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ABSTRACT: In the present paper, a facile and efficient synthetic procedure
has been applied to obtain dihydrodipyrrolo[1,2-a:2′,1′-c]pyrazine-2,3-
dicarboxylates (5a−s), which have subsequently gone through the cyclization
in the presence of hydrazine hydrate to afford 12-aryl-11-hydroxy-5,6-
dihydropyrrolo[2″,1″:3′,4′]pyrazino[1′,2′:1,5]pyrrolo[2,3-d]pyridazine-
8(9H)-ones (7a−q). The molecular structures of these novel compounds
were extensively examined through the analysis of spectroscopic data in
combination with X-ray crystallography techniques. Following that, the in vitro
cytotoxic activities of all derivatives against three human cancer cell lines
(Panc-1, PC3, and MDA-MB-231) were comprehensively evaluated alongside
the assessment on normal human dermal fibroblast (HDF) cells using the
MTT assay. Among the compounds, the 3-nitrophenyl derivative (7m) from
the second series showed the best antiproliferative activity against all tested
cell lines, particularly against Panc-1 cell line, (IC50 = 12.54 μM), being nearly twice as potent as the standard drug etoposide. The
induction of apoptosis and sub-G1 cell cycle arrest in Panc-1 cancer cells by compound 7m was confirmed through further
assessment. Moreover, the inhibition of kinases and the induction of cellular apoptosis by compound 7m in Panc-1 cancer cells were
validated using the Western blotting assay.

■ INTRODUCTION
Cancer is known as one of the most serious fatal diseases,
which happens when the group of cells in the body ignore the
physiological cell division rules and grow uncontrollably.1,2

Chemotherapy is one of the most common cancer treatment
approaches aiming to halt tumor progression by stopping
cancerous cell division and inducing apoptosis.3,4 However, in
many cases, there are two major concerns, including
nonspecificity of the drug to the cancer cells, which leads to
the death of normal body cells, and the drug resistance of
cancer cells, which is associated with a decrease in the
effectiveness of the treatment.5,6 Based on the reports in the
literature, it is evidenced that the most common FDA-
approved medicines contain N-heterocycle structure in their
skeleton, and the use of heterocycle compounds in drug
discovery, especially in most FDA-approved oncological
medicines between 2010 and 2015, was further emphasized.7,8

Among the N-heterocycle structures, pyrrole-based com-
pounds, as well as their heterofused derivatives, have drawn
considerable attention because of their valuable pharmaco-
logical properties such as being anticancer,9−11 antimicrobial,12

antiviral,13 anti-inflammatory,14 and antidiabetic.15 Specifically,
the amalgamation of pyrrole with other cyclic structures,
notably the fused bicyclic arrangements involving pyrazine or
pyridazine, has been extensively explored. This core scaffold

has garnered significant attention for the development of novel
therapeutics encompassing a diverse spectrum of pharmaco-
logical and biological activities.16−20 Particularly, the anti-
proliferative properties of 1,3-disubstituted pyrrolo[1,2-a]-
pyrazine derivatives on glioblastoma cell line have been
reported by Uygun et al.21 Moreover, Seo et al. utilized
pyrrolo[1,2-a]pyrazine core to produce 3,4-dihydropyrrolo-
[1,2-a]pyrazine derivatives and evaluated the anticancer
activity of those compounds against prostate cancer (PC3)
and breast cancer (MCF-7) cell lines.22 On the other side,
pyrrolopyridazine derivatives have been introduced by their
well-known antiviral,19 anti-inflammatory,23 and antimicrobial
activities.24 Besides, anticancer and antiproliferative properties
of pyrrolopyridazine scaffold derivatives such as pyrrolo[1,2-
b]pyridazines and pyrrolo[2,3-d]pyridazine−7-one have been
reported.20,25 Xiang and colleagues investigated the role of 2-
substituted pyrrolo[1,2-b]pyridazine derivatives to inhibit the
poly(ADP-ribose)polymerase (PARP) functions within cancer
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cells, which results in diminishing cell proliferations.26

Moreover, a new class of Janus kinase (JAK) family inhibitors
has been discovered using pyrrolo[1,2-b]pyridazine-3-carbox-
amide derivatives, which would be promising for a wide variety
of human disease treatments.23,27

Considering the importance of pyrrolopyrazine and
pyrrolopyridazine derivatives and following our successful
previous research on the design of anticancer compounds
containing multiple pharmacophores,28−32 a novel series of
dihydrodipyrrolo[1,2-a:2′,1′-c]pyrazine core structures 5a−s

Figure 1. Design strategy of final compounds 5a−s and 7a−q.

Scheme 1. Synthetic Approach toward Desirable Compounds 5a−s and 7a−q: (a) HOAc (3 Drops), Dry DCM (0.5 mL), r.t., 2
h; (b) PPh3 9 (0.5 mmol), DMAD 4 (0.5 mmol); and (c) Hydrazine Hydrate 6 (1 mmol), EtOH (2 mL), Reflux, 10 h
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and 7a−q were designed and synthesized (Figure 1) based on
the reported similar compound with the same core scaffold
displaying a wide range of biological and pharmaceutical
functions.22,25,33−35 The synthesis procedure was provided
through an efficient one-pot three-step reaction. The cytotoxic
effects of all of the mentioned compounds (5a−s and 7a−q)
were assessed against three different human cancer cell lines.
Further assessments were conducted to identify the potential
mechanisms for their anticancer effects.

■ RESULTS AND DISCUSSION
Chemistry. Initially, various substituted arylglyoxal deriv-

atives 1a−s were synthesized according to the literature from
the corresponding substituted acetophenones.36 Subsequently,

they were reacted with N-aminoethylpyrrole 2 in the presence
of acetic acid (HOAc) in dry dichloromethane (DCM) at
ambient temperature, completing the reaction within 2 h and
yielding intermediates 3a−s. Following nearly complete
conversion to the corresponding adduct, triphenylphosphine
(PPh3) and dimethylacetylenedicarboxylate (DMAD) 4 were
added to the reaction mixture, and stirring was continued for
an additional 10 min at room temperature. This resulted in the
formation of the desired dihydrodipyrrolo[1,2-a:2′,1′-c]-
pyrazine-2,3-dicarboxylate derivatives 5a−s. Subsequently,
upon heating a mixture of these compounds with hydrazine
hydrate 6 in ethanol (EtOH) under reflux conditions for 10 h,
12-aryl-11-hydroxy-5,6-dihydropyrrolo[2″,1″:3′,4′]pyrazino-

Scheme 2. Plausible Mechanism for the Formation of Compounds 5a−s

Table 1. In Vitro Antiproliferative Effects (IC50, μM) of Compounds 5a−s against Panc-1, PC3, MDA-MB-231, and HDF Cell
Linesa

