments could
be investigated whether compounds can intercalate into DNA[39]. As showed in Fig. 4, the emission
intensity of DNA-EB system at about 600 nm decreased distinctly when the concentration of 7d, 7e, 8d,
and 8e increased, indicating that these compounds can intercalate into DNA.

2.7 DNA unwinding assay

The unwinding effect is caused by certain compounds intercalating into the DNA, and the effect may
yield false positive outcomes in the Topo-mediated DNA relaxation assay[40]. In order to determine the
intercalating or non-intercalating ability of these compounds, a DNA unwinding assay was carried out
using supercoiled pBR322 DNA as substrate and EB as control[3, 8]. As shown in Fig. 5, EB, a classic DNA
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intercalator, is able to transform the relaxed DNA into supercoiled DNA in the presence of excess
Topoisomerase in a dose dependent manner. And compounds 7d, 7e, 8d and 8e could intercalate into
DNA at 200 µM. This finding provides evidence that these compounds were DNA intercalator.

2.8 Annexin V-FITC/PI (AV/PI) dual staining assay

According to the above experiments, compounds 7d and 8d could inhibit the activity of Topo II and
interact with DNA, which may induce apoptosis in cancer cell lines. Annexin V and PI dual staining assay
was used to detect early and late apoptotic cells (annexin-V+/PI− and annexin-V+/PI+), necrotic (annexin-
V−/PI+) as well as viable cells (annexin-V−/PI−)[41]. As showed in Fig. 6, 7d as well as 8d significantly
increased the percentage of late apoptotic cells in comparison with untreated cells. After 48 h of
incubation, a significant proapoptotic effect was observed in MGC-803 in all cases. At a concentration of
2.5 µM, the late apoptotic rates of compound 7d and 8d on MGC-803 cells were 6.53% and 10.59%,
respectively. When the concentration was increased to 10 µM, the late apoptotic rates of compound 7d
and 8d on MGC-803 cells increased to 91.20%, 98.13% respectively.. It can be seen that the compound
can significantly inhibit the late apoptosis of MGC-803 cells, and the inhibitory rate of compound 8d on
the late apoptosis of cells is greater than that of 7d, which further proves that the carbon chain of the
substituent at position 6 of the compound When the length is longer, the inhibitory effect on cancer cells
is greater.

2.9 Cell cycle analysis

The cell cycle analysis experiment[42]used different concentrations of compounds 7d and 8d (2.5, 5µM)
to treat MGC-803 cells to detect which stage of the growth cycle the cells were blocked. The experimental
results showed that after 48h of compounds treatment, the cell population in G2/M phase increases from
2.51% in the untreated cells to 4.76% and 9.19% in the cells treated with 7d at 2.5, 5µM, and from 2.51%
in the untreated cells to 6.86% and 15.45% in the cells treated with 8d, respectively. Obviously, these
compounds arrested cell growth in the G2/M phase and caused cell apoptosis.

2.10 Molecular docking

Compounds 7d and 8d exhibited Topo II inhibition and efficient DNA binding abilities. In order to visualize
the binding mode of the title compounds, molecular docking studies were performed with human
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topoisomerase II (PDB ID: 4G0V) and DNA (PDB ID: 2DES).

These compounds fit well into mitoxantrone binding pocket present in DNA-Topo II, complex xanthone
ring intercalated with DNA and one benzene ring of xanthone exhibited π-stacking interactions with
ARG503 residues, DG13 nitrogen bases and another benzene ring of xanthone exhibited π-stacking
interactions with DA12 and DG13 nitrogen bases (Fig. 6A and B). Additionally, the carbonyl group in 7d of
xanthone ring form hydrogen-bonding with the side chain of GLN778 and DT9 (Fig. 6A) and the carbonyl
group in 8d of xanthone ring form hydrogen-bonding with the side chain of GLN778 (Fig. 6B). N atoms on
the piperazine ring on the side chain form hydrogen bonds with DC11.

The molecular docking studies revealed that the xanthone ring is responsible for intercalation, and
xanthone ring substituents exhibited π-stacking interactions with DG8 and DG6, nitrogen and nitro form
metal bonds with Mg2+(Fig. 6C and D).

3. Conclusions
Xanthone derivatives are co-planar structures obtained by the fusion of multiple aromatic rings, and this
is the key for them to enter the topoisomerase activity pocket, where the substituents on the amino
nitrogen have a greater impact on the anti-tumor activity. Among these compounds, 7d and 8d with N-
methyl piperazine substituent showed excellent anti-tumor cell proliferation activity and topo II inhibitory
activity. DNA binding studies disclosed that 7d and 8d were DNA intercalator, and this is correlated with
the docking studies. Annexin V-FITC/PI assay revealed that these compounds induce apoptosis in MGC-
803. Cell cycle analysis indicated that these compounds stop the cell cycle at G2/M phase.

4. Experimental

4.1 Chemistry

4.1.1 General
Most chemicals and reagents were obtained commercially of analytical grade and used without further
purification. Reactions were monitored by thin-layer chromatography (TLC) using precoated silica gel
plates (silica gel GF/UV 254), and spots were visualized under UV light (254 nm).

1H NMR and 13C NMR are measured on a Bruker AVANCE III 600MHz (Switzerland) spectrometer in
DMSO-d6, using TMS as the internal standard. High Resolution Mass Spectral (HRMS) data is determined
on a Thermo Fisher Scientific Q Exactive mass spectrometer.

4.1.2. Synthesis of intermediates

Compounds 2, 3, 4, 5, 6 were prepared according to the reported[43]. Compounds 5 or 6 and SnCl2
dissolved in acetic ether, then hydrochloric acid was added. The mixture was stirred well for 6 h at 70℃



Page 9/30

and monitored by TLC. After cooling to room temperature, the reaction mixture was poured over a
saturated solution of NaHCO3. Light yellow precipitate appeared was collected by filtration and
crystallized to produce compound 9 or 10.

To a stirred refluxing suspension of compounds 5 (or 6, 9, 10) (1 mmol), K2CO3 (2mmol) and KI (0.6
mmol) in acetonitrile (10 mL) was added dropwise appropriate secondary amine (1.0 mL) which
dissolved in acetonitrile (10 mL). The mixture was stirred under reflux for 6 h, cooled down to room
temperature, and diluted with distilled water. The precipitate was filtered, washed with ether, dried and
evaporated to afford raw product, and further recrystallized by acetone and hydrochloride acid to yield 7a-
7g (or 8a-8g, 11a-11g, and 12a-12f).

