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Based on the advantages of multitarget drugs for cancer treatment, a new class of naphthalimides was
designed, synthesized, and proved to inhibit topoisomerase II (topo II), induced lysosomal membrane
permeabilization (LMP), and ultimately caused apoptosis and cell death. The majority of compounds
7a—d and 8a—d potently inhibited the growth of the five tested cancer cell lines with ICs, values ranging
from 2 to 10 M and are more active than amonafide, a naphthalimide that was in phase III clinical
trials. These compounds were tested for their interactions with DNA and their cell-free topo II
inhibition activities, which demonstrated these compounds were weak DNA binders but modest
topo II inhibitors. Furthermore, compounds 7b—d were found to notably induce LMP and exhibited
better antiproliferative activity compared with their single-target analogues. All of the newly synthe-
sized compounds were demonstrated to efficiently induce apoptosis via a mitochondrial pathway.
Accordingly, a new paradigm was suggested for the design of novel multitarget anticancer drugs.

Introduction

Target cancer therapy interfering with a single biological
molecule or pathway has been successfully utilized in the
clinic.'" Tt exhibits identified pharmacological effects to a
specific molecular target or pathway and may minimize the
risk of side effects.*"® However, cancer is a complex disease
with redundant and robust biological networks. In many
cases, when a specific biological target or pathway is com-
pletely inhibited, cancer cells can find “backup” systems
to compensate the change, which greatly compromises the
efficacy. There is general belief that agents modulating more
than one target should have superior efficacy compared to
single target drugs.””'! Modulating multiple targets simulta-
neously can be achieved by the combination of multiple drugs
with different mechanisms or by single chemical entity that
could modulate several targets of a multifactorial disease.
Although combinational therapy has been successfully used
for cancer treatment in the clinic, it usually exhibits complex
pharmacokinetic and pharmacodynamic relationships and
toxicology profiles.'”'* Consequently, there are increasing
interests in discovering agents that simultaneously address
more than one biological target for cancer treatment.'>~!”

Apoptosis is a fundamental process in normal development
and tissue homeostasis of multicellular organisms. It is char-
acterized by DNA fragmentation, chromatin condensation,
cell shrinkage, and membrane blebbing.'® Malfunction of
apoptosis, especially excessive inhibition of apoptosis, con-
tributes to tumorigenesis, tumor progression, and therapy
resistance.'””?' There are two major apoptotic pathways: the
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extrinsic pathway triggered by the activation of death recep-
tors and the intrinsic mitochondrial pathway in which mito-
chondrial outer membrane permeabilization (MOMP)“ plays
a crucial role.”>?* The induction of apoptosis is considered to
be one of the most appropriate ways for cancer therapy and
may facilitate eliminating neoplastic cells permanently.'*-**

Lysosomes are highly dynamic intracellular organelles that
involve with the biosynthetic, endocytic, and autophagic
pathways.’®?” They control the recycling of the majority of
cellular macromolecules and organelles through more than
50 acid hydrolases. Cathepsin proteases are the most well
studied lysosomal hydrolases and overexpressed in the tumor
environment. It has been demonstrated that in murine cancer
models cathepsins enhance cancer progression by stimulating
angiogenesis, tumor growth, and invasion when they are
outside the tumor cells.”® On the other hand, LMP releases
cathepsins into the cytosol and thereby triggers either necrotic
or apoptotic cell death pathways. LMP not only triggers the
MOMP-mediated intrinsic apoptosis pathway as a result of
the activation of the proapoptotic Bcl-2 family of proteins
by cathepsins.?® More importantly, cytosolic cathepsins
can also trigger caspase- and mitochondrion-independent
programmed cell death even in highly resistant cancer cells
with multiple defects in the classic apoptosis pathway.?’

“Abbreviations: AO, acridine orange; CD, circular dichroism; CT
DNA, calf thymus DNA; DDQ, 2,3-dichloro-5,6-dicyanobenzoqui-
none; EB, ethidium bromide; FITC, fluorescein isothiocyanate; KDNA,
kinetoplast DNA; LMP, lysosomal membrane permeabilization;
MOMP, mitochondrial outer membrane permeabilization; MSDH, O-
methylserine dodecylamide hydrochloride; PI, propidium iodide; PS,
phosphatidylserine; TLC, thin-layer chromatography; topo II, topoi-
somerase II.
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Figure 1. Chemical structures of amonafide, mitonafide, sirame-
sine, and MSDH.

Tumor cells may be preferentially sensitive to agents that
trigger the lysosomal apoptosis pathway, suggesting that a
reasonable therapeutic window could be achieved for the
LMP-inducing agents.*® Thus, LMP-inducing agents have
great potential to be developed as novel cancer therapy.*!'
Lysosomotropic detergents are highly lipophilic weak bases
containing straight-chain hydrocarbon “tails”.** Some lyso-
somotropic detergents are well-known LMP inducers, exem-
plified by siramesine and O-methylserine dodecylamide
hydrochloride (MSDH) (Figure 1).*~%7 Siramesine possesses
potent anticancer activity both in vitro and in vivo and is in
preclinical development.**3* It accumulates in lysosomes and
destabilizes them, inducing lysosomal leakage and cathepsin-
dependent death of cancer cells even in the presence of the
prosurvival Bel-2 family of proteins.*®*

DNA-damaging agents constitute a cornerstone of cancer
therapy and contribute to the survival of cancer patients in
combination with drugs of different mechanisms of action.
However, the severe toxicity and drug resistance in the clinic is
the Achilles” heel of DNA-damaging agents.**’ By targeting
DNA-associated processes, enhanced selectivity for cancer
cells could be acquired. For example, naphthalimides are an
important class of DNA intercalators and have been demon-
strated to inhibit topo IL.*"*** Amonafide and mitonafide
(Figure 1) were two of the most active naphthalimide-based
topo II inhibitors and had been tested in clinical trials.
On account of central neurotoxicity and limited efficacy in
solid tumors, the clinical development was regrettably termi-
nated.*"* To improve the efficacy and the toxicological
profiles, considerable efforts have been attempted on the
design of more active naphthalimides,** *" but most of
the efforts were only focused on the analogues with higher
DNA-binding affinity.*®

We report herein a new class of naphthalimides that
have the structural features of both DNA intercalators and
lysosomotropic detergents. The naphthalimide core was func-
tionalized at the 2- and 6-positons with polyamines and long
alkyl chains. The elimination of the amino group at the
S-position would avoid the amino acetylation that caused
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unpredictable toxicity of amonafide.*” We demonstrated that
these new naphthalimides inhibited topo I1, induced LMP and
apoptosis, and thereby exhibited much more potent antipro-
liferative activity than amonafide.

Results and Discussion

Chemistry. The synthesis of the target compounds was
shown in Scheme 1. Naphthalimide derivatives 7a—d and
8a—d containing polyamines and long hydrocarbon chains
were prepared in a facile four-step sequence in high yield.
The commercially available 6-bromobenzo[de]isochromene-
1,3-dione was condensed with 3-aminopropan-1-ol to afford
1a. The bromine at the 6-position of 1a was readily displaced
with octan-1-amine under Ullmann’s condition to give 3a.
This alcohol was converted into the corresponding bromide
5a using a system of Ph3P/2,3-dichloro-5,6-dicyanobenzo-
quinone (DDQ) and tetrabutylammonium bromide in high
yield.>® This bromination was also attempted using PBr5 as
brominating agent, but Sa was obtained in much lower yield.
Finally, the alkylation between 5a and 1-methylpiperazine
was accomplished in chloroform with high selectivity to
provide the target compound 7a. As shown in Scheme 1,
compounds 7b—d and 8a—d were prepared by following
similar sequences for the synthesis of 7a.

