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Abstract

Four series of new 3-nitro naphthalimides derivegtjé(4a-4f), 5(5a-5i), 6(6a-6€) and7(7a-
7j), were designed and synthesized as antitumor sigéfethyl thiazolyl tetrazolium (MTT)
screening assay results revealed that some compaismlayed effectiven vitro antiproliferative
activity on SMMC-7721, T24, SKOV-3, A549 and MGC386ancer cell lines in comparison with
5-fluorouracil (5-FU), mitonafide and amonafide. ddumouse xenotransplantation model assay
results indicated that compounflb and 7b exhibited goodn vivo antiproliferative activity in
MGC-803 xenografts in comparison with amonafide aisglatin, suggesting that compourgis
and 7b could be good candidates for antitumor agents. @Bdtrophoresis assay indicated that
DNA and Topo | were the potential targets of comma6b and7b, and comet assay confirmed
that compound6b and7b could induce DNA damage, while the further studgwged that thé&b-
and7b-induced DNA damage was accompanied by the upregulaf p-ATM, P-Chk2, Cdc25A
and p-H2AX. Cell cycle arrest studies demonstrated compound$b and7b arrested the cell
cycle at the S phase, accompanied by the upregulatithe expression levels of the antioncogene
p21 and the down-regulation of the expression tewélcyclin E. Apoptosis assays indicated that
compoundsbb and 7b caused the apoptosis of tumor cells along with upeegulation of the
expression of Bax, caspase-3, caspase-9 and PABRhandownregulation of Bcl-2. These
mechanistic studies suggested that compowiand 7b exerted their antitumor activity by
targeting to DNA, thereby inducing DNA damage angd | inhibition, and consequently causing

S stage arrest and the induction of apoptosis.

Keywords: naphthalimide derivatives; antitumor activity; BNlamage; Topo | inhibition; cell

cycle arrest and apoptosis
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1. Introduction

Carcinoma is a disease of global importance armdused by abnormal and uncontrolled cell
division and growth in an undesired manner. DNAyplan essential role in the uncontrolled cell
division and growth and is thus considered as ®l&idarget for chemotherapy[l]. Many
chemotherapy drugs exert their anticancer actsvibg targeting DNA, thereby causing DNA
damage and DNA topoisomerase (Topo | and/or Il)bitibn and consequently activating cell
cycle checkpoint and apoptosis responses[1-4]. ridiide is a typical DNAargeting
naphthalimide chemotherapy agent and has entemgdatltrials[5]. However, serious adverse
toxic side effects have limited further clinicalats[5,6]. In order to improve this problem, many
structural modifications of the naphthalimide skate including the modification at the
N-position and positions 3 and 4 in the naphthalenidoiety, have been described in the
literature[5,7-11]. And the introduced nitro moietly 3 position has been proved to be
a typical substituent preferably for the antituraotivity[5-11].

Characterized by a planardeficient chromophore system, naphthalimides aggacanising
class of DNA-targeted anticancer compounds thatibéxipotent antitumor activities and
effectively inhibit tumor growth[6,12]. Mitonafid@-ig. 1) is a leading member of this family that
effectively targets DNA and has entered clinic&l$; though its severe toxicity has seriously
hampered further application. In addition, mitodafihas been proven to be metabolized into
amonafide (Fig. 1) in physiological environmentg[18hile amonafide could be finally acetylated
and converted to a toxic amino-acetyl metaboliteNbgcetyl-transferase 2[6,12]. To improve its
antitumor activity and reduce its adverse toxicityych attention has been paid to the structural
modification of mitonafide. It is recognized thapdifications at theN-position in the cyclic imide
ring and at the 4-position in the mitonafide moiagve considerable influence on the antitumor
effect, toxicity and intercalation with DNA, accimd to the study of structure-activity
relationships of numerous 1,8-naphthalimide deineat while in some cases even a small
modification may lead to a vital effect on theitiarmor activity[5,7,9,10,11,14].

Piperazine and its substitution derivatives aresiared as privileged scaffolds in drug
discovery and widely introduced in many antitumoigs, such as palbociclib, nintedanib esylate,
olmutinib and entrectinib. So, it is believed thaperazine derivatives may exhibit potent
anticancer activities; our previous work has dertratesd that the introduction of piperazine
scaffolds to some pharmacy core could improve thiEuanor activity and the toxicity of its
analogs[15,16]. Therefore, the modification of tmior pharmacy cores with piperazine
structures has attracted much attention among imetlichemists.

Encouraged by the antitumor and DNA-targeting #@gtiof mitonafide and the virtues of
piperazine structures, it is expected that the doation of piperazine scaffolds and mitonafide
may improve antitumor efficiency and toxicity. Théore, as the continuation of our previous

work[17], different substituent groups fused wertrdduced in the functional piperazine moiety
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at the 4-position of the mitonafide moiety in tiregent work, while some other substituents at the
N-position of the imide ring were also designed ardd for comparison (Fig. 1). We expected
that the introduction of piperazine scaffolds aposition of mitonafide could trigger steric
hindrance effect and slow down its metabolism Bmtaonafide, thereby improving the antitumor
efficiency and toxicity. With this expectation inmd, the target compounds, their antiproliferative
activity and the antitumor mechanisms related tcAEirgeting were investigated.

[Fig. 1]

2. Results and discussion
2.1. Chemistry

The synthetic route leading to the target 1,8-rtagdhlvhide derivatives4—7 is outlined in
Scheme 1 and Scheme 2. First, as shown in Schere henzoylation and sulfonylation of
N-Boc piperazine NBP) with benzoyl chloride and p-toluenesulfonyl clider at room
temperature yielded\-bocN-benzoyl piperazine NBNBZP) and N-boc-N-p-toluenesulfonyl
piperazine INBNTP), respectively, in accordance with previous stsidi®,19], while the
treatment oNBP with carbon disulfide, potassium carbonate andzyddoromide in the presence
of dichloromethane for 2 h offeréd-boc-N-benzyl dithioformyl piperazineNBNBDP) in good
yield, in an ice-water bath. These three intermedilBNBZP, NBNTP and NBNBDP were
then hydrolyzed with trifluoroacetica acid (TFA) toffer N-benzoyl piperazine NBZP),
N-p-toluenesulfonyl piperazineNTP) and N-benzyl dithioformyl piperazineNBDP) at good
yield, respectively[18,19]. Secondly, as shown inch&ne 2, the treatment of
4-bromo-1,8-naphthalic anhydride 1)( with NaNG; and HSO, at 0°C offered
3-nitro-4-bromo-naphthalic anhydrid2) (in good yield, in accordance with our previouskjb7].
Then the fourN-substituted piperazineBlBP, NBDP, NBZP and NTP were treated with
compound 2 in the presence of 2-methoxyethanol at 110°C toovige
4-piperazine-3-nitro-1,8-naphthalic anhydriga-3d in moderate yield, respectively. Finally, the
desired 1,8-naphthalimidds-4f, 5a-5i, 6a-6e and7a-7j were obtained in moderate yield, by the

condensation of primary amines wh-3d at 80°C in the presence of ethanol, respectively.
[Scheme ]
[Scheme 2

The chemical structures of these desired compodads, 5a-5i, 6a-6e and7a-7] were then
confirmed by'H NMR, **C NMR and high resolution mass spectrometry (HR-Nt8g Part 2 of
Supplementary Data). In thel NMR spectra for compoundi-4f, 5a-5i, 6a-6e and7a-7j, the
chemical shift §) around 8.85-6.48 was attributed to the aromajitrdgens (H-Ar) fused in

naphthalimide and aromatic rings, whilén the range of 4.09-3.21 was mainly ascribed & th
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hydrogens of the piperazine ring. IfC NMR spectrag in the range of 160-165 was mainly
attributed to the carbons in carbonyl groups, &@dound 46 and 51 was ascribed to the carbons
in the piperazine moiety, whilé in the range of 185-189 was attributed to the @arinn the
thiocarbonyl group. In addition, HR-MS results #a-4f, 5a-5i, 6a-6e and 7a-7] were also
consistent with their chemical structures in SchefeHence, the chemical structures of

compoundgla-4f, 5a-5i, 6a-6e and7a-7j were identified.
2.2. Antitumor activity
2.2.1. Invitro antiproliferative activity

With these target compounds at hand, we investigaiteir antiproliferative activity by
MTT[15-17] against human liver cancer SMMC-7721Issehuman bladder cancer T24 cells,
human ovarian cancer SKOV3 cells, human hepatomd9Acells and human gastric cancer

MGC-803 cells, using 5-FU, mitonafide and amonaéidghe positive controls.