2-(diethylamino)-N-(7-nitro-9-oxo-9H-xanthen-3-yl)acetamide (7a), White solid, 32.5% yield. 1H NMR (600
MHz, DMSO-d6) δ 9.76 (s, 1H, -NH-), 8.87 (d, J = 2.8 Hz, 1H, -ArH), 8.63 (dd, J = 9.2, 2.8 Hz, 1H, -ArH), 8.24
(d, J = 8.7 Hz, 1H, -ArH), 8.14, (d, J = 1.7 Hz, 1H, -ArH), 7.93 (d, J = 9.2 Hz, 1H, -ArH), 7.66 (dd, J = 8.7, 1.7 Hz,
1H, -ArH), 3.33 (s, 2H, -COCH2), 2.10–2.08 (m, 4H, -CH2), 1.26 (t, J = 7.2 Hz, 6H, -CH3). 13C NMR (151 MHz,
DMSO) δ 177.7, 166.1, 158.1, 156.1, 143.3, 140.1, 134.2, 127.1, 121.8, 120.2, 119.8, 118.3, 108.9, 81.5,
53.1, 48.6, 8.9. HRMS (ESI+) [M + H]+C19H20N3O5: 370.1403, Found: 370.1373.

2-morpholino-N-(7-nitro-9-oxo-9H-xanthen-3-yl)acetamide (7b), White solid,27.5% yield. 1H NMR (600 MHz,
DMSO-d6) δ 11.90 (s, 1H, -NH-), 8.80 (d, J = 2.8 Hz, 1H, -ArH), 8.59 (dd, J = 9.2, 2.8 Hz, 1H, -ArH), 8.17 (d, J 
= 8.7 Hz, 1H, -ArH), 8.11 (d, J = 1.6 Hz, 1H, -ArH), 7.88 (d, J = 9.2 Hz, 1H, -ArH), 7.68 (dd, J = 8.7, 1.6 Hz, 1H, -
ArH), 4.38 (s, 2H, -COCH2), 3.98–3.71 (m, 4H, -OCH2), 3.38–2.95 (m, 4H, -NCH2). 13C NMR (151 MHz,
DMSO-d6) δ 173.8, 158.7, 156.0, 155.9, 144.6, 143.3, 129.1, 127.1, 121.7, 121.0, 120.1, 116.6, 106.6, 99.3,
62.9, 56.4, 51.7. HRMS (ESI+) [M + H]+C19H18N3O5: 383.1117, Found: 382.1369.

N-(7-nitro-9-oxo-9H-xanthen-3-yl)-2-(pyrrolidin-1-yl)acetamide(7c), White solid, 26.9% yield. 1H NMR (600
MHz, DMSO-d6) δ 11.71 (s, 1H, H+), 10.43 (s, 1H, -NH-), 8.82 (d, J = 2.8 Hz, 1H, Ar-H), 8.61 (dd, J = 9.2, 2.8
Hz, 1H, Ar-H), 8.18 (d, J = 8.7 Hz, 1H, Ar-H), 8.11 (d, J = 1.2 Hz, 1H, Ar-H), 7.89 (d, J = 9.2 Hz, 1H, Ar-H), 7.66
(dd, J = 8.7, 1.2 Hz, 1H, Ar-H), 4.41 (s, 2H, -COCH2), 2.52–2.50 (m, 4H, -CH2), 2.08–1.93 (m, 4H, -CH2). 13C
NMR (151 MHz, DMSO-d6) δ 174.1, 170.7, 158.8, 156.32, 145.1, 143.5, 129.2, 127.4, 121.9, 121.3, 120.3,
116.7, 116.6, 106.9, 61.8, 55.9, 22.8. (ESI+) [M + H]+ C19H18N3O5: 368.1246, Found: 368.1223.

2-(4-methylpiperazin-1-yl)-N-(7-nitro-9-oxo-9H-xanthen-3-yl)acetamide (7d), White solid, 25.7% yield. 1H
NMR (600 MHz, DMSO-d6) δ 10.39 (s, 1H, -NH-), 8.84 (d, J = 2.8 Hz, 1H, Ar-H), 8.61 (dd, J = 9.2, 2.8 Hz, 1H,
Ar-H), 8.20 (d, J = 1.8 Hz, 1H, Ar-H), 8.15 (d, J = 8.7 Hz, 1H, Ar-H), 7.90 (d, J = 9.2 Hz, 1H, Ar-H), 7.63 (dd, J = 
8.7, 1.8 Hz, 1H, Ar-H), 3.22 (s, 2H, -COCH2), 3.18–3.17 (m, 4H, -CH2), 3.17–3.16 (m, 4H, -CH2), 2.18 (s, 3H,-

CH3). 13C NMR (151 MHz, DMSO-d6) δ 173.8, 169.6, 158.9, 156.3, 145.5, 143.4, 129.1, 126.9, 121.8, 121.2,

120.2, 116.8, 116.0, 106.2, 61.8, 54.5, 52.6, 45.7. HRMS (ESI+) [M + H]+ C20H21N4O5: 397.1512༌Found:
397.1482
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N-2-(4-ethylpiperazin-1-yl)-N-(7-nitro-9-oxo-9H-xanthen-3-yl)acetamide (7e), White solid,63.0% yield. 1H
NMR (600 MHz, DMSO-d6) δ 10.39 (s, 1H, -NH-), 8.83 (s, 1H, Ar-H), 8.60 (d, J = 7.8 Hz, 1H, Ar-H), 8.19 (s,
1H, Ar-H), 8.13 (d, J = 8.4 Hz, 1H, Ar-H), 7.89 (d, J = 8.4 Hz, 1H, Ar-H), 7.62 (d, J = 7.8 Hz, 1H, Ar-H), 3.31 (s,
2H, -COCH2), 2.50–2.43 (m, 8H, -CH2), 2.34–2.33 (m, 2H, -CH2), 1.00 (t, J = 6.0 Hz, 3H, -CH3). 13C NMR
(151 MHz, DMSO-d6) δ 173.9, 169.7, 158.9, 156.3, 145.6, 143.4, 129.1, 127.0, 121.9, 121.2, 120.2, 116.8,
116.1, 106.2, 61.9, 52.8, 52.1, 51.6, 11.9. HRMS (ESI+) [M + H]+ C21H23N4O5: 411.1668, Found: 411.1636.