Compounds 10a—d were prepared as reference com-
pounds to highlight the importance of polyamines and long
alkyl chains to the cytotoxicity. 10d and 10b were mono-
amine analogues of compounds 7a—d and 8a—d; 10a and 10c
contained only either long alkyl chains or a basic side chain.
10a and 10b were obtained by the amination of intermediate
2b with I-octanamine and N’,N'-dimethylethane-1,2-dia-
mine, respectively. Similarly, compounds 10c and 10d were
synthesized. It is worth mentioning that, in the synthesis of
10c, CuSO, was added as a catalyst to decrease the reaction
temperature so that the low boiling point methylamine
aqueous solution could be used.’!

In Vitro Cytotoxic Activity. The antiproliferative activities
of compounds 7a—d, 8a—d, and 10a—d were evaluated in five
human cancer cell lines: HeLa (human cervical carcinoma
cell line), HL-60 (human promyelocytic leukemia cell line),
MCF-7 (human caucasian breast adenocarcinoma cell line),
MKN45 (human gastric cancer cell line), and LS174 (human
colon adenocarcinoma cell line). Amonafide was tested as
a reference compound. As shown in Table 1, most of the
compounds displayed significant antitumor activities with
IC5q values of low single digital to double digital micromolar.
All compounds except 10a and 10c exhibited better cytotoxic
activity than amonafide in the tested cancer cell lines, which
strongly argued for the rationale of the design. Moreover, the
introduction of polyamines in 7a—d and 8a—d reduced cell
proliferation more significantly in the majority of these five
cell lines than their monoamine precursors 10b and 10d.
Interestingly, compounds 7a—d with the polyamine groups
at the 2-position inhibited the growth of the cancer cells
better than their counterparts 8a—d with the same polyamine
group at the 6-position. Finally, it was found that the
flexibility of polyamine and the length of the alkyl chain
significantly affected the cytotoxic activity (e.g., 7a vs 7¢, 7b
vs 7d).

DNA Intercalating Studies by Circular Dichroism (CD)
Spectra. Since DNA is usually considered to be the main target
for naphthalimide derivatives, compounds 7a—d and 8a—d
were tested for their interaction with DNA. Drug-induced calf
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“Reagents: (a) 1.1 equiv of corresponding primary amines, ethanol, reflux, 85—95%; (b) 3.0 equiv of corresponding primary amines,
2-methoxyethanol, reflux, 82—90% (for 10c, 40% methylamine aqueous solution, 2.5 equiv of CuSOy, reflux, 86%); (c) 1.2 equiv of DDQ, 1.2 equiv
of PPh3, 1.2 equiv of (n-butyl)4NBr, CH,Cl,, room temperature, 72—82%:; (d) 5.0 equiv of corresponding polyamines, 1.2 equiv of KI, CHClI;, reflux,

60—85%.

thymus DNA (CT DNA) conformational changes are ana-
lyzed using CD spectroscopy, which exhibit a negative peak
around 245 nm as a result of the helical B conformation and a
positive peak around 275 nm due to base stacking.>> As
shown in Figure 2, amonafide, as a well-known DNA inter-
calator, led to a decrease of the negative peak and an increase of
the positive peak. In contrast with amonafide, compounds
7a—d and 8a—d did not cause any appreciable change in the
CD spectra of CT DNA, suggesting that these compounds were
weaker DNA intercalators.

Fluorescent Spectra Studies. To further investigate the
interactions of these new naphthalimides with DNA, the
fluorescence quenching technique was employed to measure
the Scatchard binding constants (K;,) for amonafide and a
representative naphthalimide 8c. As shown in Figure 3, the
apparent binding constant (Kj,) to CT DNA was determined
to be 1.43 x 10° M ' for amonafide. However, a positive
Scatchard binding constant could not be obtained for 8c.
These results clearly indicated that compound 8¢ could not
intercalate into DNA as amonafide. This is consistent with
the results obtained from the CD spectra experiments.

DNA Relaxation Assay. To investigate if these naphthali-
mides could cause any conformational changes of DNA, we
performed the gel electrophoresis of pPBR322 plasmid DNA
after incubation with the naphthalimides. It is well docu-
mented that DNA of different conformation would migrate
on the gel at a different rate.”® As shown in Figure 4,
the DNA in the supercoiled circular form was completely

relaxed by the DNA intercalator doxorubicin (lane 7), and
no pronounced DNA relaxation was observed for amona-
fide, 7a—d, and 8a—d.

Topo II Inhibition Assay. Topo II, an important nuclear
enzyme, is involved in the process of DNA breakage/reunion
by catalyzing DNA unwinding for transcription, replication,
recombination, chromosome condensation, and decondensa-
tion through the formation of an intermediate called the
“cleavable complex”.>> >’ Naphthalimides poison topo II by
forming and stabilizing a ternary drug—DNA —topoisomerase
complex.**® The kinetoplast DNA (kDNA) decatenation
assay has been utilized to test drug potential to inhibit topo II
activity in a cell-free system, as topo II can catalyze the
decatenation of kDNA in the presence of ATP.>® As shown
in Figure 5, all of the tested compounds could reduce the
kDNA minicircles, suggesting that they were able to inhibit
topo II activity. In particular, compounds 8¢,d showed similar
poisoning potency to topo II as amonafide. It was worth noting
that the flexible and linear polyamine analogues (8c, 8d)
exhibited stronger topo II inhibition activity than their half-
rigid polyamine analogues (8a, 8b), which was well consistent
with the antiproliferative activity in the cell-based assay.

LMP Induction. The induction of LMP by the new
naphthalimides was analyzed using the lysosomotropic weak
base acridine orange (AO), which prefers to accumulate in
normal lysosomes.”® AO is a metachromatic fluorophore
turning red in lysosomes after excitation with blue light.
LMP results in the relocation of AO from lysosomes to
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Figure 2. CD spectra of CT DNA (100 #«M) incubated with target compounds (20 uM).
Table 1. Structure—Activity Relationship of the Target Compounds and Amonafide
X R, N
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9 (0
O
HNI HN~X
HN. 3
X
Ry 2 10a-d
Ta-d 8a-d
Cytotoxicity (ICso, uM)
Compound R, X=
HL-60 HeLa MCF-7 LS174 MKN45
N/—\N-
Ta Ry=n-CgHyy, X,= T\ 5.70 8.10 572 1839 2216
N,—\N—
7b Ry=n-CpoHys, Xi= v 2.98 2.89 2.48 7.43 8.43
[
Te Ry=n-CgH,7, X;= HN'\'N\ 2.67 4.06 241 9.16 14.75
{
7d Ry=n-CyoHys, X;= NN 4.04 4.71 2.56 9.43 15.48
/—\N_
8a Romn-CaHy, Xp= N 1202 790 835 1790  17.42
N/_\N—
8b Ry=n-CoHps, Xp= T\ 7.05 5.45 2.79 12.67 9.28
[
8¢ Ry=n-CyHy, X,= HN™~N 513 45 376 927 928
{
8d Ro=n-CioHps, Xo= NN 6.63 16.84 4.52 18.60 11.83
10a R3=n-CpHys, X5=n-CgHy7 >50 46.43 >50 >50 >50
10b R3=n-C,Hys, X5= (CHy), N(CH3), 532 9.13 3.57 12.78 9.03
10c R3= (CH,);N(CH3),, X5= CH3 21.61 2337 9.66 31.48 >50
10d R3= (CH,);N(CHj3),, X3=n-CgH,7 5.53 8.52 5.15 5.87 17.55
Amonofide 17.96  10.67 11.88  20.28 >50

cytosol, and the fluorescence changes from red to green. Thus,
red fluorescence assaying (AO uptake method) was used here to
evaluate pronounced lysosomal rupture.®*~%* The LMP induc-
tion was measured at three different concentrations of these

compounds. As shown in Figure 6, compounds 7b—d induced
considerable decreases in the amount of cells with normal
AO red fluorescence, indicating significant LMP. The LMP
induced by compounds 7b—d was dose-dependent, and the
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Figure 3. (A, B) Fluorescence spectra of amonafide and 8c (10, 20, 30, 50 uM, respectively) before and after being incubated with CT DNA
(100 uM). (C, D) Scatchard curve for amonafide and 8¢ with CT DNA, respectively.
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Figure 4. Gelelectrophoresis of pBR322 DNA after being incubated with target compounds at the concentration of 100 uM for 2 hin Tris-HCI
buffer (pH 7.4). (A) Lane 1, DNA alone; lanes 2—7, compounds 7a—d, amonafide, and doxorubicin, respectively. (B) Lane 1, DNA alone; lanes
2—7, compounds 8a—d, amonafide, and doxorubicin, respectively.
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Figure 5. Inhibition of topo II-mediated kDNA decatenation by target compounds (100 uM). (A) Lane 1, kDNA; lane 2, minicircles (no drug);
lanes 3—8, compounds 7a—d, amonafide, and doxorubicin, respectively. (B) Lane 1, kDNA; lane 2, minicircles (no drug); lanes 3—8,
compounds 8a—d, amonafide, and doxorubicin, respectively.