compounds R Panc-1 PC3 MBA-MB-231 HDF

5a H 70.13 ± 0.038 78.94 ± 0.051 71.1 ± 0.05 >100
5b 2-OH 20.28 ± 0.01 22.51 ± 0.018 28.2 ± 0.02 >100
5c 3-OH 72.63 + 0.06 90.79 + 0.065 87.39 + 0.058 >100
5d 2-Me 67.88 ± 0.037 64.85 ± 0.046 78.54 ± 0.061 >100
5e 3-Me 74.25 ± 0.046 92.81 ± 0.071 88.1 ± 0.067 >100
5f 4-Me 70.4 ± 0.05 89.26 ± 0.048 73.15 ± 0.057 >100
5g 3-OMe 67.22 ± 0.058 85.49 ± 0.065 70.75 ± 0.051 >100
5h 4-OMe 65.3 ± 0.037 74.36 + 0.042 82.51 + 0.072 >100
5i 2-F 72.02 ± 0.046 89.12 ± 0.065 76.14 ± 0.058 >100
5j 4-F 75.27 ± 0.051 89.67 ± 0.072 84.21 ± 0.067 >100
5k 3-Cl 56.98 ± 0.052 67.22 ± 0.047 75.26 ± 0.044 >100
5l 4-Cl 73.87 ± 0.048 83.33 ± 0.065 75.73 ± 0.06 >100
5m 3-Br 65.74 ± 0.038 80.7 ± 0.072 71.74 ± 0.064 >100
5n 4-Br 79.66 ± 0.053 91.25 ± 0.072 82.74 ± 0.064 >100
5o 3-NO2 34.14 ± 0.021 40.55 ± 0.026 43.67 ± 0.031 >100
5p 4-NO2 68.28 ± 0.044 82.28 ± 0.057 78.92 ± 0.06 >100
5q 3-OMe-4-OH 43.97 ± 0.025 47.68 ± 0.031 41.97 ± 0.016 >100
5r 2,4-Cl2 69.59 ± 0.048 81.07 ± 0.058 85.69 ± 0.072 >100
5s 3,4,5-(OMe)3 66.01 ± 0.045 72.73 ± 0.051 75.73 ± 0.06 >100
etoposide 24.35 ± 0.001 32.15 ± 0.021 30.63 ± 0.014 >100

aValues are the means of three replicates ± standard deviation (SD).
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[1′,2′:1,5]pyrrolo[2,3-d]pyridazine-8(9H)-one derivatives 7a−
q were obtained (Scheme 1).
The structures of the isolated products were determined by

analyzing their infrared (IR), 1H NMR, 13C NMR, mass
spectrometry, and X-ray data. Partial assignments of the
observed resonances can be found in the Experimental Section.
The X-ray analysis images of the compounds (from the first
series, 5s, and the second series, 7l) are presented in the
Supporting Information.
A proposed mechanism for the synthesis of 5,6-

dihydrodipyrrolo[1,2-a:2′,1′-c]pyrazine derivatives 5 is pre-
sented in Scheme 2. Initially, the reaction between arylglyoxal
1 and N-ethylaminopyrrole 2 under acidic conditions results in
the formation of intermediate 3 through the acid-catalyzed
Pictet−Spengler reaction.37 Phosphorus ylide 10 is obtained
from the condensation of acetylenic ester 4 and triphenyl-
phosphine 9, and further protonation of 1:1 adduct by NH-
acid 3. Then, this intermediate goes through the nucleophilic
attack of conjugated acid of NH-acid 11 to make phosphorane
12, which is subjected to an intramolecular Wittig reaction to
generate adduct 14.38 Finally, an oxidative aromatization
occurs under reaction conditions to produce the desired
product 5. The formation of phosphine oxide as a byproduct
confirms this step of the proposed mechanism (Scheme 2).
The obvious mechanism to obtain the second series is the

domino two nucleophilic additions of hydrazine to ester
functionality groups present in compound 5.
Antiproliferative Activity. The in vitro antiproliferative

effects of two series of compounds with dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine core structure, including 1-substituted-5,6-
dihydrodipyrrolo[1,2-a:2′,1′-c] pyrazine-2,3-dicarboxylates
(5a−s) and their pyridazine-fused counterparts 12-aryl-11-

hydroxy-5,6-dihydropyrrolo[2″,1″:3′,4′]pyrazino[1′,2′:1,5]-
pyrrolo[2,3-d]pyridazine-8(9H)-ones (7a−q), were evaluated
against three different human cancer cell lines with epidermal
growth factor receptor (EGFR) overexpression. The structures
of synthesized compounds were varied by attachment of
different electron-withdrawing or -donating groups on the
phenyl ring. The cytotoxicity of the synthesized compounds
was assessed against pancreatic cancer (Panc-1), prostate
cancer (PC3), and breast cancer (MDA-MB-231) cell lines, in
addition to being evaluated against normal human dermal
fibroblasts (HDF) cells. The results were presented as IC50
values (Tables 1 and 2) and compared with etoposide as the
reference drug.
The antiproliferative activity of 1-substituted-5,6-

dihydrodipyrrolo[1,2-a:2′,1′-c]pyrazine-2,3-dicarboxylate de-
rivatives (5a−s) is presented in Table 1 and Figure 2.

Table 2. In Vitro Antiproliferative Effects (IC50, μM) of Compounds 7a−q against Panc-1, PC3, MDA-MB-231, and HDF Cell
Linesa

compounds R Panc-1 PC3 MBA-MB-231 HDF

7a H 92.48 ± 0.05 91.25 ± 0.077 87.31 ± 0.063 >100
7b 3-OH 73.48 + 0.055 84.44 + 0.062 84.61 + 0.067 >100
7c 2-Me 60.63 ± 0.051 65.34 ± 0.052 66.17 ± 0.043 >100
7d 3-Me 65 ± 0.047 72.35 ± 0.063 65.94 ± 0.051 >100
7e 4-Me 48.10 ± 0.018 53.19 ± 0.024 65.47 ± 0.041 >100
7f 3-OMe 69.12 ± 0.039 78.98 ± 0.058 64.47 ± 0.05 >100
7g 4-OMe 60 ± 0.047 68.28 ± 0.039 61.01 ± 0.029 >100
7h 4-F 66.4 ± 0.046 74.6 ± 0.051 70.62 ± 0.054 >100
7i 3-Cl 21.4 + 0.016 30.01 ± 0.02 17.9 ± 0.014 >100
7j 4-Cl 46.95 ± 0.021 57.91 ± 0.04 53.34 ± 0.037 >100
7k 3-Br 58.19 ± 0.022 66.29 ± 0.037 62.01 ± 0.041 >100
7l 4-Br 73.92 ± 0.043 60.04 ± 0.031 58.03 ± 0.04 >100
7m 3-NO2 12.54 ± 0.001 17.66 ± 0.012 13.14 ± 0.005 >100
7n 4-NO2 46.35 + 0.028 60.17 + 0.045 61.66 + 0.052 >100
7o 3-OMe-4-OH 14.95 + 0.001 17.76 + 0.014 15.09 + 0.001 >100
7p 2,4-Cl2 72.48 ± 0.058 76.3 ± 0.046 81.84 ± 0.063 >100
7q 3,4,5-(OMe)3 72.81 ± 0.052 81.28 ± 0.06 67.4 ± 0.048 >100
etoposide 24.35 ± 0.001 32.15 ± 0.021 30.63 ± 0.014 >100

aValues are the means of three replicates ± standard deviation (SD).

Figure 2. In vitro cell cytotoxicity: MTT assay results of compounds
5a−s against three cancer lines.
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According to the results, most of the compounds showed good
cytotoxic effects against all tested cell lines (IC50 less than 92
μM). Attachments of different electron-withdrawing groups
such as bromo, fluoro, and chloro on the phenyl ring did not
cause any significant change in comparison with 5a. As shown
in Table 1, compound 5o with 3-NO2 substituent had a
comparable antiproliferative activity with etoposide. The best
results were observed for compound 5b with 2-OH
substituent. This compound showed more potent activity
than etoposide, especially against Panc-1 cancer cells (IC50 =
20.3, 22.5, and 28.2 μM against Panc-1, PC3, and MDA-MB-
231 cell lines, respectively).
As depicted in Table 2 and Figure 3, all of the 12-aryl-11-

hydroxy-5,6-dihydropyrrolo [2″,1″:3′,4′]pyrazino[1′,2′:1,5]-
pyrrolo[2,3-d]pyridazine-8(9H)-ones (7a−q) showed moder-
ate to good antiproliferative activity. Compound 7o with 3-
OCH3-4-OH substitutions showed potent results against all
tested cancer cells and was about two times more potent than
etoposide. However, other compounds with electron-donating
groups such as methyl, methoxy, and hydroxy on the C-2, C-3,
and C-4 positions exhibited moderate inhibitor activities.
Additionally, compounds containing electron-withdrawing
groups, such as fluoro and bromo substitutions, had moderate
anticancer effects. In contrast, 3-chloro and 3-nitro-containing
derivatives showed better anticancer effects than etoposide
against all tested cases. The compound 7m, which exhibited
the highest potency against all cancer cells, contained a 3-NO2
substitution. According to the IC50 values, compound 7m
demonstrated twice the potency of etoposide in all cases, with
IC50 = 12.5, 17.7, and 13.1 μM against Panc-1, PC3, and
MDA-MB-231 cell lines, respectively.