2-(2-methylpiperidin-1-yl)-N-(7-nitro-9-oxo-9H-xanthen-3-yl)acetamide(7f), White solid, 33.3% yield. 1H
NMR (600 MHz, DMSO-d6) δ 10.33 (s, 1H, -NH-), 8.87 (d, J = 2.6 Hz, 1H, Ar-H), 8.64 (dd, J = 9.2, 2.6 Hz, 1H,
Ar-H), 8.23 (d, J = 8.7 Hz, 1H, Ar-H), 8.17 (s, 1H, Ar-H), 7.94 (d, J = 9.2 Hz, 1H, Ar-H), 7.75 (d, J = 8.7 Hz, 1H,
Ar-H), 3.32 (s, 2H -COCH2), 2.09 (s, 2H, -CH2), 1.97–1.64 (m, 6H, -CH2), 1.50 (s, 1H, -CH), 1.36 (d, J = 6.3 Hz,

3H, -CH3). 13C NMR (151 MHz, DMSO-d6) δ 174.1, 170.3, 158.8, 155.6, 145.5, 144.1, 129.4, 127.3, 121.9,

121.2, 120.1, 116.8, 116.2, 106.5, 66.1, 61.7, 53.5, 33.5, 27.2, 25.4, 20.8. HRMS (ESI+) [M + H]+

C21H22N3O5:396.1559, Found: 396.1526.

N-(7-nitro-9-oxo-9H-xanthen-3-yl)-2-(piperidin-1-yl)acetamide (7g), White solid, 33.3% yield. 1H NMR (600
MHz, DMSO-d6) δ 11.84 (s, 1H, H+), 10.05 (s, 1H, -NH-), 8.84 (d, J = 2.7 Hz, 1H, -Ar-H), 8.62 (dd, J = 9.2, 2.8
Hz, 1H, -Ar-H), 8.20 (d, J = 8.7 Hz, 1H, -Ar-H), 8.14 (d, J = 1.8 Hz, 1H, -Ar-H), 7.91 (d, J = 9.2 Hz, 1H, -Ar-H),
7.69 (dd, J = 8.7, 1.8Hz 1H, -ArH), 3.13 (s, 2H, -COCH2), 2.52–2.50 (m, 4H, -CH2), 1.90–1.68 (m, 6H, -CH2).
13C NMR (151 MHz, DMSO-d6) δ 174.0, 169.8, 158.9, 156.3, 144.9, 143.5, 129.3, 127.4, 121.9, 121.2,
120.3, 116.7, 116.5, 106.7, 57.3, 53.1, 22.2, 21.0. HRMS (ESI+) [M + H]+ C20H20N3O5: 382.1403, Found:
382.1368.

3-(diethylamino)-N-(7-nitro-9-oxo-9H-xanthen-3-yl)propanamide(8a), White solid, 48.4% yield, 1H NMR
(600 MHz, DMSO-d6) δ 10.59 (s, 1H, -NH-), 8.85 (t, J = 2.7 Hz, 1H, -ArH), 8.62 (dd, J = 9.2, 2.6 Hz, 1H, -ArH),
8.20–8.15 (m, 2H, -ArH), 7.93 (d, J = 9.2 Hz, 1H, -ArH), 7.68 (dd, J = 8.7, 1.7 Hz, 1H, -ArH), 3.39 (q, J = 6.6
Hz, 2H, -CH2), 3.17–3.13 (m, 4H, -CH2), 3.07 (t, J = 7.4 Hz, 2H, -COCH2), 1.26 (t, J = 7.2 Hz, 6H, -CH3). 13C
NMR (151 MHz, DMSO-d6) δ 173.9, 172.3, 159.0, 156.4, 145.9, 143.4, 129.2, 127.2, 121.9, 121.2, 120.2,
116.6, 116.1, 106.1, 54.9, 46.5, 30.9, 8.4. HRMS (ESI+) [M + H]+ C20H22N3O5:384.1559, Found: 384.1524.

3-morpholino-N-(7-nitro-9-oxo-9H-xanthen-3-yl)propanamide (8b), White solid, 9.2% yield. 1H NMR (600
MHz, DMSO-d6) δ 11.26 (s, 1H, -NH-), 8.86(d, J = 2.5 Hz, 1H, -ArH), 8.63 (dd, J = 9.2, 2.8 Hz, 1H, -ArH),
8.18–8.17 (m, 2H, -ArH), 7.93 (d, J = 9.2 Hz, 1H, -ArH), 7.64 (d, J = 8.6 Hz, 1H, -ArH), 3.97( t, J = 5.4 Hz, 4H, -
OCH2), 3.78 (t, J = 4.9 Hz, 2H, -CH2), 3.14–3.10 (m, 2H, -COCH2), 3.08 (s, 4H, -NCH2). 13C NMR (151 MHz,
DMSO-d6) δ 174.0, 171.4, 159.0 156.8, 145.3, 143.5, 128.5, 127.4, 121.9, 121.3, 120.3, 116.7, 116.2, 106.2,
63.3, 54.8, 51.3, 33.4. HRMS (ESI+) [M + H]+ C20H20N3O6: 398.1352, Found: 398.1331.

N-(7-nitro-9-oxo-9H-xanthen-3-yl)-3-(pyrrolidin-1-yl)propanamide (8c), White solid, 46.7% yield. 1H NMR
(600 MHz, DMSO-d6) δ 10.25 (s, 1H, -NH-), 8.85 (d, J = 2.7 Hz, 1H, -ArH), 8.62 (dd, J = 9.2, 2.7 Hz, 1H, -ArH),
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8.18 (d, J = 8.7 Hz, 1H, -ArH), 7.94–7.90 (m, 2H, -ArH), 7.59 (d, J = 8.7 Hz, 1H, -ArH), 3.12 (t, J = 7.2 Hz, 2H, -
CH2), 3.00 (t, J = 7.2 Hz, 2H, -COCH2), 2.03–1.99 (m, 4H, -CH2), 1.93–1.85 (m, 4H, -CH2). 13C NMR (151
MHz, DMSO-d6) δ 174.0, 171.9, 159.0, 156.4, 145.7, 143.8, 129.2, 127.2, 121.9, 121.3, 120.3, 116.6, 116.2,
106.2, 53.7, 53.2, 32.4, 22.7. HRMS (ESI+) [M + H]+ C20H20N3O5: 382.1403, Found: 382.1367.