most significant LMP was observed at the concentra- antiproliferative cell-based assays, suggesting that LMP sub-
tions approximately equal to the ICs, values obtained in the stantially contributed to the cytotoxicity of these compounds.
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Figure 6. Drug-induced LMP. HeLa cells were stained with AO. Numbers indicate the percentage of cells with AO red fluorescence.

In contrast, analogues with the polyamine at the 6-position Induction of Cytochrome ¢ Release. As demonstrated
(8a—d) showed much weaker LMP induction than 7b—d. The above, the new naphthalimides inhibited topo I, effectively
structure—activity relationships observed in the LMP experi- induced LMP, and potently inhibit the growth of multiple
ments correlated well with the results obtained from the anti- cancer cell lines. Because either DNA damage or LMP could
proliferative test. Additionally, no obvious LMP was observed induce cell death through apoptosis, we investigated apop-
at the test concentrations for amonafide, which indicated that tosis as the cause of cell death. MOMP is considered to be
the introduction of polyamine and long alkyl chain could one of the crucial checkpoints of apoptotic cell death?®®3 and

provide the naphthalimide derivatives a novel target, LMP. could be detected by the release of cytochrome ¢.°! Initiated
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Figure 7. HelLa cells, untreated or treated with compounds 7a—d
and 8a—d, were immunostained with rabbit anti-cytochrome ¢ and
FITC goat anti-rabbit IgG together with Hoechst 33258 nuclear
staining.

by the loss of integrity of the outer mitochondrial membrane,
cytochrome ¢ and other intermembrane proteins are released
into cytosol and then activate the downstream apoptotic
machinery. Cytochrome ¢ is a water-soluble protein, residing
in the mitochondrial intermembrane spaces and serving as an
electron shuttle in the respiratory chain in normal cells.
Redistribution of cytochrome ¢ into the cytosol is a crucial
step in the mitochondrial-dependent apoptosis pathway, which
leads to the formation of the apoptosome and then activates
caspase 9 and caspase 3.%* The cytochrome ¢ distribution was
in situ detected by double immunocytochemical staining in
intact cells (see Figure 7).%° Cells were labeled for cytochrome
¢ (fluorescein isothiocyanate (FITC), green fluorescence) and
nucleus (Hoechst 33258, blue fluorescence). As shown in
Figure 7, the control cells without compound treatment ex-
hibited no discernible immunofluorescence in the green emis-
sion channel. After being incubated with any of the target
compounds 7a—d and 8a—d at the concentration correspond-
ing the ICs, values, vivid green fluorescence was observed
surrounding the nucleus of the HeLa cells, demonstrating that
the new compounds induce significant cytochrome c¢ release
into cytosol from mitochondria and thereby confirming the
MOMP-mediated apoptosis.

Apoptosis Assay by Annexin V Binding. To further illumi-
nate drug-induced apoptosis, double staining for FITC-
labeled annexin V binding to membrane phosphatidylserine
(PS) and propidium iodide (PI) binding for cellular DNA
was carried out and followed by flow cytometry. In the early
stage of apoptosis, the membrane phospholipid PS is ex-
ported from the intracellular leaflet to the extracellular
leaflet. The exposed PS binds to the phospholipid-binding
protein annexin V in the presence of calcium, providing
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Figure 8. Apoptotic cells were detected with annexin V/PI double
staining after incubation with compounds 7a—d and 8a—d for 24 h.
The lower left quadrants represent live cells, the lower right quad-
rants are for early/primary apoptotic cells, upper right quadrants
are for late/secondary apoptotic cells, while the upper left quadrants
represent cells damaged during the procedure. The experiments
were performed three times, and a representative experiment is
shown.

a reliable method for quantifying the percentage of cells
undergoing apoptosis using flow cytometry. The membrane-
impermeable DNA-staining PI was used to detect cell mem-
brane destruction in necrotic cells.®*®’ Different labeling
patterns in this assay enable us to identify different cell
populations: intact living cells (both annexin V and PI
negative), early apoptotic cells (annexin V positive but PI
negative), and late/secondary apoptotic cells (both annexin
V and PI positive).®* As shown in Figure 8, all tested
compounds (7a—d, 8a—d) at the concentration correspond-
ing ICs, values very efficiently induced almost 100% apop-
tosis of HeLa cells. After incubation for 24 h, compounds 7b,
¢ and 8b—d induced the major population of HeLa cells
into the early apoptotic stage (84.84%, 74.25%, 86.98%,
90.07%, 79.21%, respectively), and compounds 7a and 7d
induced the majority of the HeLa cells into the late apoptotic
stage (96.66% and 98.89%, respectively). After incubation
with compound 8a, about half of the population of HeLa
cells were in the early stage of apoptosis (46.15%) and the
other half in the late stage (53.82%) of apoptosis.

Conclusion

We designed and synthesized a new class of naphthalimides
with the structural features of the topo II inhibitor amonafide
and lysosomotropic detergents. These new naphthalimides
potently inhibited the growth of multiple cancer cell lines, and
some of them were even more active than amonafide in the
antiproliferative cell-based assays. The interactions of the new
compounds with DNA were studied by CD spectra and
fluorescence spectra, and the topo I1 inhibition activities were
tested in a cell-free system, demonstrating that these com-
pounds were weak DNA binders but inhibit topo IT modestly.
We further demonstrated that 7b—d could also induce LMP,
which was quite consistent with their favorable antiprolifera-
tive activity compared with their analogues, and thus pre-
liminarily exhibited the advantages of multitarget drugs. To
elucidate topo II and LMP-induced cell death pathways,
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compounds 7a—d and 8a—d were tested and verified to
efficiently induce apoptosis via a mitochondrial pathway as
demonstrated by cytochrome ¢ release and annexin V-FITC
analysis. According to the encouraging results, a new design
strategy could be deduced for the optimization of DNA
intercalators for topo II inhibition. Further study of the
antitumor mechanism of these novel multitarget drugs, espe-
cially cathepsin-related pathways, is still going on.

Experimental Section

All chemical reagents and solvents were purchased from
commercial sources and used without further purification.
Thin-layer chromatography (TLC) was performed on silica gel
plates. Column chromatography was performed using silica gel
(Hailang, Qingdao) 200—300 mesh. Melting points were deter-
mined using a Biichi melting point B-540 apparatus and are
uncorrected. 'H and '*C NMR spectra were recorded employing
a Bruker AV-400 spectrometer with chemical shifts expressed in
parts per million (in deuteriochloroform, Me,Si as internal
standard). The mass spectra were collected at the Mass Instru-
mentation Facility of the Analysis and Research Center of
ECUST. The purities of 7a—d, 8a—d, and 10a—d were analyzed
by HPLC, with the purity all being higher than 95%. Analytical
HPLC was performed on a Hewlett-Packard 1100 system chro-
matograph equipped with photodiode array detector using a
Zorbax Bonus-RP 5 uM 250 mm x 4.6 mm column (reverse
phase) to detect the purity of the products. The mobile phase
was a gradient of 70—100% methanol (solvent 1) and 10 mM
NH4OACc in water (pH 6.0) (solvent 2) at a flow rate of 1.0 mL/
min (0—1.0 min, 70% solvent 1; 1.0—15.0 min, 70—100% solvent
1; 15.0—25.0 min, 100—70% solvent 1).