1-Substituted-5,6-dihydrodipyrrolo[1,2-a:2′,1′-c]pyrazine-
2,3-dicarboxylate derivatives and 2-OH containing compound
5b exhibited minimal cytotoxic effects more potent than
etoposide with the best results against Panc-1 cancer cells. On
the other hand, among the synthesized tetrahydropyrrolo-
pyrazino−pyrrolo-pyridazines (7a−q), attachment of electron-
withdrawing groups on the phenyl ring had positive effects on
the antiproliferative activity of target compounds. However,
the nature and position of substituted groups were really
important. The best results were seen in compounds 7m, 7i,
and 7o, which contained 3-NO2, 3-Cl, and 3-OMe-4-OH
substitutions on their phenyl rings. Compound 7m with the
highest cytotoxic activity against Panc-1 (IC50 = 12.5 μM) was
selected for further biological evaluation.
Apoptosis-Inducing Activity. The flow cytometry

analysis was conducted in Panc-1 cells to investigate the
mechanism of cell death induced by the highly active
compound 7m; in this study, Panc-1 cancer cells were exposed
to the IC50 concentration of compound 7m for 48 h. Then, the
treated cells were harvested and stained with FITC annexin V
and propidium iodide (PI) solutions, respectively. The
percentages of apoptotic cells were determined using the
flow cytometry annexin V-FITC/PI dual staining assay.
Untreated cells were utilized as the negative control. According
to the results shown in Figure 4, the treatment of Panc-1
cancer cells with compound 7m at IC50 concentration resulted
in 11.01% of cell apoptosis, while the untreated cells exhibited
8.24% of apoptotic cell death. These findings suggested that
the cytotoxicity of compound 7m is linked to the induction of
cellular apoptosis in a concentration-dependent manner, which
is depicted in Figure 4 and tabulated in Table 3.

Figure 3. In vitro cell cytotoxicity: MTT assay results of compounds 7a−q against three cancer lines.

Figure 4. Flow cytometric analysis of Panc-1 cells. (A) Nontreated cells as the negative control group; (B) treated with 7m at IC50 concentration.
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Cell Cycle Arrest. A cell cycle analysis was conducted to
examine the impact of the highly potent compound 7m on the
proliferation of cancer cells at specific checkpoints in Panc-1
cancer cells. In this experiment, Panc-1 cancer cells were
exposed to compound 7m at its IC50 concentration for 48 h.
Untreated cells were used as the negative control in this
experiment. After 48 h of treatment with compound 7m, the
cancer cells were collected, stained with PI, and analyzed using
flow cytometry. The DNA content of the cells was measured
by binding to PI, which acts as a fluorescent agent. The results,
shown in Figure 4, revealed that treatment of Panc-1 cells with
compound 7m at the IC50 concentration increased the
proportion of cells in the sub-G1 phase from 1.82% (in the
control group) to 5.47% (in the treated cells). These findings
provide evidence that compound 7m significantly induces sub-
G1 phase arrest in Panc-1 cancer cells (Figure 5).
Western Blotting Assay. A Western blot analysis was

performed in Panc-1 cells to further investigate the kinase
inhibition of compound 7m. Panc-1 cancer cells were treated
with the IC50 concentration of compound 7m. Subsequently,
cell lysates were collected for Western blot analysis to evaluate
the expression of caspase-3, cleaved-caspase-3, pro-caspase-3,
and B-actin proteins. The results from Figure 6 indicate a
downregulation of cleaved-caspase-3 and caspase-3 protein
levels in Panc-1 cancer cells, while the protein levels of pro-
caspase-3 and β-actin remained unchanged.

■ CONCLUSIONS
In this study, a novel series of pyrrolopyrazine derivatives has
been designed and synthesized. Some of the synthesized
compounds exhibit promising anticancer activities. The
synthesis pathway for the first series (5a−s) involved an
efficient one-pot three-step reaction, resulting in the creation of
19 derivatives. Based on the biological results, most of the

synthesized compounds exhibited moderate to good anti-
proliferative activity. Compound 5b emerged as the most
promising candidate, displaying the best results against Panc-1
cell lines (IC50 = 20.3 compared to etoposide IC50 = 24.3 μM).
As for the second series (7a−q), compound 7m containing 3-
NO2 substitution showed the highest potency. Moreover, this
compound demonstrated nearly twice the potency of etoposide
against all tested cell lines. Additional evaluation through
annexin V-FITC/PI dual staining assay and cell cycle analysis
confirmed that compound 7m induced significant apoptotic
cell death and caused sub-G1 phase cell cycle arrest in Panc-1
cancer cells. Western blotting analysis further validated the
kinase inhibition activity of compound 7m in Panc-1 cancer
cells, as evidenced by the downregulation of cleaved-caspase-3
and caspase-3 protein levels. Consequently, this research
underscores the promising potential of these pyrropyrazine
derivatives as viable candidates for subsequent modifications in
the pursuit of innovative anticancer agents.

■ EXPERIMENTAL SECTION
General Chemistry.Melting points were determined using

a Thermo Scientific 9100 instrument. IR spectra were recorded
on Bruker Tensor 27 Equinox 55 infrared spectrophotometer
(ν in cm−1). Mass spectra were obtained using an Agilent

Table 3. Apoptosis Assay of Panc-1 Cells (Treated with 7m
at IC50 Concentration)

live cells
(%)

early apoptosis
(%)

late apoptosis
(%)

necrosis
(%)

control 91.2 4.12 4.12 0.586
treated 88.1 5.56 5.45 0.851

Figure 5. Cell cycle analysis of Panc-1 cells by flow cytometric analysis. (A) Nontreated cells as the control group; (B) treated with 7m at IC50
concentration.

Figure 6. Western blot analysis of compound 7m (sample) in Panc-1
cancer cells. Caspase-3 proteins expression (pro-caspase-3: upper
band; cleaved-caspase-3: two lower bands) is shown. Actin used as an
internal control (TCL: total cell lysate).
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5975C VL MSD (ion source: EI+, 70 eV, 230 °C). The 1H and
13C NMR spectra were recorded in dimethyl sulfoxide
(DMSO-d6) and deuterated chloroform CDCl3 on a Bruker
FT-500 MHz spectrometer, with tetramethylsilane (TMS) as
the internal reference. Coupling constants were reported in
Hertz (Hz), and chemical shifts were given as δ value (ppm).
The detailed characterization data and atom numbering are
presented in Figure 7.

General Procedure for the Synthesis of Dimethyl 1-
Substituted-5,6-dihydrodipyrrolo[1,2-a:2′,1′-c]pyrazine-2,3-
dicarboxylate (5a−s). A solution of arylglyoxal (1 mmol), N-
ethyl amino pyrrole (1 mmol), and three drops of acetic acid in
DCM (5 mL) was stirred at room temperature for 2 h. Upon
completion of the reaction, as indicated by thin layer
chromatography (TLC), triphenylphosphine (0.5 mmol) and
dimethyl acetylene dicarboxylate (0.5 mmol) in DCM (0.5
mL) were added to the mixture. Then, the reaction mixture
was stirred at room temperature for 10 min (monitored by
TLC). Finally, the crude product was purified by column
chromatography on silicon dioxide (SiO2) using progressively
more nonpolar eluent (70:30 petroleum ether/ethyl acetate, v/
v), to afford the desired compounds 5a−s in good yield (60−
80%).