As shown in Table 1, most of the target compoundsb@ed evidenin vitro antiproliferative
activity on these five cell lines. Table 1 showattim the inhibition assay with SMMC-7721 cells,
most compounds (except for compountls 5a, 5e 6e 7a, 7c¢, 7d and 7j) exhibited better
antiproliferative activity than the commercial aaticer drug 5-FU (1§ = 15.32 + 0.671M), and
compounddla, 4b, 5b, 6a, 6b and7b displayed higher antiproliferative activity thamanafide
(ICso = 6.93 = 0.26uM). Importantly, compounddgb, 6b and 7b even showed more potent
antiproliferative activity than mitonafide (¢¢= 3.22 + 0.26uM), with I1Cs values of 1.05 + 0.09
uM, 1.57 £ 0.19uM and 2.71 £ 0.13M, respectively, indicating that compourdls, 6b and7b
exhibited potent antiproliferative activity agairibis cell line. In the antiproliferation assay lhwit
T24 cells, all the target compoundis? exhibited better antiproliferative activity tharFd (1Cso
= 40.14 = 2.14uM), and compoundsta, 4b, 5b, 6a, 6b and 7b demonstrated better
antiproliferative activity than amonafide g&€= 5.01 + 0.47uM), while 4b, 6b and 7b showed
more potent antiproliferation than mitonafide (& 1.11 + 0.31uM), with ICs values of 0.83 +
0.15 uM, 0.42 = 0.05uM and 0.33 + 0.07uM, respectively, indicating their favorable
antiproliferation on this cell line. In the SKOV3say, many compounds (except @ 5¢, 5d,
5¢-5i, 7d and 7g-7j) exhibited better antiproliferative activity th&FU (1Gso = 26.34 £ 0.57
uM), and compoundgb, 5b, 6a, 6b and 7b displayed stronger antiproliferative activity than
amonafide (IG = 6.31 + 0.46.M), while compoundgb and7b exhibited better antiproliferation
than mitonafide (16 = 1.38 + 0.51uM), with 1Csq values of 0.65 + 0.13M and 0.32 + 0.03M,
respectively, demonstrating the strong antipradifiee effects of compoundéb and 7b against
SKOV3 cells. In the A549 test, except for compouddsie, 5a, 5h, 5i, 6d, 7d and7f-7j, other
compounds showed stronger antiproliferation agtithiin 5-FU (1Go = 34.47 £ 1.9QuM), while
compoundgla, 4b, 5b, 6a, 6b and7b displayed stronger antiproliferation activity thamonafide
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(ICs0 = 7.94 £ 0.61uM), with ICsq values of 1.08 + 0.15M, 7.52 + 0.36uM, 1.98 + 0.11uM,
6.66 = 0.23uM, 0.41 + 0.12uM and 0.27 £ 0.15uM, respectively. Unfortunately, no compound
showed better antiproliferation activity than migdide in this cell line. In the MGC-803 cell assay,
all these compounds exhibited better antiprolifeeactivity than 5-FU (I = 34.85 £ 1.75uM),
and compoundda, 4b, 4e 5b, 6a, 6b and 7b exhibited higher antiproliferative activity than
amonafide (IG = 9.06 + 0.45uM), while compoundsla, 4b, 5b, 6b and7b even showed more
potent antiproliferative activity than mitonafidkC§, = 6.80 £ 0.45uM), with 1Cso values of 1.33
+0.23uM, 6.44 + 0.12uM, 6.08 + 0.21uM, 0.868 + 0.16uM and 1.42 + 0.11M, respectively,
indicating that compoundé&a, 4b, 5b, 6b and7b exhibited potent antiproliferative activity agdins
this cell line. On the basis of the above MTT resutompound$b and 7b displayed the best
antiproliferative activity on these five cell lineand were thus chosen as representative

compounds for further investigation of timevivo antiproliferative activity.
[Table 1]

In addition, based on the MTT results, some intergsstructure-activity relationships may be
concluded: (1) both of the substituent groups at\#position in the cycloamidite moiety and the
4-position had important but irregular influencestbe antiproliferative activity; (2) importantly,
the fatty chain amin&l,N-dimethylaminoethyl at th&l-position in the cycloamidite ring showed
especially positive effects on the antiproliferatactivity; (3) the comparison dfwith 5, 6 and?,
demonstrated that substitution in the piperazineetaxhibited important but irregular effect on
their antiproliferative activity, while the aliphatchain hydrocarbon may have positive effects on
the antiproliferative activity. This result indieat that in some cases even a small structural
transformation in the 1,8-naphthalimide skeletonyrhave a major effect on their antitumor

activity, well consistent with previous literatuéel 7].
2.2.2 In vivo antiproliferative activity

To further evaluate the antitumor activity @ and7b, in vivo antiproliferation assays were
performed. The MGC-803 xenograft model was chosenhis study, based on tha vitro
antiproliferation experimental result. Specific lpagen-free BALB/c nude mice were divided
randomly into five groups, i.e., the vehicle cohtgroup, the low-dose and high-dose
administration of compoundb and7b groups and two positive control groups. Saling; tiose
(5 mg/kg) and high dose (15 mg/kg) compouBdsand7b, cisplatin (2 mg/kg) and amonafide (5
mg/kg) were administrated by intraperitoneal inf@tt The relative tumor increment rate (T/C)
and tumor inhibitory rate (IR) were then calculate@ssess thein vivo antitumor activity, where
T/C values of less than 60.0% and IR values of ntloa@ 40.0% indicated potent and effective

antitumor activity[20].
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[Fig. 2]

As shown in Fig. 2A, administration 6b and 7b, at both low (5 mg/kg) and high doses (15
mg/kg), had strong antiproliferative effects on M@@3 tumor growth; and the T/C values were
59.8% Eb at low dose), 47.1%6b at high dose), 52.0% at low dose) and 38.4%1§ at high
dose). In comparison, cisplatin (2 mg/kg) and arfideg5 mg/kg) had T/C values of 42.3% and
34.4%, respectively. The tumors of the mice wergected (Fig. 2B) and weighed on day 21 to
assess the antiproliferative rates based on thease in tumor weight. As shown in Fig. 2D,
compounds6b and 7b displayed obvious antitumor activity in the MGC38@nodel with
inhibitory rates of 40.1%6p at low dose), 52.8%6b at high dose), 41.9%7 at low dose) and
61.7% {b at high dose), while those of cisplatin (2 mg/kgll amonafide (5 mg/kg) were 57.5%
(P < 0.01) and 65.5%(< 0.01), respectively. Compoun€ls and7b at both low and high doses
displayed T/C values of less than 60.0% and IReslof more than 40.0% and stroimgvivo
antiproliferative effects in comparison with cigpgta and amonafide, demonstrating that
compound$b and7b displayed effective antitumor activity in MGC-888nografts. Interestingly,
as shown in Fig. 2C, no obvious adverse effectscuashges in body weight were found in the
mice treated with compoundd and 7b, indicating thattb and 7b had no significant toxicity to
mice within the 21-day period of treatment and tbogld be good candidates for antitumor drug
design. The high administration doses6tf and 7b may also indirectly indicate their lower

toxicity in comparison with cisplatin and amonafide
2.3 Antitumor mechanism investigation
2.3.1. DNA intercalation

Because a planar chromophore portion is consideasd the common feature of
DNA-intercalating anticancer drugs, it is reasoeatilat DNA is and has been proven as the
potential target for naphthalimide derivatives[d]o obtain insight into the mechanism of
naphthalimide derivatives targeting DNA, a gel &lgghoresis assay was carried out, using
mitonafide and amonafide as positive controls. &ettrophoresis assay results (Fig. 3) indicated
that 6b and 7b tightly bound to the supercoiled circular plasnmiBR322 and hindered its
migration in the gel at concentrations from ¥ to 100 uM, while they displayed no
photocleavage activity or photoreactivity in thissay, confirming that compourth and 7b

exhibited important intercalation effects on pBR322
[Fig. 3]

To better understand the intercalation effects ofmpounds6b and 7b with DNA, we
performed molecular docking studies using SYBYL-X0 Zoftware. As shown in Fig. S1-1,

compoundsbb and 7b stacked with the regions of the DNA minor groowe durface binding
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interactions and adjunction with the target DNA blieuhelix, implying their good binding affinity
with DNA. It was obvious that compouné@b and7b intercalated with nucleotide and forming
hydrogen bonds with NH group presented at DNA. &fwe, the results could confer the

anticancer activity of compounéé and7b to their abilities to bind to DNA minor groove.
2.3.2. DNA damage

To investigate whether compoun@lsand7b could lead to DNA damage, a comet assay, which
was proven to be a sensitive, simple but usefulftndDNA damage studies[21], was performed.
As shown in Fig. 4, long DNA tails were found afteeatment with compoundsb and 7b,
indicating compoundgb and7b could induce DNA damage[21].

[Fig. 4]

It is believed that PIKK kinases (ATM, ATR and DNAK), mediator or signal transducer
proteins (Chkl and Chk2 signaling kinases) andcedfeproteins (phosphatases Cdc25A/B/C and
cyclin-dependent kinases [CDKs]) are main regutatiirthe DNA damage response and play an
important role in the course of DNA damagel[2], whithe increased levels of human p-H2AX are
considered as important evidence of DNA damagef]2,Plence, the expression levels of
p-ATM, P-Chk2, Cdc25A and p-H2AX in MGC-803 cellere examined by western blots. The
results (Fig. 5) show that compared to the contiwé, expression levels of p-ATM, P-Chk2,
Cdc25A and p-H2AX were significantly upregulatedMiGC-803 cells treated witBb and 7b,
directly verifying the presence of damaged DNA.

[Fig. 5]
2.3.3. Topo | inhibition

To study whether the inhibition of Topo 1 activilyas related to the antiproliferative and
DNA-damaging effects dib and7b, the DNA relaxation assay was carried out usingrafide,
mitonafide and the Topo | inhibitor camptothecirP{J as positive controls. The results (Fig. 6
and Fig. S1-2) indicate that, accompanying the DNA daepacompound’b exhibited obvious
Topo | inhibition (0.1 U/L) at a concentration o® AM, while compoundéb exhibited evident
Topo | inhibition (0.1 U/L) at a concentration d M, implying that in addition to DNA, Topo |
was also a potential target of compoueiisand 7b. To further determine the DNA relaxation
induced by compounddb and7b, an unwinding assay was then carried out. Thdtse@tig. S1-3
and Fig. S1-4) show that compoun@ls and 7b exhibited obvious Topo | inhibition at low
concentrations (< 2(M), while they led to the supercoiling of DNA aghi concentrations (> 40

uM), confirming that DNA and Topo | are indeed pdialtargets of compoundib and7b.

[Fig. 6]
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2.3.4 Cédll cycle arrest analysis

Because DNA-targeted drugs can usually inducecgele arrest[2], the effects of compounds
6b and7b on cell cycle progression were investigated. Aewshin Fig. 7, in MGC-803 cells,
compounds$b and7b mainly arrested the cell cycle at the S phasesinglan evident increase in
the S phase population (f6b: 37.80% at 0.2%M, 69.18% at 0.5uM and 71.16% at LM; for 7b:
40.44% at 0.2%M, 43.96% at 0.5uM and 75.18% at M) in comparison with the control group
(20.23%).