General Procedure for the Preparation of 1a, 2a,b, and 9a. To a
stirred solution of 6-bromobenzo[de]isochromene-1,3-dione
(1.94 g, 7.00 mmol) in EtOH (20 mL) was added the correspond-
ing primary amine (7.70 mmol). The resulting mixture was
heated at the refluxing temperature for 2—10 h and monitored
by TLC. After completion, the reaction mixture was cooled to
room temperature and concentrated under vacuum to give a
solid, which was further purified.

6-Bromo-2-(3-hydroxypropyl)-1H-benzo[delisoquinoline-1,3(2 H)-
dione (1a). The crude product was washed with water and then
recrystallized from EtOH to give 1a. White solid (yield 95%);
mp 129.1—131.5 °C. 'H NMR (400 MHz, CDCly): ¢ 8.68 (d,
J =71.2Hz, 1H),8.60 (d,J = 8.0 Hz, 1H), 8.43(d, J = 7.6 Hz, 1H),
8.07(d,J = 8Hz, 1H),7.87(t,J = 8.0 Hz, 2H), 4.36 (t,J = 6.0 Hz,
2H), 3.62(t,J = 6.0 Hz, 2H), 2.63 (br, IH), 2.04—1.98 (m, 2H). MS
(EI) calcd for CsH,,BrNO; [M ] 333.0, found 333.0.

6-Bromo-2-octyl-1H-benzo[delisoquinoline-1,3(2 H)-dione (2a).
The crude product was washed with EtOH and then recrystal-
lized from EtOH to give 2a. White solid (yield 89%); mp
86.3—87.2 °C. 'H NMR (400 MHz, CDCl5): 6 8.68 (d, J =
7.2 Hz, 1H),8.59 (d, J/ = 7.6 Hz, 1H), 8.44 (d, / = 8.0 Hz, 1H),
8.06 (d,J = 8.0 Hz, 1H), 7.87 (t, J/ = 7.6 Hz, 1H), 4.18 (t, J =
8.0Hz,2H), 1.78—1.71 (m, 2H), 1.47—1.29 (m, 10H), 0.89 (t, J =
7.2 Hz, 3H). MS (EI) calcd for C5oH»,BrNO, [M ] 387.1, found
387.1.

6-Bromo-2-dodecyl-1H-benzo|delisoquinoline-1,3(2 H)-dione (2b).
The crude product was first washed with EtOH and then recrys-
tallized from EtOH to give 2b. White solid (yield 85%); mp
66.6—67.4 °C. '"H NMR (400 MHz, CDCL): 6 8.68 (d, J =
7.2 Hz, 1H), 8.59 (d, J = 8.4 Hz, 1H), 8.44 (d, J = 7.6 Hz, 1H),
8.06 (d, J = 8.0 Hz, 1H), 7.87 (t, J = 7.6 Hz, 1H), 4.18 (t, J =
7.6 Hz, 2H), 1.78—1.71 (m, 2H), 1.47—1.27 (m, 18H), 0.90 (t, J =
7.2 Hz, 3H). MS (EI) caled for Co4H3BrNO, [M™] 443.1, found
443.2.

6-Bromo-2-(3-(dimethylamino)propyl)-1H-benzo| delisoquinoline-
1,3(2H)-dione (9a). The crude product was purified by column
chromatography on silica gel (CH,Cl,/MeOH: 15/1) to provide 9a.
White solid (yield 92%); mp 99.4—100.8 °C. "H NMR (400 MHz,
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CDCl3): 0 8.66 (d, J = 7.2 Hz, 1H), 8.57 (d, J/ = 8.8 Hz, 1H), 8.41
(d,J = 7.6 Hz, 1H), 8.04 (d, J/ = 8.0 Hz, 1H), 7.85(t,J = 8.0 Hz,
1H),4.23(t,J = 7.6 Hz,2H),2.45(t,J = 7.2 Hz,2H), 2.27 (s, 6H),
1.96—1.89 (m, 2H). MS (EI) caled for C;7H;7BrN,O, [M ] 360.0,
found 360.1.

General Procedure for the Preparation of 3a,b, 4a,b, and 10a,b,d.
To a stirred solution of the amination intermediate (5.00 mmol) in
2-methoxyethanol (15 mL) was added the corresponding primary
amine (15.00 mmol). The mixture was then heated at the refluxing
temperature for 6—12 h and monitored by TLC. After completion,
the reaction mixture was cooled to room temperature and con-
centrated under vacuum until most of the solvent was removed.
The residue was further purified.

2-(3-Hydroxypropyl)-6-(octylamino)- 1 H-benzo[ delisoquinoline-
1,3(2H)-dione (3a). The residue was washed with EtOH and then
purified by column chromatography on silica gel (CH,Cly/
MeOH: 18/1) to provide 3a. Yellow solid (yield 90%); mp
146.7—149.4 °C. "H NMR (400 MHz, CDCly): ¢ 8.62 (d, J =
8.0 Hz, 1H), 8.50 (d, J = 8.4 Hz, 1H), 8.13 (d, / = 8.0 Hz, 1H),
7.65(t,J = 8.0 Hz, 1H), 6.75 (d, J = 8.4 Hz, 1H), 436 (t, J =
6.0 Hz, 2H), 3.57 (t, J = 5.6 Hz, 2H), 3.43 (t, / = 7.2 Hz, 2H),
2.02—1.97 (m, 2H), 1.87—1.80 (m, 2H), 1.56—1.32 (m, 10H), 0.91
(t, J =638 HZ, 3H) MS (ESI) calced for C23H31N203 [M + H]jL
383.2, found 383.2.

6-(Dodecylamino)-2-(3-hydroxypropyl)-1H-benzo| delisoquinoline-
1,3(2H)-dione (3b). The residue was washed with EtOH and then
purified by column chromatography on silica gel (CH,Cl,/MeOH:
18/1) to provide 3b. Yellow solid (yield 83%); mp 144.9—146.4 °C.
"H NMR (400 MHz, CDCly): 6 8.62 (d, J = 6.4 Hz, 1H), 8.50 (d,
J =84Hz 1H),8.13(d,J = 8.4 Hz, 1H), 7.66 (t,J = 8.0 Hz, 1H),
6.76(d,J = 8.4Hz, 1H),4.36(t,J = 6.0Hz,2H), 3.57(t,J = 5.6 Hz,
2H), 3.44 (t, J = 7.2 Hz, 2H), 2.03—1.97 (m, 2H), 1.87—1.80 (m,
2H), 1.56—1.29 (m, 18H), 0.90 (t, J = 6.4 Hz, 3H). MS (ESI) calcd
for C,7H3sN>O5Na [M + Na] ™ 461.3, found 461.3.

6-(2-Hydroxyethylamino)-2-octyl-1H-benzo[delisoquinoline-
1,3(2H)-dione (4a). The residue was washed with water and
then purified by column chromatography on silica gel
(CH,Cl,/MeOH: 20/1) to provide 4a. Yellow solid (yield
85%); mp 156.0—157.8 °C. '"H NMR (400 MHz, CDCls): &
8.57(d,J = 7.2Hz, 1H),8.45(d,J = 8.4 Hz, 1H),8.13(d,J =
8.4Hz, 1H),7.62 (t,J = 7.6 Hz, 1H), 6.74 (d, J = 8.4 Hz, 1H),
4.16 (t,J = 8.0 Hz, 2H), 4.09 (t, J = 5.2 Hz, 2H), 3.60 (t, J =
5.2 Hz, 2H), 1.77—1.70 (m, 2H), 1.47—1.28 (m, 10H), 0.89 (t,
J = 7.2 Hz, 3H). MS (ESI) calcd for C»,H»N>O3 [M + H]"
369.2, found 369.2.