Dimethyl-1-phenyl-5,6-dihydrodipyrrolo[1,2-a:2′,1′-c]-
pyrazine-2,3-dicarboxylate (5a). Green crystal; yield: 70%;
mp 140−142 °C; 1H NMR (500 MHz, CDCl3) δ: 3.71 (s, 3H,
CH3), 3.84 (s, 3H, CH3), 4.25 (t, 2H, J = 6 Hz, CH2), 4.79 (t,
2H, J = 6.0 Hz, CH2), 5.94 (dd, 1H, J = 3.7, 1.4 Hz, Hb), 6.04
(dd, 1H, J = 3.7, 2.7 Hz, Ha), 6.67 (dd, 1H, J = 2.6, 1.4 Hz,
Hc), 7.32−7.36 (m, 1H, HAr), 7.38 (t, 2H, J = 7.9 Hz, HAr),
7.43 (d, 2H, J = 7.9 Hz, HAr); 13C NMR (125 MHz, CDCl3) δ:
43.4, 44.0, 51.9, 52.4, 107.2, 109.2, 117.8, 119.3, 120.8, 122.4,
125.1, 127.7, 127.9, 128.5, 130.0, 133.3, 161.1, 166.8;
calculated mass: 350.13; electrospray ionization mass spec-
trometry (ESI-MS) m/z: 350 [M]+. Anal. calcd for
C20H18N2O4: C, 68.56; H, 5.18; N, 8.; found: C, 68.33; H,
5.37; N, 7.81%.

Dimethyl-1-(2-hydroxyphenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5b). Green powder;
yield: 60%; mp 200−203 °C; 1H NMR (500 MHz, CDCl3)
δ: 3.74 (s, 3H, CH3), 3.85 (s, 3H, CH3), 4.27 (q, 2H, J = 5.2
Hz, CH2), 4.65 (dt, 1H, J = 13.2, 6.4 Hz, CH2), 4.94 (dt, 1H, J
= 11.0, 5.0 Hz,CH2), 5.72 (dd, 1H, J = 3.8, 1.6 Hz, Hb), 5.93
(s, 1H, OH), 6.04 (dd, 1H, J = 4.0, 2.4 Hz, Ha), 6.65−6.68 (m,
1H, Hc), 6.95 (t, 1H, J = 7.4 Hz, HAr), 7.06 (d, 1H, J = 8.2 Hz,
HAr), 7.21 (d, 1H, J = 7.6 Hz, HAr), 7.31 (t, 1H, J = 7.7 Hz,
HAr); 13C NMR (125 MHz, CDCl3) δ: 43.5, 43.9, 52.0, 52.7,
107.7, 109.8, 113.1, 117.2, 118.7, 119.0, 120.1, 120.9, 121.1,
121.8, 129.1, 130.2, 132.2, 154.4, 161.0, 167.2; calculated
mass: 366.12; ESI-MS m/z: 366.1 [M]+. Anal. calcd for

C20H18N2O5: C, 65.57; H, 4.95; N, 7.65.; found: C,65.39; H,
5.12; 7.76%.

Dimethyl-1-(3-hydroxyphenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5c). White powder;
yield: 61%; mp 138−140 °C; 1H NMR (500 MHz, CDCl3)
δ: 3.72 (s, 3H, CH3), 3.83 (s, 3H, CH3), 4.21 (t, 2H, J = 6.0
Hz, CH2), 4.75 (t, 2H, J = 5.9 Hz, CH2), 5.61 (s, 1H, OH),
6.02 (d, 1H, J = 3.9 Hz, Hb), 6.05 (s, 1H, Ha), 6.66 (s, 1H, Hc),
6.81 (d, 1H, J = 7.8 Hz, HAr), 6.87 (s, 1H, HAr), 6.96 (d, 1H, J
= 7.3 Hz, HAr), 7.23 (t, 1H, J = 7.7 Hz, HAr); 13C NMR (125
MHz, CDCl3) δ: 43.3, 43.9, 51.9, 52.5, 107.4, 109.3, 114.8,
116.8, 117.7, 118.9, 120.9, 122.3, 125.0, 127.9, 129.7, 134.6,
155.9, 161.0, 167.1; calculated mass: 366.12; ESI-MS m/z:
366.3 [M]+. Anal. calcd for C20H18N2O5: C, 65.57; H, 4.95; N,
7.65.; found: C, 65.53; H, 5.05; N, 7.56%.

Dimethyl-1-(2-tolyl)-5,6-dihydrodipyrrolo[1,2-a:2′,1′-c]-
pyrazine-2,3-dicarboxylate (5d). Green powder; yield:
(70%); mp 158−160 °C; 1H NMR (500 MHz, CDCl3) δ:
2.17 (s, 3H, CH3), 3.65 (s, 3H, CH3), 3.85 (s, 3H, CH3), 4.25
(t, 2H, J = 6.0 Hz, CH2), 4.80−4.82 (m, 2H, CH2), 5.49 (dd,
1H, J = 3.8, 1.5 Hz, Hb), 6.01 (dd, 1H, J = 3.7, 2.7 Hz, Ha),
6.65 (dd, 1H, J = 2.6, 1.4 Hz, Hc), 7.19−7.23 (m, 2H, HAr),
7.27 (d, 2H, J = 2.4 Hz, H−Ar); 13C NMR (125 MHz, CDCl3)
δ: 20.1, 43.3, 44.0, 51.8, 52.1, 106.5, 109.5, 118.0, 118.6, 120.7,
122.6, 124.8, 125.8, 127.9, 128.1, 129.9, 130.9, 132.7, 138.1,
161.1, 166.3; calculated mass: 364.14; ESI-MS m/z: 364.14
[M]+. Anal. calcd for C21H20N2O4: C, 69.22; H, 5.53; N, 7.69.;
found: C, 69.01; H, 5.81; 7.89%.

Dimethyl-1-(3-tolyl)-5,6-dihydrodipyrrolo[1,2-a:2′,1′-c]-
pyrazine-2,3-dicarboxylate (5e). Cream powder; mp 128−
130 °C; yield (66%); 1H NMR (500 MHz, CDCl3) δ: 2.37 (s,
3H, CH3), 3.72 (s, 3H, CH3), 3.84 (s, 3H, CH3), 4.25 (t, 2H, J
= 6.0 Hz, CH2), 4.79 (t, 2H, J = 5.9, Hz, CH2), 5.97 (d, 1H, J
= 3.8 Hz, Hb), 6.06 (d, 1H, J = 3.3 Hz, Ha), 6.67 (d, 1H, J =
2.5 HZ, Hc), 7.15 (d, 1H, J = 7.3 Hz, HAr), 7.22 (d, 1H, J = 7.4
Hz, HAr), 7.27 (d, 2H, J = 10.6 Hz, HAr); 13C NMR (125 MHz,
CDCl3) δ: 21.5, 43.3, 44.0, 51.8, 52.3, 107.1, 109.2, 117.7,
119.4, 120.8, 122.5, 125.1, 127.0, 127.9, 128.3, 128.4, 130.6,
133.1, 137.9, 161.0, 166.8; calculated mass: 364.14; ESI-MS
m/z: 364.2 [M]+. Anal. calcd for C21H20N2O4: C, 69.22; H,
5.53; N, 7.69.; found: C, 69.01; H, 5.78; N: 7.91%.