[Fig. 7]

The regulatory proteins CDK and cyclin E and théacmtogene p21 play an important role in
the regulation of the S phase checkpoint[23]. Tloeee the expression of CDK2, cyclin E and
p21 in MGC-803 cells was examined by western blaotsing glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a control. As shown in &igreatment with compound® and7b
increased p21 expression, decreased cyclin E eipresand only slightly affected CDK2
expression, indicating that compouréfsand 7b induced S phase cell cycle arrest by inhibiting

the S phase-promoting CDK2-Cyclin E complex in M&T3 cells[22].
[Fig. 8]
2.3.5 Apoptosis study

To further assess the antitumor mechanism of comg®6b and 7b, apoptosis levels were
investigated. As shown in Fig. 9, in MGC-803 cefls,increased the percentage of apoptotic cells
to 21.7%, 28.7% and 52.5% (including the early ¢até apoptosis) at 0.25, 0.5 andulA,
respectively, whilé’b increased the percentage of apoptotic cells t8%,722.9% and 27% at the
same concentrations, indicating that compoustiland 7b could induce apoptosis in MGC-803

cells.
[Fig. 9]

Bcl-2/Bax family proteins, caspase proteases angADP-ribose) polymerase (PARP) play
important mediating roles in apoptosis[24-26]. Tettier study the mechanisms underlybig
and 7b-induced apoptosis, the expression levels of Bak2Bcaspase-9, caspase-3 and PARP in
MGC-803 cells treated with compoun€@lb and 7b were measured by western blot. The results
(Fig. 10) indicated that compoun@b and 7b could upregulate the expression levels of Bax,
caspase-3, caspase-9 and PARP and downregulagI®atls, implying that compoundd and
7b may exert proapoptotic effects through a mitochiahdnediated pathway and a caspase

cascade.
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[Fig. 10]
3. Conclusion

In this study, we designed and synthesized fowr glehaphthalimide derivatives and evaluated
their antitumor activity against five cancer céllels, i.e., SMMC-7721, T24, SKOV-3, A549 and
MGC-803. We identified some compounds displayinghhin vitro antitumor activity in
comparison with 5-FU, mitonafide and amonafide,l&sbbmpound$b and7b displayed goodh
vivo antitumor activity in the MGC-803 xenograft in cpamison with amonafide and cisplatin.
Our gel electrophoresis assay indicated that DNA Eopo | are potential targets of compounds
6b and7b, and our comet assay confirmed that compo@idsnd7b could induce DNA damage,
while the further study showed that #te and7b-induced DNA damage was accompanied by the
upregulation of p-ATM, P-Chk2, Cdc25A and p-H2AXelCcycle arrest studies demonstrated that
compounds$sb and7b trigger cell cycle arrest at the S phase throwmdplibition of CDK2—Cyclin
E complex activity, while apoptosis assays indidateat compoundgb and7b could cause the
apoptosis of tumor cells along with the upregulatid the expression Bax, caspase-3, caspase-9
and PARP and downregulation of Bcl-2. Based ondlwsservations, it could be concluded that
compoundsbb and 7b may mainly exert their antitumor effects by tanggtto DNA, thereby
inducing DNA damage and inhibiting Topo |, and amsently causing to S phase arrest and

inducing apoptosis.

4. Experimental procedures
4.1 Materials and instruments

All chemicals and solvents were of reagent gradepmchased from Aladdin (Shanghai) and
used without further purification. The materialsedisfor biological experiments with pBR322
DNA and cell lines were purchased from Aladdin, dop was purchased from TaKaRa
Biotechnology Co., Ltd. (Dalian), and antibodiegevpurchased from Cell Signaling Technology.
Cell cycle and apoptosis assays were performed Dy-BCSAria Il flow cytometry (Becton
Dickinson) and the results were analyzed by Imagpétivare. The NMR spectra were measured
on a BRUKER AVANCE AV 400/600 instrument, while timeass spectra were examined on a
BRUKER ESQUIRE HCT spectrometer.

4.2. Chemistry: general synthesis procedure for coppunds 4-7

NBP was purchased form Aladdin and the intermediatepoundsZBZP, NTP and NBDP
were synthesized as previously described[18,19gusBP as the starting material. The mixture

of compound? (1.5 mmol), the prefabricated 1-tosylpiperazinBP, ZBZP, NTP andNBDP)
10/25



(1.8 mmol) and ethylene glycol methyl ether (100)mlas reacted at 110°C for 8 h. After the
reaction, the reaction solution was cooled natymlernight and then filtered to provide desired
compounds 3 (3a-3d). Compounds 3 (3a-3d were then purified by silica column
chromatography, using dichloromethane—methanol €v:10:1) solution as the eluent. Finally,
compounds3 (3a-3d) (1.0 mmol) were treated with the primarily amin@sO mmol) in hot
ethanol at 80°C for 6 h. The reaction solutionsenmroled naturally overnight and then filtered to
offer the target compoundéa—4f, 5a-5i, 6a-6e and 7a-7j. Compounds4-7 were purified by

silica column chromatography, using dichloromethanethanol (v:v = 8:1) solution as the eluent.

Tert-butyl 4-(2-(3-(methylamino)propyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-
benzo[de]isoquinolin-6-yl)piperazine-1-carboxylate (4a): Yellow solid, yield 42.7%H NMR
(400 MHz, DMSO-@) & 8.67 — 8.62 (m, 1H, H-Ar), 8.56 (dd= 7.2, 0.7 Hz, 1H, H-Ar), 8.52 (s,
1H, H-Ar), 7.99 — 7.92 (m, 1H, H-Ar), 4.04 &= 7.2 Hz, 2H, -CH), 3.66 (s, 4H, 2-C}h}, 3.18 (d,
J=4.6 Hz, 5H, 2-Ch), 2.60 — 2.57 (m, 2H, -Ch} 2.29 (s, 3H, -Ch), 1.82 — 1.71 (m, 2H, -CH{
1.45 (s, 9H, 3-Ch)."*C NMR (100 MHz, DMSO-g) 5 162.95 (C=0), 161.84 (C=0), 153.98,
147.01, 142.23, 132.80, 131.45, 129.58, 129.06,4828.26.30, 122.98, 117.75, 79.30 (C-0O),
51.06 (C-N), 48.60 (Ch), 45.41(C-N), 38.11(Ch}, 35.43(CH), 28.03(CH), 27.02(CH). HRMS
(m/z) (ESI): GsH3:NsOg[M+1]" calcd for: 498.2269, found: 498.2335.

Tert-butyl 4-(2-(2-(dimethylamino)ethyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-
benzo[de]isoquinolin-6-yl)piperazine-1-carboxylate (4b): Yellow solid, yield 47.4%M NMR
(400 MHz, DMSO-@) 5 8.67 (d,J = 8.5 Hz, 1H, H-Ar), 8.59 (d] = 7.2 Hz, 1H, H-Ar), 8.56 (s,
1H, H-Ar), 8.02 — 7.94 (m, 1H, H-Ar), 4.13 (t= 6.8 Hz, 2H, -CH)), 3.66 (s, 4H, 2-Ch), 3.19 (d,
J = 4.0 Hz, 4H, 2-Ch), 2.29 (s, 2H, -Ch), 2.20 (s, 6H, 2-Ch), 1.45 (s, 9H, 3-C.”°*C NMR
(100 MHz, DMSO-¢) 8 162.92 (C=0), 161.79 (C=0), 153.99, 147.09, 142132.91, 131.55,
129.60, 129.14, 128.51, 126.44, 122.93, 117.68076C-0), 56.35 (Ck), 51.06 (C-N), 45.36
(CH,), 37.71 (CH), 28.04 (CH). HRMS (m/z) (ESI): GsH3:NsOs[M+1]" calcd for: 498.2347,
found: 498.2330.

Tert-butyl  4-(2-(2-hydroxyethyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-benzo[ de]isoquinolin-6-
yl)piperazine-1-carboxylate (4c): Yellow solid, yield 48.1%H NMR (400 MHz, DMSO-¢) &
8.60 (ddJ = 8.4, 0.8 Hz, 1H, H-Ar), 8.51 (dd,= 7.4, 0.8 Hz, 1H, H-Ar), 8.47 (s, 1H, H-Ar), 7.92
(dd,J = 8.4, 7.4 Hz, 1H, H-Ar), 4.79 (§,= 5.9 Hz, 1H, -OH), 4.08 (§ = 6.5 Hz, 2H, -CH), 3.66
(s, 4H, 2-CH), 3.61 — 3.56 (m, 2H, -CH| 3.22 — 3.08 (m, 4H, 2-G} 1.46 (s, 9H, 3-CH."°C
NMR (100 MHz, DMSO-¢) 5 162.90 (C=0), 161.79 (C=0), 153.98, 146.90, 1421®.71,
131.30, 129.47, 128.94, 128.42, 126.18, 122.95,71177/9.30 (C-0O), 57.64 (GHOH), 51.05
(C-N), 41.91(CH), 28.03 (CH).HRMS (m/z) (ESI):GsH,¢N.O;[M+Na]" calcd for: 493.1694,
found: 493.1679.
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Tert-butyl  4-(2-(4-chlorobenzyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-benzo[ de]isoquinolin-6-
yl)piperazine-1-carboxylate (4d): Yellow solid, yield 46.4%'H NMR (400 MHz, DMSO-g) &
8.66 (d,J = 8.4 Hz, 1H, H-Ar), 8.58 (d] = 7.2 Hz, 1H, H-Ar), 8.55 (s, 1H, H-Ar), 7.96 (dilz
8.4, 7.2 Hz, 1H, H-Ar), 7.35 (ql = 8.7 Hz, 4H, H-Ar), 5.18 (s, 2H, -GM 3.66 (s, 4H, 2-Ch),
3.23 —3.11 (m, 4H, 2-C} 1.45 (s, 9H, 3-Ch)."*C NMR (100 MHz, DMSO-¢) 5 162.97 (C=0),
161.86 (C=0), 153.97, 147.24, 142.21, 136.01, T733131.73, 129.71, 129.51, 129.08, 128.49,
128.27, 126.67, 122.81, 117.47, 79.29 (C-O), 51AMN), 42.41 (CH), 28.02 (CH). HRMS
(m/z) (ESI): GgH»7CIN,Og[M+Na]" calcd for: 573.1511, found: 573.1490.