3-(4-methylpiperazin-1-yl)-N-(7-nitro-9-oxo-9H-xanthen-3-yl)propanamide (8d), White solid, 64.7% yield. 1H
NMR (600 MHz, DMSO-d6) δ 12.26 (s, 1H, -NH-), 8.86 (s, 1H, -ArH), 8.65 (d, J = 11.4 Hz, 1H, -ArH), 8.52 (s,
1H, -ArH), 7.91 (d, J = 4.2 Hz, 2H, -ArH), 7.41 (s, 1H, -ArH), 3.67 (s, 2H, -CH2), 3.25–3.07 (m, 8H, -CH2), 2.84

(s, 3H, -CH3), 2.50 (s, 2H, -COCH2). 13C NMR (151 MHz, DMSO-d6) δ 174.2, 170.3, 158.1, 156.2, 146.3,

143.6, 129.2, 127.1, 121.9, 120.9, 120.1, 116.8, 116.3, 106.3, 57.4, 57.3, 56.2, 53.2, 35.0. HRMS (ESI+) [M + 
H]+ C21H23N4O5: 411.1668, Found: 411.1631.

3-(4-ethylpiperazin-1-yl)-N-(7-nitro-9-oxo-9H-xanthen-3-yl)propanamide (8e), White solid, 8.2% yield. 1H
NMR (600 MHz, DMSO-d6) δ 10.93 (s, 1H, -NH-), 8.85 (s, 1H, Ar-H), 8.61 (d, J = 9.6 Hz, 1H, Ar-H), 8.17 (s,
1H, Ar-H), 8.14 (d, J = 8.9 Hz, 1H, Ar-H), 7.90 (d, J = 9.4 Hz, 1H, Ar-H), 7.52 (d, J = 8.7 Hz, 1H, Ar-H), 2.66 (s,
2H, -COCH2), 2.58 (d, J = 5.1 Hz, 2H, -CH2), 2.49–2.31 (m, 8H, -CH2), 2.31–2.26 (m, 2H, -CH2), 0.97 (t, J = 

6.6 Hz, 3H, -CH3). 13C NMR (151 MHz, DMSO-d6) δ 174.9, 170.0, 159.2, 156.8, 146.1, 143.8, 129.7, 127.6,

122.2, 121.4, 120.5, 117.1, 116.4, 106.6, 53.9, 51.9, 51.5, 51.1, 49.0, 47.5, 32.5, 9.3. HRMS (ESI+) [M + H]+

C22H25N4O5: 425.1825, Found: 425.1791.

3-(2-methylpiperidin-1-yl)-N-(7-nitro-9-oxo-9H-xanthen-3-yl)propanamide (8f), White solid, 7.5% yield. 1H
NMR (600 MHz, DMSO-d6) δ 10.80 (s, 1H, -NH-), 8.85 (s, 1H, -ArH), 8.61 (d, J = 9.0 Hz, 1H, -ArH), 8.29–8.02
(m, 2H, -ArH), 7.91 (d, J = 9.1 Hz, 1H, -ArH), 7.49 (d, J = 8.3 Hz, 1H, -ArH), 2.99 (dt, J = 13.5, 6.9 Hz, 2H, -
COCH2), 2.74–2.55 (m, 2H, -CH2), 2.35 (d, J = 35.5 Hz, 2H, -CH2), 2.17 (t, J = 10.1 Hz, 1H, -CH-), 1.54 (dt, J = 

68.0, 36.0 Hz, 4H, -CH2), 1.30–1.13 (m, 2H, -CH2), 1.03 (d, J = 6.0 Hz, 3H, -CH3). 13C NMR (151 MHz,
DMSO-d6) δ 173.7, 171.8, 158.8, 156.3, 146.0, 143.3, 129.0, 127.0, 121.8, 121.1, 120.1, 116.3, 115.7,
105.7, 54.8, 51.5, 49.4, 34.1, 33.2, 25.7, 23.5, 18.6. HRMS (ESI+) [M + H]+ C22H24N3O5: 410.1779, Found:
410.1691.

N-(7-nitro-9-oxo-9H-xanthen-3-yl)-3-(piperidin-1-yl)propanamide (8g), White solid, 14.6% yield. 1H NMR
(600 MHz, DMSO-d6) δ 10.00 (s, 1H, -NH-), 8.85 (d, J = 2.7 Hz, 1H, -Ar-H), 8.63 (dd, J = 9.2, 2.7 Hz, 1H, -Ar-
H), 8.21 (d, J = 8.7 Hz, 1H, -Ar-H), 8.14 (s, 1H, -Ar-H), 7.92 (d, J = 9.2 Hz, 1H, -Ar-H), 7.68 (dd, J = 8.7, 1.2 Hz,
1H, -Ar-H), 4.27 (s, 2H, -COCH2), 3.20–3.01 (m, 2H, -CH2), 2.54 (s, 4H, -CH2), 1.83–1.39 (m, 6H, -CH2).13C
NMR (151 MHz, DMSO-d6) δ 174.0, 158.4, 156.2, 144.6, 143.4, 129.0, 127.7, 121.5, 121.1, 120.5, 116.8,
106.2, 56.7, 55.6, 52.9, 21.9, 20.7. HRMS (ESI+) [M + H]+ C21H22N3O5: 396.1559, Found: 396.1523.

N-(7-amino-9-oxo-9H-xanthen-3-yl)-2-(diethylamino)acetamide (11a), Yellow solid, 11.6% yield. 1H NMR
(600 MHz, DMSO-d6) δ 10.94 (s, 1H, -NH-), 8.14 (d, J = 8.7 Hz, 1H, Ar-H), 8.01 (s, 1H, Ar-H), 7.47 (d, J = 8.6
Hz, 1H, Ar-H), 7.40 (d, J = 8.8 Hz, 1H, Ar-H), 7.26 (d, J = 2.5 Hz, 1H, Ar-H), 7.13 (dd, J = 8.9, 2.6 Hz, 1H, Ar-H),
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5.44 (s, 2H, -NH2), 4.09 (s, 2H, -COCH2), 3.17 (s, 4H, -CH2), 1.20 (d, J = 16.7 Hz, 6H, -CH3). 13C NMR (151
MHz, DMSO-d6) δ 175.0, 162.2, 156.2, 147.8, 145.7, 143.3, 127.1, 122.9, 121.8, 118.5, 116.7, 115.3, 106.4,
106.2, 63.2, 48.5, 11.0. HRMS (ESI+) [M + H]+ C19H22N3O3: 340.1661, Found: 340.1639 .