Dimethyl-1-(4-tolyl)-5,6-dihydrodipyrrolo[1,2-a:2′,1′-c]-
pyrazine-2,3-dicarboxylate (5f). Green crystal; mp 164−166
°C; yield (68%); 1H NMR (500 MHz, CDCl3) δ: 2.39 (s, 3H,
CH3), 3.72 (s, 3H, CH3), 3.83 (s, 3H, CH3), 4.24 (t, 2H, J =
5.8 Hz, CH2), 4.78 (d, 2H, J = 5.8 Hz, CH2), 5.98 (dd, 1H, J =
3.6, 1.4 Hz, Hb), 6.02−6.09 (m, 1H, Ha), 6.66 (dd, 1H, J = 2.8,
1.6 Hz, Hb), 7.19 (d, 2H, J = 7.8 Hz, HAr), 7.32 (d, 2H, J = 8
Hz, HAr); 13C NMR (125 MHz, CDCl3) δ: 21.4, 43.3, 43.9,
51.8, 52.3, 107.1, 109.1, 117.6, 119.3, 120.7, 122.5, 125.1,
127.9, 129.2, 129.8, 130.1, 137.3, 161.0, 166.9; calculated
mass: 364.14; ESI-MS m/z: 364 [M]+. Anal. calcd for
C21H20N2O4: C, 69.22; H, 5.53; N, 7.69.; found: C, 68.97;
H, 5.72; N, 7.93%.

Dimethyl-1-(3-methoxyphenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5g). Green powder; mp
138−140 °C; yield (65%); 1H NMR (500 MHz, DMSO-d6) δ:
3.64 (s, 3H, CH3), 3.74 (s, 3H, CH3), 3.77 (s, 3H, CH3), 4.32
(t, 2H, J = 5.6 Hz, CH2), 4.66 (t, 2H, J = 5.7 Hz, CH2), 5.86
(dd,1H, J = 3.7, 1.5 Hz, Hb), 5.98−6.01 (m, 1H, Ha), 6.88
(d,1H, J = 2.2 Hz, Hc), 6.90−6.95 (m, 3H, HAr), 7.33 (t, 1H, J
= 7.9 Hz, HAr); 13C NMR (125 MHz, DMSO-d6): δ= 43.0,
43.2, 51.7, 52.0, 55.0, 106.1, 108.4, 113.0, 115.0, 117.4, 117.8,

Figure 7. Atom numbering of target compounds 5a−s and 7a−q.
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121.2, 121.6, 121.7, 123.9, 126.9, 129.4, 134.3, 159.0, 160.0,
165.8; calculated mass: 380.14; ESI-MS m/z: 380 [M]+. Anal.
calcd for C21H20N2O5: C, 66.31; H, 5.30; N, 7.36.; found: C,
66.08; H, 5.42; C, 7.61%.

Dimethyl-1-(4-methoxyphenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5h). Green powder; mp
198−200 °C; yield (66%); 1H NMR (500 MHz, CDCl3) δ:
3.72 (s, 3H, CH3), 3.84 (s, 3H, CH3), 3.84 (s, 3H, CH3), 4.24
(t, 2H, J = 5.8 Hz, CH2), 4.77 (t, 2H, J = 5.8, CH2), 5.96 (d,
2H, J = 3.8 Hz, Hb), 6.03−6.06 (m, 1H, Ha), 6.66 (s, 1H, Hc),
6.92 (d, 2H, J = 8.4 Hz, HAr), 7.35 (d, 2H, J = 8.4 Hz, HAr);
13C NMR (125 MHz, CDCl3) δ: 43.3, 43.9, 51.8, 52.3, 55.3,
107.0, 109.2, 113.9, 117.6, 118.9, 120.7, 122.5, 125.1, 125.3,
128.0, 131.1, 159.1, 161.0, 166.9; calculated mass: 380.14; ESI-
MS m/z: 380.2 [M]+. Anal. calcd for C21H20N2O5: C, 66.31;
H, 5.30; N, 7.36.; found: C, 66.02; H, 5.47; 7.58%.

Dimethyl-1-(2-fluorophenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5i). Green crystal; mp
138−140 °C; yield (64%); 1H NMR (500 MHz, DMSO-d6) δ:
3.61 (s, 3H, CH3), 3.79 (s, 3H, CH3), 4.32 (t, 2H, J = 5.8 Hz,
CH2), 4.64 (t, 2H, J = 5.8 Hz, CH2), 5.60 (d, 1H, J = 3.3 Hz,
Hb), 5.96−6.03 (m, 1H, Ha), 6.92 (dd, 1H, J = 2.6, 1.4 Hz, Hc)
7.27 (dt, 2H, J = 14.9, 8.4 Hz, HAr), 7.34 (t, 1H, J = 7.2 Hz,
HAr), 7.45 (d, 1H, J = 7.0 Hz, HAr); 13C NMR (125 MHz,
DMSO-d6): δ= 43.1, 43.3, 51.8, 51.9, 105.5, 108.6, 110.9,
115.54 (d, J = 22 Hz), 119.4, 120.66 (d, J = 16.5 Hz), 121.0,
121.6, 122.9, 124.3, 127.4, 130.6 (d, J = 8.2 Hz), 132.4, 158.9,
160.3, 160.8, 164.9; calculated mass: 368.12; ESI-MS m/z: 368
[M]+. Anal. calcd for C20H17FN2O4: C, 65.21; H, 4.65; N,
7.60.; found: C, 64.98; H, 4.42; 7.84%.

Dimethyl-1-(4-fluorophenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5j). White powder; mp
170−172 °C; yield (71%); 1H NMR (500 MHz, CDCl3) δ:
3.71 (s, 3H, CH3), 3.84 (s, 3H, CH3), 4.25 (t, 2H, J = 5.9 Hz,
CH2), 4.78 (t, 2H, J = 5.9 Hz, CH2), 5.89 (dd, 1H, J = 3.7, 0.7
Hz, Hb), 6.06 (dd, 1H, J = 3.7, 2.6 Hz, Ha), 6.66−6.70 (m, 1H,
Hc) 7.08 (t, 2H, J = 8.8, HAr), 7.39 (dd, 2H, J = 8.7, 5.5 Hz,
HAr); 13C NMR (125 MHz, CDCl3) δ: 43.4, 44.0, 51.9, 52.4,
107.0, 109.3, 115.48 (d, J = 21.4 Hz), 118.05 (d, J = 20.7 Hz),
120.9, 122.2, 125.0, 128.0, 129.2, 131.8 (d, J = 8.1 Hz), 161.0,
161.5, 163.5, 166.6; calculated mass: 368.12; ESI-MS m/z:
368.2 [M]+. Anal. calcd for C20H17FN2O4: C, 65.21; H, 4.65;
N, 7.60.; found: C, 65.01; H, 4.48; N, 7.89%.

Dimethyl-1-(3-chlorophenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5k). Light green pow-
der; mp 140−142 °C; yield (79%); 1H NMR (500 MHz,
CDCl3) δ: 3.73 (s, 3H, CH3), 3.85 (s, 3H, CH3), 4.26 (t, 2H, J
= 5.9 Hz, CH2), 4.78 (t, 2H, J = 5.9 Hz, CH2), 5.95 (dd, 1H, J
= 3.8, 1.4 Hz, Hb), 6.07 (t, 1H, J = 3.2 Hz, Ha), 6.67−6.71
(1H, m, Hc), 7.30−7.34 (m, 3H, HAr), 7.44 (s, 1H, HAr); 13C
NMR (125 MHz, CDCl3) δ: 43.4, 44.0, 52.0, 52.4, 107.2,
109.4, 117.7, 118.2, 121.1, 122.0, 124.8, 127.9, 127.9, 128.3,
129.7, 130.0, 134.2, 135.2, 161.0 166.4; calculated mass:
384.09; ESI-MS m/z: 384.2 [M]+. Anal. calcd for
C20H17ClN2O4: C, 62.42; H, 4.45; N, 7.28.; found: C, 62.15;
H, 4.74; 7.49%.