Tert-butyl 4-(2-(3,4-dihydroxyphenethyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-
benzo[de]isoquinolin-6-yl)piperazine-1-carboxylate (4e): Yellow solid, yield 44.4% NMR
(400 MHz, DMSO-g) & 8.79 (s, 1H, -OH), 8.70 — 8.61 (m, 2H, H-Ar), 87 J = 0.7 Hz, 1H,
H-Ar), 8.53 (s, 1H,-OH), 7.95 (dd} = 8.4, 7.4 Hz, 1H, H-Ar), 6.63 (dd,= 11.0, 5.0 Hz, 2H,
H-Ar), 6.47 (dd,J = 8.0, 2.0 Hz, 1H, H-Ar), 4.12 (dd,= 8.9, 6.8 Hz, 2H, -C}), 3.66 (s, 4H,
2-CH,), 3.25 — 3.08 (m, 4H, 2-G} 2.77 — 2.63 (m, 2H, -CH 1.46 (s, 9H, 3-CH."*C NMR
(100 MHz, DMSO-@) § 162.73 (C=0), 161.61 (C=0), 153.98, 147.06, 1451%8.73, 142.20,
132.82, 131.49, 129.54, 129.27, 129.07, 128.48,3826.22.91, 119.21, 117.64, 115.93, 115.58,
79.30 (C-0O), 51.07 (C-N), 41.48 (GH 32.80 (CH), 28.04 (CH). HRMS (m/z) (ESI):
CuoH3oN4Og[M+Na]" calcd for: 585.1956, found: 585.1934.

Tert-butyl 4-(2-(2-(benzo[d][1,3] dioxol-5-yl)ethyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-
benzo[de]isoquinolin-6-yl)piperazine-1-carboxylate (4f): Yellow solid, yield 48.3%. 'H NMR
(400 MHz, DMSO-¢) & 8.68 (d,J = 8.5 Hz, 1H, H-Ar), 8.60 — 8.51 (m, 2H, H-Ar97.(t,J =
7.9 Hz, 1H, H-Ar), 6.83 (s, 1H, H-Ar), 6.78 {,= 6.8 Hz, 1H, H-Ar), 6.67 (dJ = 8.0 Hz, 1H,
H-Ar), 5.96 (s, 2H, CKH20), 4.23 — 4.13 (m, 2H, -G} 3.66 (s, 4H, 2-Ch), 3.19 (s, 4H, 2-Cb),
2.86 — 2.77 (m, 2H, -CH|, 1.46 (s, 9H, 3-CH.*C NMR (100 MHz, DMSO-g) 5162.81(C=0),
161.69 (C=0), 153.98, 147.25, 147.10, 145.68, 142132.87, 132.36, 129.62, 129.13, 128.52,
126.38, 122.96, 121.90, 121.50, 117.70, 108.98,18)8100.70 (C-20), 79.30 (C-0), 51.07
(C-N), 41.25 (CH), 33.09 (CH), 28.03 (CH). HRMS (m/z) (ESI): GoH3oN,Og[M+1]" calcd for:
575.2136, found: 575.1059.

Benzyl 4-(2-(4-methoxybenzyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-benzo[ de]isoquinolin-6-
yl)piperazine-1-carbodithioate (5a): Yellow solid, yield 42.1%*H NMR (600 MHz, CDC}) &
8.72 (t,J = 3.4 Hz, 2H, H-Ar), 8.54 (d] = 8.4 Hz, 1H, H-Ar), 7.88 () = 7.9 Hz, 1H, H-Ar), 7.49
(d,J = 8.6 Hz, 2H, H-Ar), 7.41 (d] = 7.4 Hz, 2H, H-Ar), 7.34 (] = 7.4 Hz, 2H, H-Ar), 7.29 (d,

J = 7.3 Hz, 1H, H-Ar), 6.82 (dJ = 8.7 Hz, 2H, H-Ar), 5.29 (s, 2H, -G{ 4.63 — 4.19 (m, 6H,
3-CHy), 3.76 (s, 3H, -OCH), 3.40 (s, 4H, 2-CH.”*C NMR (150 MHz, CDGJ) § 198.23 (C=S),
163.46 (C=0), 162.35 (C=0), 159.22, 146.30, 1431&5.55, 133.67, 130.83, 130.60, 130.36,

12/25



129.86, 129.55, 129.12, 128.81, 128.51, 127.85,1827124.00, 119.61, 113.93, 55.37 (OfH
50.90 (C-N), 43.32 (Ch), 42.51 (C-S). HRMS (m/z) (ESI): 384,6N40sS,[M+1]* calcd for:
613.1574, found: 613.1552.

Benzyl 4-(2-(2-(dimethylamino)ethyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-
benzo[de]isoquinolin-6-yl)piperazine-1-carbodithioate (5b): Yellow solid, yield 49.3%'H NMR
(400 MHz, DMSO-¢) 6 8.73 (d,J = 8.4 Hz, 1H, H-Ar), 8.65 — 8.48 (m, 2H, H-Ar)98. (t,J =
7.8 Hz, 1H, H-Ar), 7.43 (dJ = 7.0 Hz, 2H, H-Ar), 7.37 — 7.19 (m, 3H, H-Ar),59. (s, 4H,
2-CHy), 4.30 (s, 2H, -Ch), 4.18 — 4.05 (m, 2H, -Chi 3.32 (s, 4H, 2-Ch), 2.50 (s, 2H, -Ch),
2.20 (s, 6H, 2-Ch)."®*C NMR (100 MHz, DMSO-g) & 195.74 (C=S), 162.89 (C=0), 161.77
(C=0), 146.31, 142.52, 136.02, 132.98, 131.70,329129.25, 129.15, 128.63, 128.49, 127.43,
126.33, 122.94, 118.15, 56.31 (§§H560.64 (C-N), 45.32 (Ch), 40.91 (C-S), 37.69 (CH HRMS
(Mm/z) (ESI): GgH29N50,S,[M+1]" calcd for: 564.1734, found: 564.1711.

Benzyl 4-(2-(2-hydroxyethyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-benzo[ de]isoquinolin-6-
yl)piperazine-1-carbodithioate (5c): Yellow solid, yield 52.4%' NMR (600 MHz, CDC)) &
8.72 (d,J = 7.1 Hz, 1H, H-Ar), 8.69 (s, 1H, H-Ar), 8.56 @= 8.4 Hz, 1H, H-Ar), 7.90 (§1=7.9
Hz, 1H, H-Ar), 7.40 (dJ = 7.3 Hz, 2H, H-Ar), 7.33 () = 7.4 Hz, 2H, H-Ar), 7.29 (d] = 7.3 Hz,
1H, H-Ar), 4.66 — 4.19 (m, 8H, 4-GM 3.95 (t,J = 5.3 Hz, 2H, -CH), 3.41 (s, 4H, 2-Ch.**C
NMR (150 MHz, CDC}) 4 198.23 (C=S), 164.22 (C=0), 163.08 (C=0), 14615318.74, 135.52,
133.77, 130.84, 130.39, 129.82, 129.52, 128.78,5628.27.82, 127.31, 123.68, 119.16, 61.42
(CH,-0), 50.94 (C-N), 42.95 (CH, 42.48 (C-S). HRMS (m/z) (ESI):28H24N405S,[M+1]" calcd
for: 537.1261, found: 537.1245.

Benzyl 4-(2-(2-(benzo[d][1,3] dioxol-5-yl)ethyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-
benzo[de]isoquinolin-6-yl)piperazine-1-carbodithioate (5d): Yellow solid, yield 48.7%'H NMR
(600 MHz, CDC}) 6 8.76 — 8.69 (m, 2H, H-Ar), 8.59 (d,= 8.4 Hz, 1H, H-Ar), 7.96 — 7.88 (m,
1H, H-Ar), 7.43 (dJ = 7.4 Hz, 2H, H-Ar), 7.36 () = 7.5 Hz, 2H, H-Ar), 7.31 (d = 7.3 Hz, 1H,
H-Ar), 6.84 (s, 1H, H-Ar), 6.80 — 6.72 (m, 2H, HAB.94 (s, 2H, Ck20), 4.80 — 4.07 (m, 8H,
4-CHy), 3.44 (s, 4H, 2-Ch), 2.98 — 2.87 (m, 2H, -CH'C NMR (150 MHz, CDG)) § 198.21
(C=S), 163.26 (C=0), 162.10 (C=0), 147.75, 14643.83, 135.53, 133.50, 132.20, 130.60,
130.32, 129.88, 129.52, 128.78, 128.53, 127.82,012723.86, 121.96, 119.46, 109.48, 108.40,
100.98 (C-20), 50.87 (C-N), 42.48 (©H 42.19 (C-S), 33.97 (CH HRMS (m/z) (ESI):
CaaHogN4O6S,[M+1] " caled for: 641.1523, found: 641.1502.

Benzyl 4-(2-(3,4-dihydroxyphenethyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-
benzo[de]isoquinolin-6-yl)piperazine-1-carbodithioate (5¢): Yellow solid, yield 35.3%'H NMR
(600 MHz, DMSO-@) 3 8.85 — 8.71 (m, 3H), 8.61 — 8.50 (m, 2H, H-Ar 0B~ 7.93 (m, 1H,
H-Ar), 7.43 (d,J = 7.3 Hz, 2H, H-Ar), 7.34 () = 7.5 Hz, 2H, H-Ar), 7.28 (t) = 7.3 Hz, 1H,
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H-Ar), 6.67 — 6.57 (m, 2H, H-Ar), 6.47 (dd,= 8.0, 1.9 Hz, 1H, H-Ar), 4.71 — 4.54 (m, 4H,
2-CH,), 4.28 (s, 2H, -Ch), 4.14 — 4.07 (m, 2H, -Chl 3.32 (s, 4H, 2-Ch}, 2.73 — 2.68 (m, 2H,
-CH,)."*C NMR (150 MHz, DMSO-g) § 195.73 (C=S), 162.76 (C=0), 161.64 (C=0), 146.33,
145.21, 143.78, 142.45, 136.04, 132.96, 129.60,3129.29.28, 129.11, 128.66, 128.54, 127.48,
126.29, 122.97, 119.24, 118.18, 115.97, 115.64060C-N), 45.55 (C-N), 41.56 (C-S), 40.96
(CH,), 32.84 (CH). HRMS (m/z) (ESI): GH2aN40sS,[M+1]" caled for: 629.1523, found:
629.1503.