2-Dodecyl-6-(2-hydroxyethylamino)-1H-benzo[deJisoquinoline-
1,3(2H)-dione (4b). The residue was washed with water and
then purified by column chromatography on silica gel
(CH,Cl,/MeOH: 20/1) to provide 4b. Yellow solid (yield
85%); mp 149.9—152.2 °C. "H NMR (400 MHz, CDCl;): &
8.53(d,J = 7.2Hz, 1H),8.41(d,J = 8.4Hz, IH),8.11(d,J =
8.0Hz, 1H),7.59 (t,J = 8.0Hz, 1H), 6.71 (d,J = 8.4 Hz, 1H),
4.15(t,J = 7.6 Hz, 2H), 4.09 (t, J = 5.2 Hz, 2H), 3.58 (t, J =
5.2 Hz, 2H), 1.76—1.69 (m, 2H), 1.45—1.26 (m, 18H), 0.89 (t,
J = 7.2 Hz, 3H). MS (ESI) caled for C,4H47N,O5 [M + H]"
425.3, found 425.3.

2-Dodecyl-6-(octylamino)-1H-benzo[delisoquinoline-1,3(2 H)-
dione (10a). The residue was washed with EtOH and then
purified by column chromatography on silica gel (petroleum
ether/CH,Cl,: 1/2) to provide 10a. Yellow solid (yield 89%); mp
92.8—94.1 °C. '"H NMR (400 MHz, CDCls): 6 8.56 (d, J = 7.2
Hz, 1H),8.44(d,J = 8.4Hz, 1H),8.11(d,J = 8.0 Hz, 1H), 7.58
(t,J = 8.0Hz, 1H), 6.70 (d, J = 8.4 Hz, 1H), 5.41 (br, 1H), 4.16
(t,J = 7.6 Hz,2H),3.39(t,J = 7.2 Hz, 2H), 1.85—1.69 (m, 4H),
1.53—1.25 (m, 28H), 0.91—0.87 (m, 6H). *C NMR (100 MHz,
CDCl3): 6 164.66, 164.12, 149.46, 134.42, 131.01, 129.78,
125.81, 124.57, 123.16, 120.16, 110.18, 104.26, 43.76, 40.24,
31.93, 31.79, 29.63, 29.60, 29.45, 29.35, 29.22, 28.99, 28.25,
27.23,27.20, 22.69, 22.64, 14.13, 14.09. HRMS (ESI) calcd for
C3,HyoN,O, [M + H]" 493.3794, found 493.3780.
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6-(2-(Dimethylamino)ethylamino)-2-dodecyl-1H-benzo|deliso-
quinoline-1,3(2H)-dione (10b). The residue was poured onto
water (100 mL) and then extracted with CHCl; (3 x 100 mL).
The combined organic layers were dried over MgSO,4 and
concentrated. The crude product was purified by column chro-
matography on silica gel (CH,Cl,/MeOH: 25/1) to provide 10b.
Orange solid (yield 82%); mp 97.6—99.2 °C. '"H NMR (400
MHz, CDCl;): 6 8.55(d, J = 7.2 Hz, 1H), 8.42 (d, J = 8.4 Hz,
1H), 8.11 (d, J = 8.0 Hz, 1H), 7.59 (t, J = 8.0 Hz, 1H), 6.63 (d,
J = 84Hz 1H), 628 (t,J = 3.6 Hz, 1H), 4.14 (t, J = 7.6 Hz,
2H), 3.38—3.34 (m, 2H), 2.72 (t, J = 5.6 Hz, 2H), 2.33 (s, 6H),
1.75—1.68 (m,2H), 1.45—1.24(m, 18H), 0.87 (t,J = 6.4 Hz, 3H).
13C NMR (100 MHz, CDCls): 6 164.62, 164.05, 149.54, 134.39,
130.93, 129.65, 126.30, 124.47, 122.92, 120.26, 109.98, 104.27,
56.87, 45.04, 40.17, 40.12, 31.91, 29.62, 29.44, 29.34, 28.23,
27.23, 22.68, 14.13. HRMS (ESI) calcd for C,gH4,N;30,
[M + H]" 452.3277, found 452.3254.
2-(3-(Dimethylamino)propyl)-6-(octylamino)-1H-benzo[de]iso-
quinoline-1,3(2H)-dione (10d). The residue was poured onto
water (100 mL) and then extracted with CHCI; (3 x 100 mL).
The combined organic layers were dried over MgSO, and
concentrated. The crude product was purified by column chro-
matography on silica gel (CH,Cl,/MeOH: 25/1) to provide 10d.
Orange solid (yield 83%); mp 56.3—59.8 °C. '"H NMR (400
MHz, CDCly): 6 8.33—8.29 (m, 1H), 8.24—8.20 (m, 2H),
7.37—7.32 (m, 1H), 6.49—6.45 (m, 1H), 6.16 (br, 1H), 4.06 (t,
J = 7.2 Hz, 2H), 3.27—3.22 (m, 2H), 2.28 (t, J/ = 7.2 Hz, 2H),
2.10 (s, 6H), 1.82—1.74 (m, 2H), 1.69—1.61 (m, 2H), 1.33—1.10
(m, 10H), 0.75—0.70 (m, 3H). *C NMR (100 MHz, CDCl): ¢
164.53, 163.91, 150.04, 134.33, 130.76, 129.66, 126.90, 124.17,
122.46, 120.16, 109.07, 103.86, 57.27, 45.30, 43.63, 38.32, 31.68,
29.28,29.14,28.71,27.16,26.18,22.52, 14.01. HRMS (ESI) calcd
for C,5sH36N30, [M + H]* 410.2808, found 410.2798.
2-(3-(Dimethylamino)propyl)-6-(methylamino)-1H-benzo[ deliso-
quinoline-1,3(2H)-dione (10c). Compound 9a (502 mg, 1.39 mmol)
and CuSO4-5H,0 (872 mg, 3.48 mmol) were added to 40%
methylamine aqueous solution (20 mL). The mixture was then
heated at the refluxing temperature for 4 h and monitored by TLC.
After completion, the reaction mixture was cooled to room
temperature and concentrated under vacuum. The resulting mix-
ture was diluted with water (30 mL) containing 10% NaCl and 1%
Na,COs; and extracted with CH,Cl, (3 x 50 mL). The organic
layer was then concentrated under vacuum and then further
purified by column chromatography on silica gel (CH,Cl,/MeOH:
10/1) to provide 10c. Orange solid (yield 86%); mp 169.9—
170.6 °C. '"H NMR (400 MHz, CDCl;): 6 8.48 (d, J = 7.2 Hz,
1H),8.40(d,J = 8.4Hz, 1H),8.09(d,J = 8.4Hz, 1H),7.52(t,J =
8.0 Hz, 1H), 6.62 (d, J = 8.8 Hz, 1H), 5.75 (br, 1H), 4.19(t, J =
7.6 Hz, 2H), 3.10(d, J = 4.8 Hz, 3H), 2.44 (t,J = 7.6 Hz, 2H), 2.26
(s,6H), 1.95—1.87 (m, 2H). *C NMR (100 MHz, CDCl3): 6 164.63,
164.11, 150.44, 134.41, 130.94, 129.61, 126.03, 124.56, 122.93,
120.22, 110.09, 103.82, 57.35, 45.35, 38.44, 30.44, 26.17. HRMS
(ESI) caled for CgH,,N30, [M + H]" 312.1712, found 312.1721.
General Procedure for the Preparation of 5a,b and 6a,b. To a
stirred solution of DDQ (409 mg, 1.80 mmol) and PPh; (472 mg,
1.80 mmol) in dry CH,Cl, was added (n-butyl)4NBr (580 mg,
1.80 mmol) at room temperature. 3a,b or 4a,b (1.50 mmol) was
then added to this mixture, which immediately turned the yellow
color of the reaction mixture to deep red. The mixture was
stirred at room temperature for 24 h. The solvent was then
removed under vacuum to fifth of the volume. The residue was
purified by column chromatography on silica gel using pure
CH,Cl, as eluant to give the corresponding bromide product.
2-(3-Bromopropyl)-6-(octylamino)-1H-benzo|de]isoquinoline-
1,3(2H)-dione (5a). Orange solid (yield 75%); mp 93.4—94.8 °C.
"H NMR (400 MHz, CDCl5): 0 8.60 (d, J = 7.2 Hz, 1H), 8.48
(d,J=8.8Hz,1H),8.11(d,J = 8.4Hz, 1H),7.64 (t,J = 8.0 Hz,
1H),6.74(d,J = 8.4 Hz, 1H), 5.32 (br, 1H),4.32 (t,J = 7.2 Hz,
2H), 3.51 (t, J = 7.2 Hz, 2H), 3.42 (t, J = 7.2 Hz, 2H),
2.38—2.31 (m, 2H), 1.87—1.80 (m, 2H), 1.55—1.32 (m, 10H),
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0.91 (t, J = 6.8 Hz, 3H). MS (ESI) calcd for C3H3¢oBrN,O,
[M + H]" 445.1, found 445.2.