Dimethyl-1-(4-chlorophenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5l). Green powder; mp
195−198 °C; yield (62%); 1H NMR (500 MHz, CDCl3) δ:
3.72 (s, 3H, CH3), 3.84 (s, 3H, CH3), 4.25 (t, 2H, J = 5.9 Hz,
CH2), 4.77 (t, 2H, J = 5.9 Hz, CH2), 5.94 (dd, 1H, J = 3.8, 1.4
Hz, Hb), 6.06 (dd, 1H, J = 3.7, 2.6 Hz, Ha), 6.68 (dd, 1H, J =
2.5, 1.4 Hz, Hc), 7.33−7.39 (4H, m, HAr); 13C NMR (125

MHz, CDCl3) δ: 43.4, 43.9, 51.9, 52.4, 107.1, 109.3, 117.8,
118.1, 121.0, 122.1, 124.8, 127.9, 128.7, 131.4, 131.8, 135.6,
160.9, 166.5; calculated mass: 384.09; ESI-MS m/z: 384 [M]+.
Anal. calcd for C20H17ClN2O4: C, 62.42; H, 4.45; N, 7.28.;
found: C, 62.21; H, 4.67; N, 7.37%.

Dimethyl-1-(3-bromophenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5m). Green crystal; mp
145−146 °C; yield (73%); 1H NMR (500 MHz, DMSO-d6) δ:
3.65 (s, 3H, CH3), 3.78 (s, 3H, CH3), 4.32 (t, 2H, J = 5.9 Hz,
CH2), 4.64 (t, 2H, J = 5.9 Hz, CH2), 5.77 (dd, 1H, J = 3.7, 1.5
Hz, Hb), 6.01 (dd, 1H, J = 3.8, 2.6 Hz, Ha), 6.94 (dd, 1H, J =
2.6, 1.4 Hz, Hc), 7.34 (d, 1H, J = 7.7 Hz, HAr), 7.39 (t, 1H, J =
7.8, HAr), 7.50 (s, 1H, HAr), 7.57 (d, 1H, J = 7.9 Hz, HAr),:13C
NMR (125 MHz, DMSO-d6) δ: 43.0, 43.3, 51.8, 52.0, 105.8,
108.5, 115.9, 118.5, 120.9, 121.4, 121.8, 123.3, 127.0, 128.6,
130.3, 130.6, 132.0, 135.4, 160.0, 165.5; calculated mass:
428.04; ESI-MS m/z: 430 [M]+. Anal. calcd for
C20H17BrN2O4: C, 55.96; H, 3.99; N, 6.53.; found: C, 56.04;
H, 4.11; N, 6.45%.

Dimethyl-1-(4-bromophenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5n). Green crystal; mp
210−214 °C; yield (60%); 1H NMR (500 MHz, CDCl3) δ:
3.72 (s, 3H, CH3), 3.84 (s, 3H, CH3), 4.25 (t, 2H, J = 5.9 Hz,
CH2), 4.78 (t, 2H, J = 5.9 Hz, CH2), 5.94 (dd, 1H, J = 3.7, 1.3
Hz, Hb), 6.07 (dd, 1H, J = 3.5, 2.9 Hz, Ha), 6.68 (dd, 1H, J =
2.6, 1.5 Hz, Hc), 7.31 (d, 2H, J = 8.5 Hz, HAr), 7.51 (d, 2H, J =
8.5 Hz, HAr); 13C NMR (125 MHz, DMSO-d6) δ: 43.4, 44.0,
52.0, 52.4, 107.2, 109.4, 117.9, 118.2, 121.0, 121.9, 122.1,
124.8, 127.9, 131.7, 132.3, 161.0, 166.6; calculated mass: 428;
ESI-MS m/z: 428 [M]+. Anal. calcd for C20H17BrN2O4: C,
55.96; H, 3.99; N, 6.53.; found: C, 56.02; H, 4.02; N, 6.36%.

Dimethyl-1-(3-nitrophenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5o). Green powder; mp
180−182 °C; yield (71%); 1H NMR (500 MHz, CDCl3) δ:
3.74 (s, 3H, CH3), 3.86 (s, 3H, CH3), 4.28 (t, 2H, J = 5.8 Hz,
CH2), 4.79 (t, 2H, J = 5.8 Hz, CH2), 5.86 (dd, 1H, J = 3.8, 1.4
Hz, Hb), 6.06 (dd, 1H, J = 3.8, 2.6 Hz, Ha), 6.68−6.72 (m, 1H,
Hc), 7.57 (t, 1H, J = 7.9 Hz, HAr), 7.79 (d, 1H, J = 7.6 Hz,
HAr), 8.21 (d, 1H, J = 8.2 Hz, HAr), 8.33 (s, 1H, HAr); 13C
NMR (125 MHz, CDCl3) δ: 43.5, 44.0, 52.1, 52.4, 107.0,
109.5, 116.5, 118.9, 121.4, 121.6, 122.6, 124.4, 125.1, 128.0,
129.4, 135.3, 136.4, 148.4, 160.9, 166.1; calculated mass:
395.11; ESI-MS m/z: 395.1 [M]+. Anal. calcd for C20H17N3O6:
C, 60.76; H, 4.33; N, 10.63.; found: C, 60.98; H, 4.16; N,
10.51%.

Dimethyl-1-(4-nitrophenyl)-5,6-dihydrodipyrrolo[1,2-
a:2′,1′-c]pyrazine-2,3-dicarboxylate (5p). Dark orange pow-
der; mp 230−232 °C; yield (68%); 1H NMR (500 MHz,
CDCl3) δ: 3.73 (s, 3H, CH3), 3.86 (s, 3H, CH3), 4.29 (t, 2H, J
= 5.9 Hz, CH2), 4.79 (t, 2H, J = 5.9 Hz, CH2), 5.94 (dd, 1H, J
= 3.8, 1.4 Hz, Hb), 6.08 (dd, 1H, J = 3.8, 2.6 Hz, Ha), 6.69−
6.74 (m, 1H, Hc),7.63 (d, 2H, J = 8.7 Hz, HAr), 8.25 (d, 2H, J
= 8.6 Hz, HAr); 13C NMR(125 MHz, DMSO-d6) δ: 43.1, 43.4,
52.0, 52.5, 106.3, 108.6, 115.4, 119.2, 120.5, 122.0, 123.0,
123.7, 127.1, 130.6, 140.4, 146.5, 160.0, 165.3; calculated
mass: 395.11; ESI-MS m/z: 395.3 [M]+. Anal. calcd for
C20H17N3O6: C, 60.76; H, 4.33; N, 10.63.; found: C, 60.92; H,
4.12; N, 10.38%.

Dimethy l -1- (4 -hydroxy-3-methoxypheny l ) -5 ,6 -
dihydrodipyrrolo[1,2-a:2′,1′-c]pyrazine-2,3-dicarboxylate
(5q). Light green powder; mp 215−216 °C; yield (80%); 1H
NMR (500 MHz, CDCl3) δ: 3.73 (s, 3H, CH3), 3.83 (s, 3H,
CH3), 3.84 (s, 3H, CH3), 4.24 (t, 2H, J = 5.8 Hz, CH2), 4.78
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(t, 2H, J = 5.8 Hz, CH2), 5.73 (s, 1H, OH), 6.03 (d, 1H, J =
3.9 HZ, Hb), 6.06 (dd, 1H, J = 3.8, 2.3 Hz, Ha), 6.67 (dd, 1H, J
= 2.7, 1.4 Hz, Hc), 6.93 (s, 2H, HAr), 6.96 (s, 2H, HAr); 13C
NMR (125 MHz, CDCl3) δ: 43.3, 44.0, 51.8, 52.4, 56.0, 107.2,
109.2, 112.7, 114.5, 117.5, 119.1, 120.8, 122.4, 125.2, 128.0,
145.3, 146.4, 161.0, 167.0; calculated mass: 396.13; ESI-MS
m/z: 396.2 [M]+. Anal. calcd for C21H20N2O6: C, 63.63; H,
5.09; N, 7.07.; found: C, 63.42; H, 4.91; N, 7.35%.