Benzyl 4-(5-nitro-1,3-dioxo-2-(phenylamino)-2,3-dihydro-1H-benzo[ de]isoquinolin-6-
yl)piperazine-1-carbodithioate (5f):. Yellow solid, yield 38.1%H NMR (400 MHz, DMSO-g) &
8.82 (d,J = 8.3 Hz, 1H, H-Ar), 8.73 — 8.60 (m, 3H, H-Ar)08.— 7.99 (m, 1H, H-Ar), 7.44 (d,=
7.1 Hz, 2H, H-Ar), 7.37 — 7.25 (m, 3H, H-Ar), 7.1t4J = 7.9 Hz, 2H, H-Ar), 6.77 (t) = 8.3 Hz,
3H, H-Ar), 4.72 — 4.23 (m, 6H, 3-G) 3.51 — 3.35 (m, 4H, 2-GH'°C NMR (100 MHz,
DMSO-a;) 8 195.74 (C=S), 162.44 (C=0), 161.37(C=0), 147.0:%.61, 142.58, 136.02, 133.43,
132.11, 129.73, 129.38, 129.25, 128.79, 128.69,492827.42, 126.81, 123.33, 119.52, 118.54,
112.53, 50.69 (C-N), 45.64 (C-N), 40.92 (C-S). HRSZz) (ESI): GoH2sNs0,S;[M+1]" calcd
for: 584.1421, found: 584.1400.

Benzyl 4-(2-benzyl-5-nitro-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)piperazine-1-
carbodithioate (5g): Yellow solid, yield 43.5%'H NMR (600 MHz, CDCJ) & 8.74 (d,J = 7.0
Hz, 2H, H-Ar), 8.57 (dJ = 8.4 Hz, 1H, H-Ar), 7.93 — 7.88 (m, 1H, H-Ar)5%.(d,J = 7.4 Hz, 2H,
H-Ar), 7.43 (d,J = 7.4 Hz, 2H, H-Ar), 7.36 (1) = 7.5 Hz, 2H, H-Ar), 7.31 (q) = 7.4 Hz, 3H,
H-Ar), 7.29 — 7.26 (m, 1H, H-Ar), 5.37 (s, 2H, -@H4.75 — 4.21 (m, 6H, 3-Ci{| 3.43 (s, 4H,
2-CH,).®*C NMR (150 MHz, CDG)) 5 198.20 (C=S), 163.42 (C=0), 162.32 (C=0), 146.34,
143.80, 136.82, 135.53, 133.71, 130.66, 130.35,8629.29.52, 129.14, 128.78, 128.62, 128.51,
127.83, 127.82, 127.22, 123.90, 119.46, 50.89 (C48)86 (CH), 42.48 (C-S). HRMS (m/z)
(ESI): Gy1H26N404S, [M+1]" calcd for: 583.1468, found: 583.1444.

Benzyl 4-(2-(furan-2-ylmethyl)-5-nitro-1,3-dioxo-2,3-dihydro- 1H-benzo[ de]isoquinolin-6-
yl)piperazine-1-carbodithioate (5h): Yellow solid, yield 33.7%"H NMR (600 MHz, DMSO-g) &
8.75 (d,J = 8.5 Hz, 1H, H-Ar), 8.64 — 8.58 (m, 2H, H-Ar)99.(t,J = 7.9 Hz, 1H, H-Ar), 7.55 —
7.51 (m, 1H, H-Ar), 7.43 (d] = 7.4 Hz, 2H, H-Ar), 7.34 (§ = 7.5 Hz, 2H, H-Ar), 7.28 (1= 7.3
Hz, 1H), 6.37 (ddJ = 8.0, 2.3 Hz, 2H), 5.22 (s, 2H, -GH4.65 — 4.52 (m, 4H, 2-G{ 4.29 (s,
2H, -CHp), 3.34 — 3.26 (m, 4H, 2-G)H"**C NMR (150 MHz, DMSO-g) § 195.72 (C=S), 162.60
(C=0), 161.49 (C=0), 149.98, 146.56, 142.47, 1421386.02, 133.22, 131.99, 129.72, 129.30,
129.17, 128.67, 128.53, 127.47, 126.69, 122.80,9117110.61, 108.21, 50.73 (C-N), 40.94
(C-S), 36.34 (CH). HRMS (m/z) (ESI): GoH2N4OsS[M+1]" calcd for: 573.1261, found:
573.1237.
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Benzyl 4-(2-(4-chlorobenzyl)-5-nitro-1,3-dioxo-2,3-dihydro-1H-benzo[ de]isoquinolin-6-
yl)piperazine-1-carbodithioate (5i): Yellow solid, yield 47.3%'H NMR (400 MHz, DMSO-g) &
8.76 (d,J = 8.8 Hz, 1H, H-Ar), 8.66 — 8.56 (m, 2H, H-Ar)08.— 7.96 (m, 1H, H-Ar), 7.43 (d,=
7.1 Hz, 2H, H-Ar), 7.39 — 7.32 (m, 6H, H-Ar), 7.89 J = 7.2 Hz, 1H, H-Ar), 5.20 (s, 2H, -GN
4.59 — 4.30 (m, 6H, 3-CHi 3.33 (s, 4H,2 -Ch)."*C NMR (100 MHz, DMSO-g) § 195.74 (C=S),
163.02 (C=0), 161.92 (C=0), 146.49, 142.53, 1361®3.18, 131.94, 131.73, 129.80, 129.51,
129.25, 129.16, 128.65, 128.49, 128.29, 127.43,5926122.90, 118.09, 50.68 (C-N), 42.45
(CH,), 40.91 (C-S). HRMS (m/z) (ESI): 3¢H25CIN4O,S;[M+1]" calcd for: 617.1079, found:
617.1059.

6-(4-Benzoylpiperazin-1-yl)-2-(3-(methylamino)propyl)-5-nitro-1H-benzo[ deisoquinoline-1,3
(2H)-dione (6a): Yellow solid, yield 46.0%'H NMR (400 MHz, DMSO-g) 5 8.66 (d,J = 8.5
Hz, 1H, H-Ar), 8.55 (s, 1H, H-Ar), 8.49 (s, 1H, H)A8.03 — 7.91 (m, 1H, H-Ar), 7.49 (s, 5H,
H-Ar), 4.09 — 3.66 (m, 6H, 3-Chl 3.23 (d,J = 5.3 Hz, 5H), 3.03 — 2.87 (m, 2H, -@H2.51 (s,
3H, -CHy), 2.04 — 1.91 (m, 2H, -CH™C NMR (100 MHz, DMSO-g) 5 169.54 (C=0), 163.07
(C=0), 161.97 (C=0), 146.81, 142.18, 135.59, 132188.55, 129.76, 129.60, 128.93, 128.57,
127.08, 126.24, 122.94, 117.76, 51.36 (C-N), 4§0H,), 37.20 (CH), 32.31 (CH), 24.30
(CH,). HRMS (m/z) (ESI): GH»7NsOs5[M+1]" calcd for: 502.2085, found: 502.2064.

6-(4-Benzoyl piperazin-1-yl)-2-(2-(dimethylamino)ethyl)-5-nitro-1H-benzo[ de]isoquinoline-1,
3(2H)-dione (6b): Yellow solid, yield 45.1%H NMR (400 MHz, DMSO-g) & 8.63 (d,J = 8.1
Hz, 1H, H-Ar), 8.52 (dJ) = 7.2 Hz, 1H, H-Ar), 8.49 (s, 1H, H-Ar), 7.93 (dil 8.4, 7.5 Hz, 1H,
H-Ar), 7.49 (s, 5H, H-Ar), 4.08 (f] = 6.8 Hz, 2H, -CH), 3.99 — 3.58 (m, 4H, 2-G}{{ 3.24 (s, 4H,
2-CHy), 2.50 — 2.45 (m, 2H, -CH| 2.19 (s, 6H, 2-CE)."*C NMR (100 MHz, DMSO-¢) 5 169.50
(C=0), 162.75 (C=0), 161.63 (C=0), 146.78, 142.P85.58, 132.82, 131.45, 129.69, 129.45,
128.99, 128.51, 128.44, 127.03, 126.34, 122.79,59166.29 (CH), 51.25 (C-N), 45.33 (C}),
37.68 (CH). HRMS (m/z) (ESI): GH27NsOs[M+1] " calcd for: 502.2085, found: 502.2073.

6-(4-Benzoylpiperazin-1-yl)-2-(2-hydroxyethyl)-5-nitro-1H-benzo[ de]isoquinoline-1,3(2H)-di
one (6¢c): Yellow solid, yield 53.2%'H NMR (400 MHz, DMSO-g) 5 8.62 (d,J = 8.5 Hz, 1H,
H-Ar), 8.50 (d,J = 7.2 Hz, 1H, H-Ar), 8.46 (s, 1H, H-Ar), 7.92 Jt= 7.9 Hz, 1H, H-Ar), 7.49 (s,
5H, H-Ar), 4.80 (s, 1H, -OH), 4.07 (3,= 6.4 Hz, 2H, -Ch), 4.00 — 3.64 (m, 4H, 2-G#) 3.61 —
3.55 (m, 2H, -CH), 3.24 (s, 4H, 2-Ch."*C NMR (100 MHz, DMSO-g) § 169.53 (C=0), 162.87
(C=0), 161.76 (C=0), 146.67, 142.17, 135.60, 1321AR1.31, 129.71, 129.46, 128.91, 128.53,
128.43, 127.05, 126.16, 122.94, 117.77, 57.65,CHL.29 (C-N), 41.92 (Cp. HRMS (m/z)
(ESI): GsH»N4Og[M+1]" calcd for: 475.1612, found: 475.1611.