N-(7-amino-9-oxo-9H-xanthen-3-yl)-2-morpholinoacetamide (11b) Yellow solid, 8.4% yield, 1H NMR (600
MHz, DMSO-d6) δ 10.27 (s, 1H, -NH-), 8.15 (d, J = 8.7 Hz, 1H, -ArH), 8.07 (d, J = 1.8 Hz, 1H, -ArH), 7.52 (dd,
J = 8.7, 1.8 Hz, 1H, -ArH), 7.38 (d, J = 8.9 Hz, 1H, -ArH), 7.25 (d, J = 2.8 Hz, 1H, -ArH), 7.11 (dd, J = 8.9, 2.8
Hz, 1H, -ArH), 5.41 (s, 2H, -NH2), 3.66 (t, J = 3.9 Hz, 4H, -OCH2), 3.22 (s, 2H, -COCH2), 2.54 (t, J = 3.6 Hz, 4H,

-N-CH2).13C NMR (151 MHz, DMSO-d6) δ 175.0, 169.1, 156.3, 147.8, 145.6, 144.0, 126.7, 122.8, 121.8,

118.4, 116.2, 115.4, 106.2, 106.1, 66.0, 62.0, 53.1. HRMS (ESI+) [M + H]+ C19H20N3O4: 354.1454, Found:
354.1430 .

N-(7-amino-9-oxo-9H-xanthen-3-yl)-2-(pyrrolidin-1-yl)acetamide (11c)Yellow solid, 16.5% yield. 1H NMR
(600 MHz, DMSO-d6) δ 10.94 (s, 1H, -NH-), 8.14 (d, J = 8.7 Hz, 1H, -ArH), 8.00 (d, J = 1.6 Hz, 1H, -ArH), 7.45
(dd, J = 8.7, 1.6 Hz, 1H, -ArH), 7.40 (d, J = 8.9 Hz, 1H, -ArH), 7.26 (d, J = 2.8 Hz, 1H, -ArH), 7.13 (dd, J = 8.9,
2.8 Hz, 1H, -ArH), 5.44 (s, 2H, -NH2), 3.11 (s, 2H, -COCH2), 2.05–1.80 (m, 8H, -CH2).13C NMR (151 MHz,
DMSO-d6) δ 175.0, 165.3, 156.2, 147.7, 145.7, 143.4, 127.1, 122.9, 121.8, 118.5, 116.6, 115.2, 106.3,
106.2, 63.3, 54.3, 22.8. HRMS (ESI+) [M + H]+ C19H20N3O3: 338.1505, Found: 338.1477 .

N-(7-amino-9-oxo-9H-xanthen-3-yl)-2-(4-methylpiperazin-1-yl)acetamide(11d)Yellow solid, 10.45% yield. 1H
NMR (600 MHz, DMSO-d6) δ 10.23 (s, 1H, -NH-), 8.08 (d, J = 9.9 Hz, 2H, Ar-H ), 7.51 (dd, J = 8.7, 1.3 Hz, 1H,
Ar-H), 7.38 (d, J = 8.9 Hz, 1H, Ar-H), 7.26 (d, J = 2.7 Hz, 1H, Ar-H), 7.11 (dd, J = 8.9, 2.7 Hz, 1H, Ar-H), 5.41 (s,
2H, -NH2), 3.20 (s, 2H, -COCH2), 2.51 (s, 4H, -CH2), 2.43–2.35 (m, 4H, -CH2), 2.18 (s, 3H, -CH3).13C NMR
(151 MHz, DMSO-d6) δ 175.0, 169.4, 156.3, 147.8, 145.6, 144.1, 126.7, 122.8, 121.8, 118.4, 116.2, 115.4,
106.2, 106.0, 61.8, 54.4, 52.6, 45.7. HRMS (ESI+) [M + H]+ C20H23N4O3: 367.1770, Found: 367.1750.

N-(7-amino-9-oxo-9H-xanthen-3-yl)-2-(4-ethylpiperazin-1-yl)acetamide (11e) Yellow solid, 13.4% yield. 1H
NMR (600 MHz, DMSO-d6) δ 13.28 (s, 1H, -NH), 8.59 (d, J = 8.2 Hz, 1H, Ar-H), 7.72 (t, J = 8.4 Hz, 1H, Ar-H),
7.38 (d, J = 8.9 Hz, 1H, Ar-H), 7.28 (d, J = 2.6 Hz, 1H, Ar-H), 7.23 (d, J = 8.8 Hz, 1H, Ar-H), 7.17 (dd, J = 8.8,
2.6 Hz, 1H, Ar-H), 5.50 (s, 2H, -NH2), 3.22 (s, 2H, -COCH2), 2.65 (d, J = 35.9 Hz, 8H, -CH2-), 2.39 (d, J = 4.1

Hz, 2H, -CH2-), 1.08 (t, J = 7.1 Hz, 3H, -CH3), 13C NMR (151 MHz, DMSO-d6) δ 178.9, 170.2, 156.3, 146.8,
145.8, 140.3, 135.3, 123.7, 121.7, 118.1, 112.5, 111.6, 108.8, 105.7, 62.2, 52.7, 51.9, 51.6, 11.8, HRMS
(ESI+) [M + H]+ C21H25N4O3: 381.1927, Found: 381.1889.

N-(7-amino-9-oxo-9H-xanthen-3-yl)-2-(2-methylpiperidin-1-yl)acetamide (11f) Yellow solid, 18.6% yield. 1H
NMR (600 MHz, DMSO-d6) δ 10.16 (s, 1H, -NH), 8.10 (s, 1H, Ar-H), 8.08 (s, 1H, Ar-H), 7.57–7.51 (m, 1H, Ar-
H), 7.38 (d, J = 8.9 Hz, 1H, Ar-H), 7.26 (d, J = 2.8 Hz, 1H, Ar-H), 7.12 (dd, J = 8.9, 2.8 Hz, 1H, Ar-H), 5.41 (s,
2H, -NH2), 3.17 (s, 2H, -COCH2), 2.84 (s, 1H, -N-CH-), 1.64 (s, 2H, -CH2), 1.57 (s, 2H, -CH2), 1.35–1.23 (m, 2H,

-CH2), 1.24 (d, J = 9.9 Hz, 2H, -CH2), 1.05 (s, 3H, -CH3).13C NMR (151 MHz, DMSO-d6) δ 175.0, 163.7,
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156.3, 147.8, 145.6, 143.9, 126.8, 122.8, 121.8, 118.4, 116.2, 115.4, 106.2, 106.0, 53.3, 49.2, 48.6, 31.1,
30.3, 29.8, 18.8. HRMS (ESI+) [M + H]+ C21H24N3O3: 366.1818, Found: 366.1789.