Dimethyl-1-(2,4-dichlorophenyl)-5,6-dihydrodipyrrolo-
[1,2-a:2′,1′-c]pyrazine-2,3-dicarboxylate (5r). Dark green
powder; mp 161−163 °C; yield (72%); 1H NMR (500
MHz, CDCl3) δ: 3.69 (s, 3H, CH3), 3.86 (s, 3H, CH3), 4.22−
4.31 (m, 2H, CH2), 4.77 (t, 2H, J = 5.9 Hz, CH2), 5.64 (dd,
1H, J = 3.4, 1.8 Hz, Hb), 6.07 (dd, 1H, J = 3.3 Hz, Ha), 6.66−
6.74 (m, 1H, Hc), 7.30 (d, 2H, J = 2.2 HZ, HAr), 7.51 (d, 1H, J
= 1.8 Hz, HAr); 13C NMR (125 MHz, CDCl3) δ: 43.3, 43.8,
51.9, 52.1, 106.8, 109.5, 115.1, 119.2, 120.9, 121.9, 123.7,
127.1, 128.0, 129.5, 131.2, 133.4, 134.5, 135.9, 161.1, 165.4;
calculated mass: 418.05; ESI-MS m/z: 418.2 [M]+. Anal. calcd
for C20H16Cl2N2O4: C, 57.30; H, 3.85; N, 6.68.; found: C,
57.47; H, 3.69; N, 6.73%.

D i m e t h y l - 1 - ( 3 , 4 , 5 - t r i m e t h o x y p h e n y l ) - 5 , 6 -
dihydrodipyrrolo[1,2-a:2′,1′-c]pyrazine-2,3-dicarboxylate
(5s). Green crystal; mp 164−167 °C; yield (60%);1H NMR
(500 MHz, CDCl3) δ: 3.75 (s, 3H, CH3), 3.80 (s, 6H, 2CH3),
3.83 (s, 3H, CH3), 3.89 (s, 3H, CH3), 4.25 (t, 2H, J = 5.8 Hz,
CH2), 4.78 (t, 2H, J = 5.9 Hz, CH2), 6.07 (dd, 1H, J = 3.6, 2.4
Hz, Hb), 6.13 (dd, 1H, J = 3.8, 1.4 Hz, Ha), 6.65−6.70 (3H, m,
Hc, 2 HAr); 13C NMR (125 MHz, CDCl3) δ: 43.3, 43.9, 51.8,
52.4, 56.2, 61.0, 107.0, 107.4, 109.2, 117.6, 118.9, 120.9, 122.2,
125.1, 127.8, 128.5, 137.5, 153.1, 160.8, 167.0; calculated
mass: 440.16; ESI-MS m/z: 440 [M]+. Anal. calcd for
C23H24N2O7: C, 62.72; H, 5.49; N, 6.36.; found: C,62.89; H,
5.72; N, 6.64%.

General Procedure for the Synthesis of 12-Aryl-11-
hydroxy-5,6-dihydropyrrolo[2″,1″:3′,4′]pyrazino[1′,2′:1,5]-
pyrrolo[2,3-d]pyridazine-8(9H)-one (7a−q). To a solution of
phthalate 5a−s (1 mmol) in EtOH (2 mL), hydrazine hydrate
(1 mmol) 6 was added. Then, the mixture was refluxed for 10
h. After cooling to room temperature and evaporating the
solvents under reduced pressure, the crude product was
washed with water, followed by filtration and drying under
vacuum, resulting in the cyclic hydrazide 7a−q with yields of
70−82%.

11-Hydroxy-12-phenyl-5,6-dihydropyrrolo[2″,1″:3′,4′]-
pyrazino[1′,2′:1,5]pyrrolo[2,3-d] pyridazin-8(9H)-one (7a).
White powder; mp 350−353 °C; yield (75%); 1H NMR
(500 MHz, DMSO-d6): 4.34 (t, 2H, J = 5.5 Hz, CH2), 4.89 (t,
2H, J = 5.7 Hz, CH2), 5.77−5.82 (m, 1H, Hb), 5.97 (t, 1H, J =
3.2 Hz, Ha), 6.39 (d, 1H, J = 2.2 Hz, Hc) 7.31−7.36 (m, 1H,
HAr), 7.39 (t, 2H, J = 7.1 Hz, HAr), 7.42 (d, 2H, J = 6.8 Hz,
HAr). 13C NMR (125 MHz, DMSO-d6) δ: 42.6, 43.3, 106.3,
108.3, 113.3, 117.1, 121.6, 121.7, 124.8, 126.9, 127.5, 128.4,
130.9, 133.5, 152.6, 153.5; calculated mass: 318.11; ESI-MS
m/z: 318 [M]+. Anal. calcd for C18H14N4O2: C, 67.92; H, 4.43;
N, 17.60.; found: C, 67.78; H, 4.51; N, 17.86%.

11-Hydroxy-12-(3-hydroxyphenyl)-5,6-dihydropyrrolo-
[2″,1″:3′,4′]pyrazino[1′,2′:1,5] pyrrolo[2,3-d]pyridazin-
8(9H)-one (7b). White powder; mp 341−343 °C; yield
(72%); 1H NMR (500 MHz, DMSO-d6) δ: 4.34 (t, 2H, J =
5.9 Hz, CH2), 4.86 (t, 2H, J = 5.8 Hz, CH2), 5.84 (d, 1H, J =
3.7 Hz, Hb), 5.99 (t, 1H, J = 3.2 Hz, Ha), 6.74 (d, 1H, J = 8 Hz,
Hc), 6.81 (d, 2H, J = 7.9 Hz, HAr), 6.93 (s, 1H, HAr), 7.17 (t,

1H, 7.5 Hz, HAr); 13C NMR (125 MHz, DMSO-d6) δ: 42.6,
43.3, 106.6, 108.3, 113.4, 113.9, 116.5, 117.0, 117.9,121.5,
121.6, 124.6, 128.4, 128.7, 131.4, 134.7, 156.6; calculated
mass: 334.11; ESI-MS m/z: 336.2 [M]+. Anal. calcd for
C18H14N4O3: C, 64.67; H, 4.22; N, 16.76.; found: C, 64.48; H,
4.39; N, 16.91%.

11-Hydroxy-12-(o-tolyl)-5,6-dihydropyrrolo[2″,1″:3′,4′]-
pyrazino[1′,2′:1,5]pyrrolo[2,3-d] pyridazin-8(9H)-one (7c).
Yellow powder; mp 321−323 °C; yield (77%); 1H NMR
(500 MHz, DMSO-d6) δ: 2.06 (s,3H, CH3), 4.34 (t, 2H, J =
5.9 Hz, CH2), 4.88−4.90 (m, 2H, CH2), 5.38 (d, 1H, J = 3.7
Hz, Hb), 5.94 (t, 1H, J = 3.1 Hz, Ha), 6.91 (s, 1H, Hc), 7.19−
7.20 (m, 2H, HAr), 7.28−7.29 (m, 2H, HAr); 13C NMR (125
MHz, DMSO-d6) δ: 19.9, 42.6, 43.3, 106.0, 108.6, 117.9,
121.6, 121.8, 124.6, 125.3, 127.4, 128.6, 129.5, 130.5, 131.0,
133.6, 134.2, 136.2, 137.5, 155.4; calculated mass: 332.13. ESI-
MS m/z: 332.3 [M]+. Anal. calcd for C19H16N4O2: C, 68.66;
H, 4.85; N, 16.86.; found: C, 68.44; H, 5.07; N, 16.98%.