6-(4-Benzoylpiperazin-1-yl)-2-(4-chlorobenzyl)-5-nitro-1H-benzo[ de]isoquinoline-1,3(2H)-di
one (6d): Yellow solid, yield 46.6%'H NMR (400 MHz, DMSO-g) & 8.72 (d,J = 8.4 Hz, 1H,
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H-Ar), 8.65 — 8.57 (m, 2H, H-Ar), 7.99 (dd,= 8.3, 7.6 Hz, 1H, H-Ar), 7.49 (s, 5H, H-Ar), 7.36
(q,J = 8.7 Hz, 4H, H-Ar), 5.20 (s, 2H, -GH 4.02 — 3.60 (m, 4H, 2-G#] 3.27 (s, 4H, 2-Ch.**C
NMR (100 MHz, DMSO-¢) & 169.52 (C=0), 163.03 (C=0), 161.92 (C=0), 147.082.34,
136.04, 135.61, 133.11, 131.80, 131.73, 129.80,7029.29.50, 129.14, 128.53, 128.29, 127.04,
126.68, 122.91, 117.69, 51.33 (C-N), 42.44 {LHHRMS (m/z) (ESI): GHo3CIN,Os[M+1]*
calcd for:555.1430, found: 555.1408.

6-(4-Benzoylpiperazin-1-yl)-2-(3,4-dihydroxyphenethyl)-5-nitro-1H-benzo[ de]isoquinaoline-1,
3(2H)-dione (6€): Yellow solid, yield 42.1%'H NMR (400 MHz, DMSO-¢) & 8.79 (s, 1H,
-OH), 8.65 (dJ = 7.8 Hz, 2H, H-Ar), 8.57 — 8.48 (m, 2H), 8.00 .90 (m, 1H, H-Ar), 7.49 (s, 5H,
H-Ar), 6.63 (dd,J = 9.9, 5.0 Hz, 2H, H-Ar), 6.46 (dd,= 8.0, 1.9 Hz, 1H, H-Ar), 4.15 — 4.06 (m,
2H, -CH,), 3.94 — 3.70 (m, 4H, 2-Gi 3.25 (s, 4H, 2-Ch), 2.75 — 2.63 (m, 2H, -CH**C NMR
(100 MHz, DMSO-¢) § 169.52 (C=0), 162.67 (C=0), 161.55 (C=0), 146B%5.16, 143.73,
142.21, 135.61, 132.80, 131.47, 129.71, 129.51,2¥29.29.02, 128.54, 128.48, 127.05, 126.29,
122.88, 119.21, 117.69, 115.94, 115.59, 51.30 (C4N)48 (CH), 32.79 (CH). HRMS (m/z)
(ESI): Gy1H26N4O/[M+1]" calcd for:567.1874, found: 567.1860.

2-(4-Methoxybenzyl)-5-nitr o-6-(4-tosyl pi perazin-1-yl)-1H-benzo[ de]isoquinoline-1,3(2H)-dio
ne (7a): Yellow solid, yield 34.2%'H NMR (600 MHz, CDC}) & 8.67 (s, 2H, H-Ar), 8.34 (dl =
8.5 Hz, 1H, H-Ar), 7.78 (1) = 7.8 Hz, 1H, H-Ar), 7.74 (d] = 8.1 Hz, 2H, H-Ar), 7.48 (d] = 8.5
Hz, 2H, H-Ar), 7.42 (d) = 8.0 Hz, 2H, H-Ar), 6.82 (d] = 8.6 Hz, 2H, H-Ar), 5.27 (s, 2H, -GH
3.76 (s, 3H, -OCHh), 3.45 — 3.29 (m, 8H, 4-GH 2.50 (s, 3H, -CH."*C NMR (150 MHz, CDG))
8 163.41 (C=0), 162.31 (C=0), 159.18, 146.55, 14413B.48, 133.05, 130.79, 130.56, 130.19,
130.11, 129.69, 129.10, 128.77, 128.26, 127.93,0027.23.86, 119.41, 113.88, 55.34 (OfLH
50.87 (C-N), 46.32 (C-N), 43.25 (GH 21.77 (CH). HRMS (m/z) (ESI): GiHgN4O;S[M+1]"
calcd for: 601.1751, found: 601.1741.

2-(2-(Dimethylamino)ethyl)-5-nitro-6-(4-tosyl piperazin-1-yl)- 1H-benzo[ de]isoquinoline-1,3(2

H)-dione (7b): Yellow solid, yield 62.7%'H NMR (400 MHz, DMSO-g) 5 8.54 — 8.47 (m, 2H,
H-Ar), 8.44 (d,J = 8.5 Hz, 1H, H-Ar), 7.88 (dd] = 8.4, 7.5 Hz, 1H, H-Ar), 7.72 (d,= 8.2 Hz,
2H, H-Ar), 7.51 (dJ = 8.1 Hz, 2H, H-Ar), 4.08 (t) = 6.7 Hz, 2H, -CH), 3.27 (s, 8H, 4-Ch),
2.52 (d,J = 6.8 Hz, 2H, -Ch), 2.45 (s, 3H, -Ch), 2.21 (s, 6H, 2-CH. *C NMR (100 MHz,
DMSO-d;) 8 162.78(C=0), 161.67(C=0), 146.43, 143.82, 142.¥22.94, 132.81, 131.33,
130.06, 129.36, 128.94, 128.57, 127.51, 126.14,782218.12, 56.21 (CHl 50.53 (C-N), 45.94
(C-N), 45.20 (CH)), 37.54 (CH), 21.07 (CH). HRMS (m/z) (ESI): GH»oNsOcS[M+1]* calcd
for: 552.1911, found: 552.1894.

2-(2-Hydroxyethyl)-5-nitro-6-(4-tosyl piperazin-1-yl)-1H-benzo[ de]isoquinoline-1,3(2H)-dione
(7c): Yellow solid, yield 57.9%H NMR (400 MHz, DMSO-g) 5 8.56 — 8.48 (m, 2H, H-Ar),

16 /25



8.45 (d,J = 8.5 Hz, 1H, H-Ar), 7.94 — 7.81 (m, 1H, H-Ar)72.(d,J = 8.2 Hz, 2H, H-Ar), 7.52 (d,

J = 8.1 Hz, 2H, H-Ar), 4.78 (s, 1H, -OH), 4.08 Jt= 6.4 Hz, 2H, -CH), 3.58 (q.J = 6.3 Hz, 2H,
-CH,), 3.27 (s, 8H, 4-Ch), 2.45 (s, 3H, -Ch)."*C NMR (100 MHz, DMSO-g) 5 162.93 (C=0),
161.82 (C=0), 146.30, 143.82, 142.76, 132.94, 182131.21, 130.07, 129.43, 128.92, 128.57,
127.52, 125.97, 123.03, 118.42, 57.63 £}, 50.53 (C-N), 45.96 (C-N), 41.93 (GK21.08
(CHs). HRMS (m/z) (ESI): GsH24N40,S[M+1]" calcd for: 525.1438, found: 525.1420.

2-(2-(Benzo[d][1,3]dioxol-5-yl)ethyl)-5-nitro-6-(4-tosyl pi perazin-1-yl)-1H-benzo[ de]isoquinal
ine-1,3(2H)-dione (7d): Yellow solid, yield 64.3%'H NMR (600 MHz, CDCJ) & 8.69 (t,J = 3.4
Hz, 2H, H-Ar), 8.38 (dJ = 8.4 Hz, 1H, H-Ar), 7.83 (1) = 7.9 Hz, 1H, H-Ar), 7.76 (d] = 8.1 Hz,
2H, H-Ar), 7.43 (dJ = 8.0 Hz, 2H, H-Ar), 6.85 (s, 1H, H-Ar), 6.78 —8.{m, 2H, H-Ar), 5.94 (s,
2H, CH-20), 4.37 — 4.28 (m, 2H, -G} 3.46 — 3.25 (m, 8H, 4-Ci 2.99 — 2.89 (m, 2H, -CHi
2.52 (s, 3H, -CH).**C NMR (150 MHz, CDG)) § 163.32 (C=0), 162.15 (C=0), 147.79, 146.56,
146.32, 144.33, 144.05, 133.39, 133.15, 132.23,6030.30.26, 130.14, 129.82, 128.33, 127.98,
127.01, 123.85, 122.00, 119.44, 109.52, 108.43,0100C-20), 50.92 (C-N), 46.35 (C-N), 42.22
(CH,), 34.00 (CH), 21.81 (CH). HRMS (m/z) (ESI): GH2gN,OsS[M+1]" calcd for: 629.1701,
found: 629.1676.

2-(3,4-Dihydroxyphenethyl)-5-nitro-6-(4-tosyl piperazin-1-yl)- 1H-benzo[ de]isoquinoline-1,3(2
H)-dione (7€): Yellow solid, yield 54.7%H NMR (400 MHz, DMSO-¢) & 8.79 (s, 1H, -OH),
8.66 (s, 1H, -OH), 8.49 (d, = 5.1 Hz, 2H, H-Ar), 8.43 (d] = 8.5 Hz, 1H, H-Ar), 7.87 (dd] =
8.3, 7.6 Hz, 1H, H-Ar), 7.71 (d,= 8.2 Hz, 2H, H-Ar), 7.51 (d] = 8.1 Hz, 2H, H-Ar), 6.61 (d] =
8.2 Hz, 2H, H-Ar), 6.44 (dd] = 8.0, 1.9 Hz, 1H, H-Ar), 4.10 — 3.99 (m, 2H, -§H3.27 (s, 8H,
4-CHy), 2.73 — 2.60 (m, 2H, -CHi 2.45 (s, 3H, -C)."*C NMR (100 MHz, DMSO-g) 5 162.59
(C=0), 161.47 (C=0), 146.41, 145.14, 143.82, 1431722.71, 132.93, 132.74, 131.30, 130.07,
129.33, 129.23, 128.94, 128.58, 127.51, 126.05,8022119.18, 118.16, 115.90, 115.56, 50.54
(C-N), 45.94 (C-N), 41.45 (Ch, 32.76 (CH), 21.08 (CH). HRMS (m/z) (ESI):
C31HogN4OgS[M+1]" calcd for: 617.1701, found: 617.1675.