N-(7-amino-9-oxo-9H-xanthen-3-yl)-2-(piperidin-1-yl)acetamide (11g) Yellow solid, 9.5% yield. 1H NMR (600
MHz, DMSO-d6) δ 10.37 (s, 1H, -NH), 8.10 (d, J = 8.7 Hz, 1H, Ar-H), 8.06 (s, 1H, Ar-H), 7.51 (d, J = 8.7 Hz,
1H, Ar-H), 7.39 (d, J = 8.9 Hz, 1H, Ar-H), 7.26 (d, J = 2.6 Hz, 1H, Ar-H), 7.12 (dd, J = 8.8, 2.6 Hz, 1H, Ar-H),
5.42 (s, 2H, -NH2), 2.68 (s, 2H, -COCH2), 2.51 (s, 4H, -N-CH2), 1.67–1.60 (m, 4H, -CH2), 1.44 (s, 2H, -CH2).
13C NMR (151 MHz, DMSO-d6) δ 175.0, 172.0, 156.3, 147.8, 145.6, 143.8, 126.8, 122.8, 121.8, 118.4,
116.3, 115.4, 106.2, 106.1, 61.1, 53.8, 22.1, 21.0. HRMS (ESI+) [M + H]+ C20H22N3O3: 352.1661, Found:
352.1627.

N-(7-amino-9-oxo-9H-xanthen-3-yl)-3-(diethylamino)propanamide (12a) Yellow solid, 25.4% yield. 1H NMR
(600 MHz, DMSO-d6) δ 10.69 (s, 1H, -NH), 8.08 (d, J = 8.7 Hz, 1H, Ar-H), 8.04 (d, J = 1.3 Hz, 1H, Ar-H), 7.38
(d, J = 8.9 Hz, 1H, Ar-H), 7.11 (dd, J = 8.7, 1.3 Hz, 1H, Ar-H),7.25 (d, J = 2.8 Hz, 1H, Ar-H), 7.11 (dd, J = 8.9,
2.8 Hz, 1H, Ar-H), 5.41 (s, 2H, -NH2), 3.17 (s, 2H, -COCH2), 2.80 (s, 2H, -CH2), 2.53 (q, J = 6.6 Hz, 4H, -CH2),

0.99 (t, J = 7.1 Hz, 6H, CH3).13C NMR (151 MHz, DMSO-d6) δ 175.0, 171.4, 156.4, 147.8, 145.6, 144.6,

126.8, 122.7, 121.8, 118.4, 116.0, 115.0, 106.3, 105.6, 48.1, 46.1, 34.2, 11.6. HRMS (ESI+) [M + H]+

C20H24N3O3: 354.1818, Found: 354.1799.

N-(7-amino-9-oxo-9H-xanthen-3-yl)-3-morpholinopropanamide (12b) Yellow solid, 35.1% yield. 1H NMR
(600 MHz, DMSO-d6) δ 10.58 (s, 1H, -NH), 8.08 (d, J = 8.7 Hz, 1H, Ar-H), 8.04 (d, J = 1.6 Hz, 1H, Ar-H), 7.38
(d, J = 8.8 Hz, 2H, Ar-H), 7.25 (d, J = 2.8 Hz, 1H, Ar-H), 7.11 (dd, J = 8.9, 2.8 Hz, 1H, Ar-H), 5.41 (s, 2H, -NH2),
3.58 (t, J = 4.2 Hz, 4H, -OCH2), 2.66 (t, J = 7.0 Hz, 2H, -CH2), 2.57 (t, J = 7.0 Hz, 2H, -COCH2), 2.42 (t, J = 4.2

Hz, 4H, -N-CH2).13C NMR (151 MHz, DMSO-d6) δ 175.0, 171.1, 156.4, 147.8, 145.6, 144.6, 126.8, 122.7,

121.8, 118.4, 116.0, 115.1, 106.3, 105.7, 66.2, 53.9, 53.0, 34.1. HRMS (ESI+) [M + H]+ C20H22N3O4:
368.1610, Found: 368.1593.

N-(7-amino-9-oxo-9H-xanthen-3-yl)-3-(pyrrolidin-1-yl)propanamide (12c), Yellow solid, 12.4% yield. 1H NMR
(600 MHz, DMSO-d6) δ 10.85 (s, 1H, -NH), 8.07 (d, J = 8.7 Hz, 2H, Ar-H), 7.42 (dd, J = 8.7, 1.8 Hz, 1H, Ar-H),
7.38 (d, J = 8.9 Hz, 1H, Ar-H), 7.25 (d, J = 2.8 Hz, 1H, Ar-H), 7.10 (dd, J = 8.9, 2.8 Hz, 1H, Ar-H), 5.41 (s, 2H, -
NH2), 2.74 (t, J = 7.0 Hz, 2H, -CH2), 2.57 (t, J = 7.0 Hz, 2H, -COCH2), 2.49–2.47(m, 4H, -CH2), 1.69–1.67 (m,

4H, -CH2 ).13C NMR (151 MHz, DMSO-d6) δ 175.0, 171.4, 156.4, 147.8, 145.6, 144.9, 126.7, 122.7, 121.8,

118.4, 115.9, 115.2, 106.2, 105.6, 53.4, 51.3, 36.2, 23.1. HRMS (ESI+) [M + H]+ C20H22N3O3: 352.1661,
Found: 352.1640.

N-(7-amino-9-oxo-9H-xanthen-3-yl)-3-(4-methylpiperazin-1-yl)propanamide (12d) Yellow solid, 8.4% yield.
1H NMR (600 MHz, DMSO-d6) δ 10.57 (s, 1H, -NH), 8.08 (d, J = 8.7 Hz, 1H, Ar-H), 8.04 (d, J = 1.5 Hz, 1H, Ar-
H), 7.38 (d, J = 8.9 Hz, 2H, Ar-H), 7.25 (d, J = 2.8 Hz, 1H, Ar-H), 7.11 (dd, J = 8.9, 2.8 Hz, 1H, Ar-H), 5.41 (s,
2H, -NH2), 3.34 (s, 2H, -CH2), 2.71 (t, J = 7.2 Hz, 4H, -CH2), 2.58 (t, J = 6.8 Hz, 4H, -CH2), 2.50 (s, 2H, -
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COCH2), 2.39 (s, 3H, -CH3).13C NMR (151 MHz, DMSO-d6) δ 175.0, 170.8, 156.4, 147.8, 145.6, 144.5,

126.8, 122.8, 121.8, 118.4, 116.0, 115.1, 106.2, 105.7, 52.9, 52.6, 49.9, 42.9, 34.1. HRMS (ESI+) [M + H]+

C21H25N4O3: 381.1927, Found: 381.1903.