2-(3-Bromopropyl)-6-(dodecylamino)-1 H-benzo| de]isoquinoline-
1,3(2H)-dione (5b). Orange solid (yield 72%); mp 54.9—57.3 °C.
"H NMR (400 MHz, CDCls): 6 8.60 (d, J = 7.6 Hz, 1H), 8.48 (d,
J=84Hz, 1H),8.11(d,J = 8.0Hz, 1H),7.64(t,J = 8.0Hz, |H),
6.75(d, J = 8.4 Hz, 1H), 5.30 (br, 1H), 4.32 (t, J = 6.8 Hz, 2H),
3.51(t,J = 7.2 Hz, 2H), 3.43 (t, J = 7.2 Hz, 2H), 2.38—2.31 (m,
2H), 1.87—1.80 (m, 2H), 1.55—1.29 (m, 18H), 0.90 (t, J = 6.8 Hz,
3H). MS (ESI) caled for C»7H37N>0, [M — Br]* 421.3, found
421.3.

6-(2-Bromoethylamino)-2-octyl-1H-benzo[de]isoquinoline-
1,3(2H)-dione (6a). Orange solid (yield 82%); mp 146.2—
147.3°C. "H NMR (400 MHz, CDCl5): 6 8.63 (d, J = 6.4 Hz,
1H), 8.50 (d, J = 8.4 Hz, IH), 8.16 (d, J = 7.6 Hz, 1H), 7.69
(t,J = 8.0 Hz, 1H), 6.77 (d, J = 8.4 Hz, 1H), 5.60 (br, 1H),
4.17(t,J =7.6Hz, 2H),3.89(q,J = 4.4Hz,2H),3.77 (t,J =
6.0 Hz, 2H), 1.78—1.70 (m, 2H), 1.47—1.28 (m, 10H), 0.89
(t, J =72 HZ, 3H) MS (ESI) calcd for C22H28BI'N202
[M + H]" 431.1, found 431.2.

6-(2-Bromoethylamino)-2-dodecyl-1H-benzo|delisoquinoline-
1,3(2H)-dione (6b). Orange solid (yield 80%); mp 123.9—126.0 °C.
"H NMR (400 MHz, CDCl5): 8 8.63 (d, J = 7.2 Hz, 1H), 8.50 (d,
J =8.4Hz, 1H),8.16(d,J = 8.0Hz, 1H), 7.69 (t,J = 8.4 Hz, 1H),
6.77(d,J = 8.4Hz, 1H), 5.60 (br, 1H),4.17 (t,J = 7.6 Hz,2H), 3.89
(t,J = 5.6 Hz, 2H), 3.77 (t, J = 6.0 Hz, 2H), 1.78—1.70 (m, 2H),
1.45—1.27 (m, 18H), 0.90 (t, J = 7.2 Hz, 3H). MS (ESI) calcd for
C2(,H3(, BI'N202 [M + I_I]Jr 4872, found 487.2.

General Procedure for the Preparation of 7a—d and 8a—d. To a
stirred solution of the bromide precursor (0.225 mmol) and KI
(45mg, 0.271 mmol) in dry CHCI; was added the corresponding
polyamine (1.12 mmol) under argon. The mixture was heated at
the refluxing temperature for 48 h. The reaction mixture was
then cooled to room temperature and concentrated under
vacuum. The resulting mixture was diluted with water (10 mL)
containing 10% NaCl and 1% Na,CO; and extracted with
CH,Cl, (3 x 15 mL). The organic layer was then concentrated
under vacuum and then further purified.

2-(3-(4-Methylpiperazin-1-yl)propyl)-6-(octylamino)-1H-benzo-
[delisoquinoline-1,3(2H)-dione (7a). The crude product was puri-
fied by column chromatography on silica gel (CH,Cl,/MeOH/
Et;N: 100/4/1) to provide 7a. Orange amorphous solid (yield
72%). '"H NMR (400 MHz, CDCls): 6 8.51 (d, J = 7.6 Hz, 1H),
8.40 (d, J = 8.4 Hz, 1H),8.10 (d, J = 7.6 Hz, IH), 7.54 (t, J =
7.6 Hz, 1H), 6.66 (d, J = 8.4 Hz, 1H), 5.45 (br, 1H), 4.19 (t,J =
7.2Hz,2H), 3.39—3.34 (m, 2H), 2.81—2.37 (m, 10H), 2.21 (s, 3H),
1.95—1.88 (m, 2H), 1.82—1.75 (m, 2H), 1.50—1.24 (m, 10H), 0.87
(t, J = 6.4 Hz, 3H). *C NMR (100 MHz, CDCl;): 6 164.68,
164.12, 149.53, 134.42, 130.98, 129.79, 125.89, 124.54, 123.08,
120.15, 110.04, 104.23, 56.09, 55.08, 52.97, 45.96, 43.74, 38.57,
31.76,29.32,29.19, 28.95,27.17,25.28, 22.61, 14.07. HRMS (ESI)
caled for CogH4 N4O> [M + H] ™ 465.3230, found 465.3209.

6-(Dodecylamino)-2-(3-(4-methylpiperazin-1-yl) propyl)-1 H-benzo-
[delisoquinoline-1,3(2H)-dione (7b). The crude product was purified
by column chromatography on silica gel (CH,Cl,/MeOH/Et;N:
100/4/1) to provide 7b. Orange amorphous solid (yield 70%). 'H
NMR (400 MHz, CDCl,): 6 8.52 (d,J = 7.2 Hz, 1H), 841 (d, J =
8.4Hz, 1H),8.10(d,J = 7.6 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H), 6.67
(d, J = 84 Hz, 1H), 543 (br, 1H), 4.20 (t, J = 7.6 Hz, 2H),
3.40—3.35 (m, 2H), 2.81—2.38 (m, 10H), 2.21 (s, 3H), 1.95—1.88 (m,
2H), 1.83—1.75 (m, 2H), 1.51—1.25 (m, 18H), 0.87 (t, J = 6.4 Hz,
3H). *C NMR (100 MHz, CDCLy): 6 164.67, 164.11, 149.51, 134.41,
130.97, 129.78, 125.86, 124.53, 123.09, 120.14, 110.06, 104.23, 56.09,
55.09, 52.98, 45.97, 43.74, 38.57, 31.88, 29.60, 29.54, 29.36, 29.31,
28.96,27.17,25.28,22.66, 14.10. HRMS (ESI) calcd for C3,H49N4O,
[M + H]" 521.3856, found 521.3862.