5-Nitro-2-(phenylamino)-6-(4-tosyl pi perazin-1-yl)-1H-benzo[ de]isoquinoline-1,3(2H)-dione
(7f): Yellow solid, yield 45.1%'H NMR (600 MHz, CDC}) 6 8.72 (d,J = 7.6 Hz, 1H, H-Ar),
8.41 (d,J = 8.3 Hz, 1H, H-Ar), 7.87 — 7.82 (m, 1H, H-Ar)73.(d,J = 8.2 Hz, 2H, H-Ar), 7.41 (d,
J=8.0 Hz, 2H, H-Ar), 7.21 (] = 7.9 Hz, 2H, H-Ar), 6.95 () = 7.4 Hz, 1H, H-Ar), 6.90 (s, 1H,
H-Ar), 6.86 (d,J = 7.8 Hz, 2H, H-Ar), 3.41 —3.35 (m, 8H, 4-§H2.49 (s, 3H, -Ck."*C NMR
(150 MHz, CDC}) & 162.53 (C=0), 161.41 (C=0), 147.23, 145.92, 144B83.89, 134.24,
133.05, 131.32, 130.14, 130.02, 129.97, 129.37,452827.95, 127.89, 123.54, 122.77, 118.87,
115.10, 51.02 (C-N), 46.28 (C-N), 21.79 (§HHRMS (m/z) (ESI): GoH»sNsOcS[M+1]" calcd
for: 572.1598, found: 572.1576.
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2-Butyl-5-nitro-6-(4-tosylpiperazin-1-yl)-1H-benzo[ de]isoquinoline-1,3(2H)-dione (79):
Yellow solid, yield 44.9%'H NMR (600 MHz, CDCJ) 6 8.68 — 8.62 (m, 2H, H-Ar), 8.34 (d,=
8.3 Hz, 1H, H-Ar), 7.80 (d) = 7.7 Hz, 1H, H-Ar), 7.72 (d] = 8.2 Hz, 2H, H-Ar), 7.40 (d] = 8.0
Hz, 2H, H-Ar), 4.16 — 4.07 (m, 2H, -GH 3.41 — 3.24 (m, 8H, 4-Clj 2.49 (s, 3H, -Ch), 1.71 —
1.61 (m, 2H, -Ch), 1.44 — 1.35 (m, 2H, -CH 0.95 (t,J = 7.4 Hz, 3H, -Ck)."*C NMR (150
MHz, CDCk) 3 163.42 (C=0), 162.26 (C=0), 146.42, 144.31, 1441%B.31, 133.06, 130.47,
130.20, 130.11, 129.74, 128.29, 127.93, 126.87.902319.54, 50.86 (C-N), 46.34 (C-N), 40.55
(CHp), 30.21 (CH), 21.78 (CH), 20.41 (CH), 13.92 (CH). HRMS (m/z) (ESI):
Cu7H2gN4O6S[M+1]" calcd for: 537.1802, found: 537.1805.

2-Benzyl-5-nitro-6-(4-tosyl pi perazin-1-yl)-1H-benzo[ de]isoquinoline-1,3(2H)-dione (7h):
Yellow solid, yield 61.4%'H NMR (400 MHz, DMSO-g¢) & 8.51 (t,J = 3.3 Hz, 2H, H-Ar), 8.44
(d, J = 8.4 Hz, 1H, H-Ar), 7.85 (dd] = 8.3, 7.6 Hz, 1H, H-Ar), 7.71 (d,= 8.2 Hz, 2H, H-Ar),
7.50 (d,J = 8.1 Hz, 2H, H-Ar), 7.32 — 7.20(m, 5H, H-Ar), 6.1s, 2H, -CH), 3.28 (s, 8H, 4-Cb),
2.43 (s, 3H, -CH."*C NMR (100 MHz, DMSO-g) § 162.82 (C=0), 161.73 (C=0), 146.57,
143.80, 142.67, 136.90, 132.97, 132.90, 131.47,083029.45, 128.92, 128.55, 128.29, 127.61,
127.50, 127.09, 126.39, 122.70, 117.96, 50.57 (C48)93 (C-N), 42.95 (C}), 21.05 (CH).
HRMS (m/z) (ESI): GoH2eN4O0sS[M+1]" calcd for: 571.1646, found: 571.1630.

2-(Furan-2-ylmethyl)-5-nitro-6-(4-tosyl pi perazin-1-yl)-1H-benzo[ de]isoquinoline-1,3(2H)-dio
ne (7i): Yellow solid, yield 39.2%'H NMR (600 MHz, CDC})) & 8.68 (d,J = 6.5 Hz, 2H, H-Ar),
8.34 (d,J = 8.4 Hz, 1H, H-Ar), 7.79 (1 = 7.9 Hz, 1H, H-Ar), 7.72 (d] = 8.1 Hz, 2H, H-Ar), 7.40
(d,J = 8.0 Hz, 2H, H-Ar), 7.30 (d] = 0.9 Hz, 1H), 6.42 (d] = 3.1 Hz, 1H), 6.28 (ddl = 3.1, 1.8
Hz, 1H), 5.34 (s, 2H, -C}), 3.41 — 3.28 (m, 8H, 4-Clj 2.48 (s, 3H, -CH)."*C NMR (150 MHz,
CDCly) & 163.10 (C=0), 161.97 (C=0), 149.94, 146.68, 144133.93, 142.35, 133.65, 133.07,
130.73, 130.28, 130.12, 129.78, 128.30, 127.95,2627123.70, 119.23, 110.54, 109.58, 50.90
(C-N), 46.32 (C-N), 36.58 (Ch, 21.78 (CH). HRMS (m/z) (ESI): GsH-4N4O;S[M+1]" calcd
for: 561.1438, found: 561.1430.

2-(4-Chlorobenzyl)-5-nitro-6-(4-tosyl piperazin-1-yl)- 1H-benzo[ de]isoquinoline-1,3(2H)-dione
(7)): Yield 55.3%, yellow solid"H NMR (400 MHz, DMSO-g) 5 8.54 (t,J = 3.4 Hz, 2H, H-Ar),
8.47 (d,J = 8.3 Hz, 1H, H-Ar), 7.93 — 7.85 (m, 1H, H-Ar)71.(d,J = 8.2 Hz, 2H, H-Ar), 7.51 (d,
J = 8.2 Hz, 2H, H-Ar), 7.32 (dd] = 8.0, 5.7 Hz, 4H, H-Ar), 5.16 (s, 2H, -GH3.28 (s, 8H,
4-CHy), 2.44 (s, 3H, -CH."*C NMR (100 MHz, DMSO-g) & 162.89 (C=0), 161.80 (C=0),
146.61, 143.80, 142.72, 135.95, 133.01, 132.92,7P31131.57, 130.05, 129.55, 129.50, 128.97,
128.59, 128.25, 127.50, 126.41, 122.76, 118.0%85(C-N), 45.93 (C-N), 42.40 (Gh 21.06
(CHs). HRMS (m/z) (ESI): GoH2sCIN4OsS[M+1]" caled for: 605.1256, found: 605.1235.

4.3. Biological assays
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The biological experimental procedures includingtipanliferative activity assay, gel
electrophoresis experiment, cell cycle analysib,apoptosis study, comet assay and western blot
assay were carried out according to our previousk@®@, 27-30] and described in the

Supplementary Data (Part 1).
4.4. Molecular docking

All the docking studies were carried out using 3Y%y2.0 on a windows workstation and
described in the Supplementary Data (Part 1). Tistal structure of the DNA were retrieved
from the RCSB Protein Data Bank (DNA: 452D) [31].
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Figure Captions

Scheme 1Synthetic route of the intermediate compouNesubstituted piperazines. Reagents and
conditions: (a) C§ benzyl bromide, KCO;, CH,CI,, 05C; (b) TFA, CHCI,, RT; (c)
p-toluenesulfonyl chloride, RT; (d) benzoyl chlajdrT.

Scheme 2 Synthetic route of 3-nitro-1,4-naphthalimidesidatives4-7. Reagents and conditions:
(@) HNOs, HAc, 0-5C; (b") N-substituted piperazines, 2-methoxyethanol, @1Gc’) R-NH,
ethanol, 8(C.

Fig. 1.Chemical structures of amonafide and mitonafidethedt designed compounds.

Fig. 2. In vivo antitumor activity of compoundb and7b in MGC-803 xenograft. (Apb and7b

(at 5 and 15 mg/kg doses), cisplatin (at 2 mg/kgejloamonafide (at 5 mg/kg dose), or vehicle
(5% DMSO in saline, v/v) was administered by ingdjoneal injection to inhibiting the tumor
growth. Tumor growth was monitored by the mean tuwmume (mni) + SD (n = 6) and
calculated as the relative tumor increment rat€ (v). (B) Photographs of the harvested tumors
from the mice. (C) Body weight change of the mimated with compound8b and 7b. (D)
Tumor weight of the mice. The tumors were colleciecthe mice at day 21. The ™ signs

represent p < 0.01 (versus the vehicle controlgjrou

Fig. 3. Gel electrophoresis assay results of pPBR322 Didateéd with compounddb and 7b. R:
linear form DNA, Sc: supercoiled form DNA, Nc: ailar form DNA.

Fig. 4. Representative images of nuclei in the cometyadd&C-803 cells were treated with 1.0
UM of compound$b and7b for 24 h.

Fig. 5. Effect of compoundgb and7b on the expression levels of relevant proteins BGA803

cells line.
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Fig. 6. Gel electrophoresis result of topoisomerase dtéie with6b and 7b. Compounds was
added to the mixture of Topo | and pBR322 DNA; Ldmad 9, pBR322 DNA + Topb+ CPT

(5uM); Lane 2-6 and 16-14, pBR322 DNA + Topad + 6a/7b; Lane 7 and 15, pBR322 DNA +
Topol ; Lane 8 and16, pBR322 DNA only.