N-(7-amino-9-oxo-9H-xanthen-3-yl)-3-(4-ethylpiperazin-1-yl)propanamide (12e) Yellow solid, 7.9% yield. 1H
NMR (600 MHz, DMSO-d6) δ 10.55 (s, 1H, -NH), 8.08 (d, J = 8.7 Hz, 1H, Ar-H), 8.04 (d, J = 1.4 Hz, 1H, Ar-H),
7.40 (dd, J = 8.7, 1.5 Hz, 1H, Ar-H), 7.38 (d, J = 8.9 Hz, 1H, Ar-H), 7.25 (d, J = 2.7 Hz, 1H, Ar-H), 7.11 (dd, J = 
8.9, 2.8 Hz, 1H, Ar-H), 5.40 (s, 2H, -NH2), 3.32 (s, 2H, -CH2), 3.17 (s, 2H, -COCH2), 3.09–2.71 (m, 8H, -CH2),

2.61 (s, 2H, -CH2), 1.15 (s, 3H, -CH3). 13C NMR (151 MHz, DMSO-d6) δ 174.8, 170.9, 156.2, 147.6, 145.4,
144.4, 126.6, 122.6, 121.6, 118.2, 115.8, 114.9, 106.1, 105.5, 53.0, 51.6, 51.4, 51.4, 51.1, 43.0, 33.9, 10.9.
HRMS (ESI+) [M + H]+ C22H27N4O3: 395.2083, Found: 395.2061.

N-(7-amino-9-oxo-9H-xanthen-3-yl)-3-(2-methylpiperidin-1-yl)propanamide (12f), Yellow solid, 23.4% yield.
1H NMR (600 MHz, DMSO-d6) δ 10.70 (s, 1H, -NH), 8.11 (d, J = 8.7 Hz, 1H, Ar-H), 8.04 (d, J = 1.3 Hz, 1H, Ar-
H), 7.43 (d, J = 8.7 Hz, 1H, Ar-H), 7.39 (d, J = 8.9 Hz, 1H, Ar-H), 7.25 (d, J = 2.8 Hz, 1H, Ar-H), 7.12 (dd, J = 
8.9, 2.8 Hz, 1H, Ar-H), 5.42 (s, 2H, -NH2), 3.17–3.16 (m, 1H, -CH-), 2.91 (s, 2H, -CH2 ), 2.52–2.51 (m, 2H, -

CH2 ), 2.51–2.50 (m, 2H, -COCH2 ), 1.90–1.43 (m, 6H, -CH2 ), 1.40–1.25 (m, 3H, -CH3 ).13C NMR (151 MHz,
DMSO-d6) δ 175.0, 171.1, 156.3, 147.8, 145.6, 144.3, 126.9, 122.8, 121.8, 118.4, 116.2, 115.1, 106.2,
105.9, 64.8, 58.8, 48.8, 36.2, 31.4, 26.8, 21.1, 15.3. HRMS (ESI+) [M + H]+ C22H26N3O3: 380.1969, Found:
380.1953.

4.2 Antiproliferative activity using MTT assay

MTT method was used to detect the growth inhibitory effects of the compounds on MCF-7, Hela, MGC-
803 cell lines and normal cells L929. Inoculate the cells in a 96-well cell culture plate containing complete
medium at a cell density of 5×104 cells per well, and incubated for 12 h, then treated with the compounds
(predissolved in DMSO) at a five-dose assay ranging from 5 to 120 µM (2.5–30 µM for etoposide and
0.05–1.5 µM for adriacin and camptothecine). After 48 h incubation at 37°C, MTT solution (10 µL, 5
mg/mL) in PBS (PBS without MTT as the blank) was fed to each well of the culture plate (containing 100
mL medium). After 4 h incubation, remove the medium and MTT, then add 100 µL DMSO to dissolve the
crystals. Measure the absorbance of each well at OD490nm with a Bio-Tek microplate Reader. All
experiments were performed in triplicate and each experiment was repeated at least three times. The IC50

values were calculated by nonlinear regression analysis (GraphPad Prism).

4.3 DNA topoisomerase I inhibition assay in vitro

The supercoiled DNA pBR322 (TaKaRa Bio) relaxation experiment was used to detect the effect of the
compound on the activity of DNA topoisomerase I. The experimental method refers to previous reports[44].
Add 1U of DNA topoisomerase I (TaKaRa Bio), 250 ng of supercoiled DNA pBR322, 2 µL of a reaction
10×buffer (TaKaRa Bio) (35 mM Tris-HCl, pH 8, 72 mM KCl, 5 mM MgCl2, 5 mM DTT) to the reaction
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system, 5 mM spermidine, 0.01% BSA) and different concentrations of the test compound dissolved in
DMSO in advance and the control camptothecin. The mixture was incubated at 37°C for 30 min, and then
the reaction was terminated by adding 2 µL of 10% SDS solution, 1 µL of DNA loading buffer. The
reaction product was subjected to 1% agarose gel electrophoresis in the absence or presence of ethidium
bromide (0.5 µg/mL). When the agarose gel electrophoresis was performed in the absence of ethidium
bromide, the gel was stained with 0.5 µg/mL ethidium bromide after electrophoresis.

4.4 DNA topoisomerase II inhibition assay in vitro

Topoisomerase II was purified and extracted from the nuclei from MGC-803 cells as described
previously[45]. The reaction mixture of pBR322 (250 ng) and Topoisomerase II (1 unit) was incubated with
etoposide, compounds (100 µM or 20 µM) in a final volume of 10 µL in Topo II reaction buffer ( Tris-HCl
(50 mM, pH 8.0), NaCl (150 mM), MgCl2 (10 mM), dithiothreitol (0.5 mM), ATP (2 mM) ) for 30 min at
37°C. And then the reaction was terminated by adding 1 µL of 10% SDS solution, 1 µL of 6 × DNA loading
buffer. Electrophoresis was performed on a 1% agarose gel at 83 V for 55 min in TBE buffer (Tris-borate
and EDTA). Gels were stained for 15 min in an aqueous solution of EB (0.5 µg/mL) and photographed
under UV light (Tanon-1600 Gel Imaging System).

4.5 UV-Visible titration assay

The ctDNA solution was prepared in 10mM Tris-HCl buffer solution (pH = 7.4). In order to verify whether
the DNA is purified, the UV absorbance of the DNA was measured at 260 nm and 280 nm. The results
showed that the absorbance of the DNA at these two wavelengths was greater than 1.8, indicating that
the DNA does not contain protein and meets the experimental requirements. The concentration of ctDNA
was determined by UV absorbance at 260nm using a molar absorptivity constant of 6600 L·mol− 1·cm− 1.
Compounds 7d (7e, 8d and 8e) were dissolved in 3 mL Tris-HCl buffer solution in the present or absence
of increasing concentration of ctDNA (0, 50, 100, 150, 200, 250 µM). Absorption spectra were recorded in
the wavelength range of 200–400 nm after equilibration at room temperature for 5 min using UV evisible
spectro photometer (T6 new century ultraviolet - visible spectrophotometer,Beijing Purkay General
Instrument Co. Ltd).