2-(3-(2-(Dimethylamino)ethylamino)propyl)-6-(octylamino)-
1H-benzo[delisoquinoline-1,3(2 H)-dione (7¢). The crude product
was purified by column chromatography on silica gel (CH,Cl,/
MeOH/Et;N: 100/5/1) to provide 7e¢. Orange amorphous solid
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(vield 65%). "H NMR (400 MHz,CDCl5): 6 8.48 (d, J = 7.2 Hz,
1H),8.37(d,J = 8.4Hz, 1H),8.11(d,J = 8.4Hz, 1H),7.52(t,J =
8.0 Hz, 1H), 6.63 (d, J = 8.8 Hz, 1H), 5.59 (br, 1H), 4.20 (t, J =
6.8 Hz, 2H), 3.37—3.33 (m, 2H), 2.70—2.64 (m, 4H), 2.37 (4,
J = 6.0 Hz, 2H), 2.17 (s, 6H), 1.96—1.89 (m, 2H), 1.80—1.73 (m,
2H), 1.48—1.22 (m, 10H), 0.85 (t, / = 6.8 Hz, 3H). °C NMR
(100 MHz, CDCly): 6 164.69, 164.11, 149.65, 134.48, 131.02,
129.75, 126.10, 124.48, 122.87, 120.12, 109.74, 104.17, 59.23,
47.45, 47.30, 45.57, 43.71, 38.00, 31.76, 29.33, 29.20, 28.90, 28.51,
27.18,22.62, 14.09. HRMS (ESI) caled for C7H4 N4O> [M + H] ™
453.3230, found 453.3222.
2-(3-(2-(Dimethylamino)ethylamino)propyl)-6-(dodecylamino)-
1H-benzo[delisoquinoline-1,3(2H)-dione (7d). The crude product
was purified by column chromatography on silica gel (CH,Cl,/
MeOH/Et;N: 100/5/1) to provide 7d. Orange amorphous solid
(vield 60%). "H NMR (400 MHz, CDCl5): 6 8.49 (d, J = 7.2 Hz,
1H), 8.39 (d, J = 8.4 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 7.53 (t,
J = 8.0Hz, 1H), 6.65 (d, J = 8.4 Hz, 1H), 5.54 (br, 1H), 4.21 (t,
J = 6.8 Hz, 2H), 3.38—3.33 (m, 2H), 2.70—2.64 (m, 4H), 2.37 (t,
J = 6.0 Hz, 2H), 2.18 (s, 6H), 1.96—1.89 (m, 2H), 1.81—1.74 (m,
2H), 1.45—1.23 (m, 18H), 0.85 (t, J = 7.2 Hz, 3H). *C NMR
(100 MHz, CDCl3): 6 164.68, 164.11, 149.61, 134.47, 131.01,
129.76, 126.03, 124.49, 122.92, 120.13, 109.82, 104.18, 59.28,
47.48, 47.32, 45.58, 43.71, 38.02, 31.88, 29.60, 29.57, 29.37,
29.32, 28.91, 28.54, 27.18, 22.66, 14.12. HRMS (ESI) calcd for
C3H4oN405 [M + HJ' 509.3856, found 509.3848.
6-(2-(4-Methylpiperazin-1-yl)ethylamino)-2-octyl-1 H-benzo-
[delisoquinoline-1,3(2 H)-dione (8a). The crude product was
purified by column chromatography on silica gel (CH,Cl,/
MeOH/Et;N: 100/4/1) to provide 8a. Orange solid (yield 85%);
mp 109.6—113.6°C. '"H NMR (400 MHz, CDCl5): 6 8.49—8.46
(m, 1H), 8.37—8.33 (m, 1H), 8.19 (d, / = 8.4 Hz, IH), 7.59—
7.53 (m, 1H), 6.59—6.57 (m, 1H), 6.34 (br, 1H), 4.11—4.06 (m,
2H), 3.47—3.43 (m, 2H), 2.92—2.87 (m, 10H), 2.56 (s, 3H),
1.71—1.63 (m, 2H), 1.36—1.22 (m, 10H), 0.83 (t, J = 6.4 Hz,
3H). *C NMR (100 MHz, CDCls): 6 164.53, 163.98, 149.25,
134.23, 130.97, 129.60, 126.54, 124.72, 122.89, 120.36, 110.32,
104.29, 55.23, 54.22, 51.02, 44.74, 40.19, 39.32, 31.80, 29.66,
29.37,29.22,28.21,27.21, 22.61, 14.08. HRMS (ESI) calcd for
C27H39N402 [M + I‘l]+ 4513073, found 451.3085.
2-Dodecyl-6-(2-(4-methylpiperazin-1-yl)ethylamino)-1H-benzo-
[de]isoquinoline-1,3(2H)-dione (8b). The crude product was puri-
fied by column chromatography on silica gel (CH,Cl,/MeOH/
Et;N: 100/4/1) to provide 8b. Orange amorphous solid (yield
81%). '"H NMR (400 MHz, CDCl;): 6 8.50—8.46 (m, 1H),
8.36—8.32 (m, 1H), 8.23 (d, J = 8.4 Hz, 1H), 7.58—7.53 (m,
1H), 6.60—6.57 (m, 1H), 6.39 (br, 1H), 4.10—4.06 (m, 2H), 3.49—
3.45 (m, 2H), 2.95—2.92 (m, 10H), 2.59 (s, 3H), 1.70—1.62 (m,
2H), 1.36—1.20 (m, 18H), 0.84 (t, J = 6.8 Hz, 3H). *C NMR
(100 MHz, CDCl3): 6 164.51, 163.96, 149.21, 134.20, 130.98,
129.59, 126.63, 124.72, 122.88, 120.39, 110.40, 104.24, 55.21,
53.95, 50.76, 44.50, 40.19, 39.32, 31.87, 29.66, 29.59, 29.42,
29.31, 28.21, 27.21, 22.65, 14.10. HRMS (ESI) caled for C31Hys-
N4O, [M + H]" 507.3699, found 507.3686.
6-(2-(2-(Dimethylamino)ethylamino)ethylamino)-2-octyl-1H-
benzo|delisoquinoline-1,3(2 H)-dione (8c). The crude product was
purified by column chromatography on silica gel (CH,Cl,/MeOH/
Et;N: 100/5/1) to provide 8¢. Orange amorphous solid (yield 79%).
"H NMR (400 MHz, CDCly): 8 8.51 (d, J = 7.2 Hz, 1H), 8.39 (d,
J =8.0Hz 1H),8.14(d,J = 8.4Hz, 1H),7.54(t,J = 8.0 Hz, 1H),
6.61 (d, J = 8.4 Hz, 1H), 6.42 (br, 1H), 4.12 (t, J = 7.6 Hz, 2H),
3.41-3.37 (m, 2H), 3.07 (t, J = 5.2 Hz, 2H), 2.75 (t, J/ = 5.6 Hz,
2H), 2.44 (t, J = 5.6 Hz, 2H), 2.23 (s, 6H), 1.74—1.66 (m, 2H),
1.41—1.24 (m, 10H), 0.85 (t,J = 6.8 Hz, 3H). >*C NMR (100 MHz,
CDCl,): 0 164.69, 164.13, 149.76, 134.46, 130.96, 129.72, 126.47,
124.43, 122.92, 120.38, 109.93, 104.28, 58.86, 47.28, 46.38, 45.50,
42.22,40.20, 31.84, 29.41, 29.26, 28.23, 27.23, 22.65, 14.12. HRMS
(ESI) caled for CogH3oN4O, [M + H]* 439.3073, found 439.3075.
6-(2-(2-(Dimethylamino)ethylamino)ethylamino)-2-dodecyl-
1H-benzo[delisoquinoline-1,3(2H)-dione (8d). The crude product
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was purified by column chromatography on silica gel (CH,Cly/
MeOH/Et;N: 100/5/1) to provide 8d. Orange solid (yield 73%);
mp 68.4—69.6 °C. '"H NMR (400 MHz, CDCls): 6 8.54 (d, J = 7.2
Hz, 1H),8.42(d,J = 8.4Hz, 1H),8.17(d,J = 8.4Hz, 1H), 7.57 (t,
J = 8.0Hz 1H), 6.64 (d, J = 8.4 Hz, 1H), 6.42 (br, 1H), 4.14 (t,
J = 17.6Hz,2H), 3.43—3.39 (m, 2H), 3.09 (t, J/ = 5.2Hz,2H), 2.77
(t, J = 6.0 Hz, 2H), 2.46 (t, J = 5.6 Hz, 2H), 2.25 (s, 6H),
1.75—1.68 (m, 2H), 1.43—1.24 (m, 18H), 0.87 (t, J = 6.4 Hz, 3H).
13C NMR (100 MHz, CDCly): 6 164.71, 164.15, 149.76, 134.47,
130.99, 129.76, 126.48, 124.48, 122.98, 120.43, 110.03, 104.29,
58.83,47.28,46.35,45.47,42.23, 40.21, 31.92, 29.63, 29.60, 29.46,
29.36, 28.24, 27.24, 22.69, 14.14. HRMS (ESI) calcd for
C30H47N4O, [M + H]" 495.3699, found 495.3699.