Fig. 7. Cell cycle analysis results of compourls and 7b treated MGC-803 cells. MGC-803
cells were treated with compoun@ls and7b at different concentrations (0, 0.25, 0.5 angVl)
for 24 h.

Fig. 8. Effect of compound6b and7b on the expression levels of CDK2, cyclin E, and.p2

Fig. 9. Apoptosis ratio of the MGC-03 cells. MGC-803 sellere treated with compounéls and
7b at different concentrations (0, 0.5, 1 ang\2) for 24 h.

Fig. 10 The expression levels of Bax, Bcl-2, caspaseaSpase-3 and PARP in the MGC-803

cells treated with compounéé and7hb.
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Tables

Table 1. Invitro antiproliferative activity of compoundks-7.

Compd. ICso(uM)

SMMC-7721 T24 SKOV3 A549 MGC-803
4a 5.91+0.23 3.05+0.21 8.65+0.18 7.52+0.36 6.44+0.12
4b 1.05+0.09 0.83+0.15 0.65+0.13 1.08+0.15 1.33+£0.23
4c 13.94+0.54 12.78+0.38 13.4440.22 45.62+0.48 27.4720
4d 7.76x£0.35 9.52+0.32 12.67+0.43 40.37+£0.50 16.10¢0.4
4e 27.46%0.31 10.99+0.45 8.87+0.51 42.14+0.63 8.7110.1
4f 14.38+0.33 9.71+0.38 7.48+0.35 16.51+0.22 25.1610.2
5a 17.90+0.05 10.81+0.51 27.02+0.18 38.59+0.35 31.0630
5b 3.17+0.09 2.06+£0.13 2.40+0.18 1.98+0.11 6.08+0.21
5c 14.31+0.31 13.19+0.27 31.38+0.37 >50 15.40+0.53
5d 12.94+0.41 9.16+0.25 44.77+0.61 33.3620.49 20.6720.
5e 22.47+0.27 10.71+£0.13 26.26+0.31 17.36+£0.21 25.430
5f 14.81+0.28 13.34+£0.45 >50 >50 18.35+0.57
59 13.51+0.32 13.13+0.34 34.20+0.41 >50 21.72+0.25
5h 11.64+0.31 18.35+0.22 40.35+0.63 44.52+0.48 21.13%-0
5i 8.83+0.36 10.31+0.21 29.65+0.41 39.96%0.36 20.638:0.
6a 4.73+0.24 4.6520.17 4.11+0.31 6.66+0.23 8.22+0.32
6b 1.57+0.19 0.42+0.05 1.88+0.08 0.41+0.12 0.87£0.16
6c 11.99+0.43 9.93+0.56 16.81+£0.42 31.33+0.51 12.8830.
6d 13.00+0.21 20.94+0.31 15.94+0.35 47.74+0.34 19.8520
6e 19.72+0.24 14.56+0.25 19.91+0.14 22.53+0.42 9.316-0.
Ta 30.15+0.47 14.12+0.32 24.07+0.71 26.91+0.28 16.2620
b 2.71+0.13 0.33+£0.07 0.32+0.03 0.27+£0.15 1.42+0.11
7c 15.79+0.18 6.80+£0.14 12.24+0.57 20.77x0.29 15.9940.
7d 16.60+0.34 9.17+£0.45 28.92+0.57 41.76+0.27 12.8150.
Te 12.28+0.55 11.38+0.29 20.43+0.17 24.681+0.41 21.828-0
7f 14.38+0.33 10.74+£0.42 23.19+0.56 38.39+0.26 16.1%%0
79 12.48+0.45 10.92+0.39 33.62+0.45 36.84+0.43 21.3%0
7h 14.85+0.35 12.66+0.26 38.16x+0.56 42.91+0.69 10.78%0
7i 14.68+0.18 8.43+0.39 29.52+0.34 47.20+0.62 29.9220.
7 17.59+0.72 6.37+0.21 30.39+0.51 >50 28.93+0.52

5-FU 15.32+0.67 40.14+2.14 26.34+0.57 34.47+1.90 34.851
Mitonafide 3.22+0.26 1.11+0.15 1.38+0.19 0.012+0.01 6.80+0.45
Amonafide 6.9310.26 5.01+0.17 6.31+0.36 7.94+0.21 .0690.35

“ICs values are presented as mean + SD (standardoditer mean) from three repeating experiments.
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Scheme 1. Synthetic route of the intermediate compouNesubstituted piperazines. Reagents and
conditions: (a) CS benzyl bromide, KCO;, CHCI,, 05C; (b) TFA, CHCI; RT; (c)
p-toluenesulfonyl chloride, RT; (d) benzoyl chlajdrT.

NO, NO,

4a: R, = N-methylaminopropyl 0 /\ Q / N\ S
4b: R, = N, N-dimethylamino ethyl O N N—Boc N N_<
4c: R, = hydroxyethyi R,—N _/ R,—N N/ S
4d: R, = p-chlorobenzyl da-4f Q 5a.5i
4e: R, = 3,4-dihydroxyphenethyl J
4f: R, = 3,4-methylenedioxyphenethyl O
5a: R, = p-methoxybenzyl
. 5b: R, = N, N-dimethylamino ethyl
5c: R, = hydroxyethyl
5d: R, = 3,4-methylenedioxyphenethyl
5e: R, = 3,4-dihydroxyphenethyl
5f: R, = phenylamino

NO,
Q /N 5g: R, = benzyl
N N=R; 5h: R, = furan-2-methylene
Q Q j— 5i: R, = p-chlorobenzyl
(e}
2 g 3

3a: Ry = boc

3b: Ry = benzyl dithioformyl

3c: Ry = benzoyl

3d: Ry = p-toluenesulfonyl

7a: R, = p-methoxybenzyl 6a-6e

7b: R, = N, N-dimethylamino ethyl

7c¢: Ry = hydroxyethyl C' Ga. R, = N-methylaminopropyl

7d: R, = 3,4-methylenedioxyphenethyl 6b: R, = N, N-dimethylamino ethyl
7e: R, = 3,4-dihydroxyphenethyl 6¢c: R, = hydroxyethyl

7f: R, = phenylamino /_\ (.? 6d: R, = p-chlorobenzyl

79: R, = butyl S 6e: R, = 3,4-dihydroxyphenethyl
7h: R, = benzyl O

7i: R, = furan-methylene at]

7j: R, = p-chlorobenzyl

Scheme 2. Synthetic route of 3-nitro-1,4-naphthalimidesidatives4-7. Reagents and conditions:
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(@) HNOs, HAc, 0-5C; (b") N-substituted piperazines, 2-methoxyethanol, @1@c’) R-NH;,
ethanol, 8(C.

/

Ng N o

\ \ )
0s_N._0O Os_N.__0O OO
Modification
> NO,
e e "
NH, ()

/
\

R>
1
N

Amonafide Mitonafide 47 N
R1

Fig. 1. Chemical structures of amonafide and mitonafidethe@ designed compounds.
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Fig. 2. In vivo antitumor activity of compoundb and7b in MGC-803 xenograft. (Apb and7b

(at 5 and 15 mg/kg doses), cisplatin (at 2 mg/kgeloamonafide (at 5 mg/kg dose), or vehicle
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(5% DMSO in saline, v/v) was administered by in&@joneal injection to inhibiting the tumor
growth. Tumor growth was monitored by the mean tuwmume (mni) + SD (n = 6) and
calculated as the relative tumor increment rat€ (v). (B) Photographs of the harvested tumors
from the mice. (C) Body weight change of the mimated with compoundgb and 7b. (D)
Tumor weight of the mice. The tumors were colleciecthe mice at day 21. The ™ signs

represent p < 0.01 (versus the vehicle controlgjrou

6b 7b
M 0 10 20 40 80 100 DMSO 0 10 20 40 80 100 DMSO
Sc
R
Nc¢

Sc
R
Nc

uM 0 80 100 DMSO 0 100 DMSO
Mitonafide Amonafide

Fig. 3. Gel electrophoresis assay results of pPBR322 Didatéd with compounddb and7b. R:
linear form DNA, Sc: supercoiled form DNA, Nc: ailar form DNA.

control

Fig. 4. Representative images of nuclei in the cometyadd&C-803 cells were treated with 1.0

UM of compound$b and7b for 24 h.
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Fig. 5. Effect of compound§b and7b on the expression levels of relevant proteins BGA303

cells line.
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Fig. 6. Gel electrophoresis result of topoisomerase dtéi@d with6b and 7b. Compounds was
added to the mixture of Topo | and pBR322 DNA; Ldmad 9, pBR322 DNA + Topb+ CPT

(5uM); Lane 2-6 and 16-14, pBR322 DNA + Topd + 6a/7b; Lane 7 and 15, pBR322 DNA +
Topol ; Lane 8 and16, pBR322 DNA only.
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Fig. 7. Cell cycle analysis results of compourits and 7b treated MGC-803 cells. MGC-803
cells were treated with compoun@ls and7b at different concentrations (0, 0.25, 0.5 angdVl)

for 24 h.
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Fig. 8. Effect of compoundéb and7b on the expression levels of CDK2, cyclin E, and.p2
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Fig. 9. Apoptosis ratio of the MGC-03 cells. MGC-803 sellere treated with compoun€ls and
7b at different concentrations (0, 0.5, 1 ang\2) for 24 h.
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Fig. 10. The expression levels of Bax, Bcl-2, caspasea8pase-3 and PARP in the MGC-803

cells treated with compounéb and7b.
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Highlights

® Design, synthesis and antitumor evaluation of new 1,8-naphthalimides.

® Invivo antitumor activity screening for compounds 6b and 7b.

® Compounds 6b and 7b exhibited obvious DNA-targeting and topo 1-inhibition.
® Compounds 6b and 7b led to DNA-damage by regulation of related proteins.

® Compounds 6b and 7b induced cell cycle arrest and apoptosis.
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