4.6 EB displacement assay

In brief, increasing concentration (0, 50, 100, 150, 200, 250, 300, 350, 400 µM) of 7d (7e, 8d, and 8e) was
added to samples containing 200 ng pBR322 DNA plasmid and 2.5mM EB in a fluorescence buffer (10
mM Tris-HCl, pH = 7.4). Fluorescence emission spectra were obtained for each 7d (7e, 8d, and 8e)
concentration.

4.7 DNA unwinding assay

DNA relaxation experiment mediated by topoisomerase I: treating negatively supercoiled pBR322 with
Topo I in Topo I reaction (35 mM pH 8 Tris-HCl, 72 mM KCl, 5 mM MgCl2, 5 mM DTT, 5 mM spermidine,



Page 16/30

0.01% BSA) buffer at 37°C for 30 min. Then add 1 µL 10% SDS to the reaction system to stop the
reaction, and incubate at 37°C for 60 min. Finally, add EB and diluted test compound 7d (7e) or 8d (8e) to
the reaction system, and incubate at 37°C for 30 min. After addition of loading buffer, electrophoresis
was performed on a 1% agarose gel at 83 V for 60 min in TBE buffer (Tris-borate and EDTA). Gels were
stained for 15 min in an aqueous solution of EB (0.5 µg/mL) and photographed under UV light (Tanon-
1600 Gel Imaging System).

4.8 Cell apoptotic analysis

Flow cytometric analysis was performed to evaluate the cell apoptotic analysis. MGC-803 (5 ×104) cells
were seeded in six-well plates and allowed to grow 24 h. The medium was then replaced with complete
medium containing compounds 7d and 8d at 2.5 and 10 µM concentrations for 48 h. After 48 h of
compound treatment, cells from the supernatant and adherent monolayer cells were harvested by
trypsinization, washed with PBS at 1200 rpm. Then the cells were stained with Annexin-VFITC/PI
(Solarbio). Then the samples were analyzed by flow cytometry (BD FACS Caliber instrument) as described
earlier[42].

4.9 Cell cycle analysis

Flow cytometry was performed to analyze the distribution of cell cycles. MGC-803 cells were treated with
compounds 7d and 8d at 2.5 and 5 µM concentrations for 48 h. Untreated and treated cells were
harvested, washed with phosphate-buffered saline (PBS), fixed in ice-cold 75% ethanol, and stained with
RNaseA/PI (Solarbio). Cell-cycle analysis was performed by flow cytometry.

4.10 Molecular Docking

In order to further explore the mode of action between the compound and topoisomerase II, molecular
docking was used to study, and the maestro software was used for the docking. Drew the 7d and 8d
molecular structures and transformed them into three-dimensional structures and minimized energy. The
X-ray structures of the human topoisomerase II (PDB ID: 4G0V) and DNA (PDB ID: 2DES) were obtained
from the RCSB protein database (http://www.rcsb.org). The ligands were prepared by Ligprep module.
The proteins were prepared, optimized and minimized using pre-process method of Prepwiz module of
Maestro molecular modeling with default parameters. All the water molecules and ligands were removed
and the hydrogen atoms were added. The grid box was generated around the centroid of the co-
crystallized ligand at the Mitoxantrone/Adriamycin binding site. The prepared ligands and protein/DNA
were docked using the Glide module with the standard precision.
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Figure 1

Human DNA topoisomerase I inhibitory activity of compounds 7a-7g, 8a-8g, 11a-11g and 12a-12f at 100
μM. Lane D: pBR322 DNA only; lane T: pBR322 DNA + Topo I; lane C: pBR322 DNA + Topo I +
Camptothecin; lanes 7a-7g, 8a-8g, 11a-11g and 12a-12f: pBR322 DNA + Topo I + compounds 7a-7g, 8a-
8g, 11a-11g and 12a-12f.



Page 23/30

Figure 2

(A): DNA topo II inhibitory activity of compounds 7a-7g at 100 μM; (B): DNA topo II inhibitory activity of
compounds 8a-8g at 100 μM; (C): DNA topo II inhibitory activity of compounds 11a-11g at 100 μM; (D):
DNA topo II inhibitory activity of compounds 12a-12f at 100 μM; (E): Topo II inhibitory activity of
compounds 7d and 8d at different concentrations (20, 50 μM)
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Figure 3

UV-Visible titration of tested compounds (10 mM) by increasing amounts of ctDNA; (from top to bottom
0-250 μM, at 50 μM intervals; The amount of ctDNA added to the compound is 0 μL、6 μL、12 μL、18 μL、24
μL、30 μL). (A): 7d; (B): 7e; (C): 8d; (D): 8e.
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Figure 4

Fluorescence emission spectra of DNA-EB in the presence of compounds 7d, 7e, 8d, and 8e; (A):7d; (B):
7e; (C): 8d; (D): 8e. Concentration of each substance: DNA-EB system: 2.6 μM; Compound concentration:
(0, 50, 100, 150, 200, 250, 300, 350, 400 μM).
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Figure 5

DNA unwinding assay. Lane D: pBR322 DNA only; lane T: pBR322 DNA + Topo I; lane EB: pBR322 DNA +
Topo I + EB; lanes 50-200: pBR322 DNA + Topo I + different concentrations compounds 7d, 7e, 8d and 8e
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Figure 6

Annexin V-FITC/PI (AV/PI) dual staining assay: Quadrants; Upper left (necrotic cells), Lower left (live
cells), Lower right (early apoptotic cells) and Upper right (late apoptotic cells). (A): control cells (MGC-
803); (B): 7d(2.5 µM); (C): 7d(10 µM); (D): control cells (MGC-803); (E): 8d(2.5 µM); (F): 8d(10 µM).
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Figure 7

Cell cycle analysis in MGC-803 cells after treatment with compounds 7d and 8d concentrations for 48 h.
(A): Control cells, (B): 7d（2.5 µM）; (C): 7d（5 µM）; (D): 8d（2.5 µM）; (E): 8d（5 µM）
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Figure 8

Docking pattern of compounds 7d (A) and 8d (B) with DNA topoisomerase II (PDB ID: 4G0V); Binding
pose of compounds 7d (C) and 8d (D) with DNA (PDB ID: 2DES)
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