In Vitro Cytotoxicity Assays. MTT assays were utilized to
assess the in vitro antiproliferative potencies of the target
compounds against HelLa, HL-60, MCF-7, MKN45, and
LS174 cells. All cells were purchased from Cell Bank of Type
Culture Collection of Chinese Academy of Sciences (Shanghai,
China). MTT is a water-soluble tetrazolium salt, which can be
transformed into colored, water-insoluble formazan crystals by
mitochondrial dehydrogenases in living cells. Ten thousand cells
were plated in 96-well dishes and incubated for 24 h. The tested
compounds in dimethyl sulfoxide (DMSO) solution were added
ranging from 0 to 25 uM. After 24 h treatment, cell viability was
evaluated by MTT assay. Briefly, cells were incubated with
MTT solution (500 ug/mL) for 4 h at 37 °C, and then 100 uL
per well of DMSO was added to replace MTT-containing
medium and to dissolve the reaction product formazan salts
by gentle shaking for 10 min. The absorbance at 570 nm in
control and drug-treated wells was measured using an auto-
mated microplate reader (Multiskan Ex; Lab systems, Finland).
The ICsy, which represents the drug concentration required for
50% growth inhibition of cells, was extracted from linear
regression analysis of experimental data to express cytotoxicity.
Each experiment was repeated in triplicate.

DNA Intercalating Assay by CD Spectra. CT DNA was
purchased from Sigma Aldrich and used without further puri-
fication. A solution of CT DNA in 20 mM Tris-HCI buffer
(pH 7.4) was stored at 4 °C and used after no more than 4 days. The
concentration of CT DNA was determined spectrophotometri-
cally from the molar absorption coefficient (6600 M~ " cm ™). The
stock solution was attested to be sufficiently free from protein, as it
gave a UV absorbance ratio at 260 and 280 nm of more than 1.8.

The CD measurements were performed on a J-815 spectro-
photometer (Jasco, Japan) using 1 cm quartz cell in the range of
200—400 nm. The samples containing 100 uM CT DNA and
20 uM drugs in Tris-HCI buffer were recorded of the CD
spectrum, after shaking, thermal equilibration, and subtraction
of the Tris-HCI buffer. CD spectra in the range of 230—300 nm
were analyzed.

DNA Intercalating Assay by Fluorescence Quenching. The
fluorescence spectra were obtained using a Varian Cary Eclipse
fluorescence spectrophotometer (1 cm quartz cell) at 25 °C. Two
groups of samples were prepared with the concentration of
compounds at 10, 20, 30, and 50 uM in Tris-HCI buffer
(20 mM, pH 7.4): one contained 100 uM CT DNA, and the
other contained no DNA as control. All of the above solution
was incubated in the dark at 25 °C for 1 day. Fluorescence
wavelength and intensity of the samples were recorded. The
Scatchard binding constant was calculated.

DNA Relaxation Assay by Agarose Gel Electrophoresis. DNA
relaxation was determined on 20 #L samples containing pBR322
(200 ng; Fermentas, Lithuania) and the target compounds
(100 uM) in Tris-HCI buffer at pH 7.4. After incubation for
2 h at 37 °C, gel electrophoresis of the samples was performed
using 1% agarose gel in TAB buffer. DNA was visualized by
ethidium bromide (EB) staining for 20 min and photographed
using a CHEMGENIUS 2 digital imaging system.

kDNA Decatenation Assay. The reaction mixture (20 uL)
contained 4 uL of cleavage reaction buffer (50 mM Tris-HCI, pH
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8.0, 120 mM KCl, 10 mM MgCl,, 1 mM ATP, 0.5 mM DTT),
0.2 ug of kDNA, 0.2 uL of topo II (extract from HeLa cells), and
100 uM target compounds. After 15 min incubation at 37 °C, 10%
SDS (2 uL) was added to the reaction mixture. Electrophoresis of
the DNA samples was carried outin 1% agarose gel at 50 V/cm for
1 h. The gel was stained with 0.5 mg/mL EB and photographed
using a CHEMGENIUS 2 digital imaging system.

Lysosomal Membrane Stability Assay. Untreated or treated
with amonafide, 7a—d, and 8a—d at three concentrations respec-
tively for 24 h, HeLa cells, both adherent and floating, were
collected and stained with 20 ug/mL AO for 2 min at room
temperature. Lysosomal membrane stability was determined by
assessing AO red fluorescence with a flow cytometer (Becton
Dickinson, USA).

Double Immunocytochemical Staining for Cytochrome c.
HeLa cells were untreated or treated with 7a—d and 8a—d for
24 h at concentrations of 8, 3, 4, 4, 7, 6, 4, and 17 uM,
respectively, corresponding their ICsy values. After being
washed with PBS, cells were fixed with 10% formaldehyde at
room temperature for 20 min, permeabilized with 90% metha-
nol at —4 °C for 10 min, and blocked with 10% defatted milk
at room temperature for 1 h. Cells were washed three times
with PBS after fixation and permeabilization and with TBST
after blocking. Next, cells were incubated with rabbit anti-
cytochrome ¢ (diluted 1:500; KeyGEN, Shanghai) for 1 h at
room temperature and thereafter with FITC goat anti-rabbit
IgG (diluted 1:100; KeyGEN, Shanghai) for 1 h at room
temperature. Antibody was removed by washing three times
with TBST, after each antibody incubation step. Finally, cells
were counterstained with 2 ug/mL Hoechst 33258 for 30 min and
then washed three times with TBST. Images were obtained using
Nikon confocal laser scanning microscopy.

Annexin V-FIFC Apoptosis Detection Assay. After staining
with annexin V-FITC and PI using the Annexin V-FITC
apoptosis detection kit (Invitrogen, USA), cells were detected
by flow cytometry to assess the membrane and nuclear events
during apoptosis. Briefly, HeLa cells (1 x 10%/1.5 mL per well)
were seeded in six-well plates and treated with compounds 7a—d
and 8a—d at concentrations of 8, 3, 4, 4, 7, 5, 4, and 16 uM,
respectively, corresponding their ICsq values. After 24 h, cells
were collected, washed twice with cold PBS, and resuspended in
400 uL of binding buffer which was then added to 5 uL of
annexin V-FITC and incubated at 4 °C in the dark for 15 min.
Subsequently, the buffer was added to 10 uL of Pl and incubated
at 4 °C in the dark for 5 min. The samples were analyzed by a
FACScan flow cytometer (Becton Dickinson, USA).
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