11-Hydroxy-12-(m-tolyl)-5,6-dihydropyrrolo[2″,1″:3′,4′]-
pyrazino[1′,2′:1,5]pyrrolo[2,3-d] pyridazin-8(9H)-one (7d).
Cream powder; mp 331−333 °C; yield (71%); 1H NMR
(500 MHz, DMSO-d6) δ: 2.37 (s, 3H, CH3), 4.34 (t, 2H, J =
5.8 Hz, CH2), 4.88 (t, 2H, J = 5.8 Hz, CH2), 5.78 (d,1H, J =
3.8 Hz, Hb), 5.97 (t, 1H, J = 3.2 Hz, Ha), 6.89−6.99 (m, 1H,
Hc), 7.15 (d, 1H, J = 7.3 Hz, HAr) 7.20 (d, 1H, J = 7.4 Hz,
HAr), 7.23 (s, 1H, HAr), 7.28 (t, 1H, J = 7.5 Hz, HAr); 13C
NMR (125 MHz, DMSO-d6) δ: 21.0, 42.6, 43.3, 106.3, 108.3,
113.4, 117.2, 121.7, 124.7, 127.5, 127.6, 128.0, 128.4, 128.9,
131.5, 133.4, 136.4, 152.7, 153.6; calculated mass: 332.13; ESI-
MS m/z: 332.1 [M]+. Anal. calcd for C19H16N4O2: C, 68.66;
H, 4.85; N, 16.86.; found: C, 68.37; H, 4.97; N, 17.03%.

11-Hydroxy-12-(p-tolyl)-5,6-dihydropyrrolo[2″,1″:3′,4′]-
pyrazino[1′,2′:1,5]pyrrolo[2,3-d] pyridazin-8(9H)-one (7e).
White powder; mp 340−343 °C; yield (71%); 1H NMR
(500 MHz, DMSO-d6) δ: 2.37 (s, 3H, CH3), 4.35 (t, 2H, J =
5.7 Hz, CH2), 4.86 (t, 2H, J = 5.5 Hz, CH2), 5.81 (dd, 1H, J =
3.8, 1.4 Hz, Hb), 5.98 (t, 1H, J = 3.2 Hz, Ha), 6.93 (t, 1H, J =
2.0 Hz, Hc), 7.20 (d, 2H, J = 7.8 Hz, HAr), 7.29 (d, 2H, J = 7.9
Hz, HAr); 13C NMR (125 MHz, DMSO-d6) δ: 20.9, 42.7, 43.3,
106.5, 108.4, 116.0, 116.9, 121.5, 121.8, 124.2, 128.2, 128.8,
130.2, 130.7, 136.1, 151.8, 153.2; calculated mass: 332.13; ESI-
MS m/z: 332.3 [M]+. Anal. calcd for C19H16N4O2: C, 68.66;
H, 4.85; N, 16.86.; found: C, 68.42; H, 5.11; N, 17.12%.

11-Hydroxy-12-(3-methoxyphenyl)-5,6-dihydropyrrolo-
[2″,1″:3′,4′]pyrazino[1′,2′:1,5] pyrrolo[2,3-d]pyridazin-
8(9H)-one (7f). Yellow powder; mp 280−283 °C; yield
(75%); 1H NMR (500 MHz, DMSO-d6) δ: 3.75 (s, 3H,
OCH3), 4.34 (t, 2H, J = 5.8 Hz, CH2), 4.87 (t, 2H, J = 4.9 Hz,
CH2), 5.85 (d, 1H, J = 3.7 Hz, Hb), 5.98−5.99 (m, 1H, Ha),
6.91−6.93 (m, 2H, Hc, HAr), 6.96−7.00 (m, 2H, HAr), 7.30 (t,
1H, J = 7.8 Hz, HAr); 13C NMR (125 MHz, DMSO-d6) δ:
42.7, 43.3, 55.0, 106.6, 108.4, 112.5, 113.1, 116.6, 117.2, 121.5,
121.8, 123.2, 124.6, 128.6, 134.8, 152.5, 153.4, 158.6, 168.7;
calculated mass: 348.12; ESI-MS m/z: 348.5 [M]+. Anal. calcd
for C19H16N4O3: C, 65.51; H, 4.63; N, 16.08.; found: C, 65.28;
H, 4.73; N, 16.27%.

11-Hydroxy-12-(4-methoxyphenyl)-5,6-dihydropyrrolo-
[2″,1″:3′,4′]pyrazino[1′,2′:1,5] pyrrolo[2,3-d]pyridazin-
8(9H)-one (7g). White powder; mp 337−338 °C; yield
(73%); 1H NMR (500 MHz, DMSO-d6) δ: 3.81 (s, 3H,
OCH3), 4.34 (t, 2H, J = 4.9 Hz, CH2), 4.87 (t, 2H, J = 5.4 Hz,
CH2), 5.83 (dd, 1H, J = 3.7, 1.6 Hz, Hb), 5.99 (t, 1H, J = 3.1
Hz, Ha), 6.92−6.93 (m, 1H, Hc), 6.96 (d, 2H, J = 8.0 Hz, HAr),
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7.33 (d, 2H, J = 8.4 Hz, HAr); 13C NMR (125 MHz, DMSO-
d6) δ: 42.6, 43.3, 55.0, 106.4, 108.4, 113.0, 113.1, 117.1, 121.6,
121.7, 124.5, 125.4, 128.6, 131.9, 152.6, 153.2, 158.3;
calculated mass: 348.12; ESI-MS m/z: 348.2 [M]+. Anal.
calcd for C19H16N4O3: C, 65.51; H, 4.63; N, 16.08.; found: C,
65.29; H, 4.78; N, 16.25%.

12-(4-Fluorophenyl)-11-hydroxy-5,6-dihydropyrrolo-
[2″,1″:3′,4′]pyrazino[1′,2′:1,5] pyrrolo[2,3-d]pyridazin-
8(9H)-one (7h). White powder; mp 340−342 °C; yield
0.241g (72%); 1H NMR (500 MHz, DMSO-d6) δ: 4.35 (t,
2H, J = 5.7 Hz, CH2), 4.87 (t, 2H, J = 5.9 Hz, CH2), 5.80 (d,
1H, J = 3.7 Hz, Hb), 6.00 (t, 1H, J = 3.1 Hz, Ha), 6.94 (d, 1H, J
= 2.5 Hz, Hc), 7.22 (t, 2H, J = 8.6 Hz, HAr), 7.45 (dd, 2H, J =
8.3, 5.6 Hz, HAr); 13C NMR (125 MHz, DMSO-d6) δ: 42.7,
43.3, 106.4, 108.4, 112.0, 114.5 (d, J = 21.2 Hz), 117.1, 121.6
(d, J = 74.1 Hz), 124.5, 125.7, 129.6, 132.8 (d, J = 7.5 Hz),
152.4, 155.5, 162.4, 164.4; calculated mass: 336.10; ESI-MS
m/z: 336.2 [M]+. Anal. calcd for C18H13FN4O2: C, 64.28; H,
3.90; N, 16.66.; found: C, 64.46; H, 3.71; N, 16.83%.

12-(3-Chlorophenyl)-11-hydroxy-5,6-dihydropyrrolo-
[2″,1″:3′,4′]pyrazino[1′,2′:1,5]pyrrolo [2,3-d]pyridazin-
8(9H)-one (7i). Yellow powder; mp 268−270 °C; yield
(78%); 1H NMR (500 MHz, DMSO-d6) δ: 4.34 (t, 2H, J =
5.0 Hz, CH2), 4.89 (t, 2H, J = 5.1 Hz, CH2), 5.82−5.83 (m,
1H, Hb), 6.01 (d, 1H, J = 3.1 Hz, Ha), 6.94 (d, 1H, J = 2.6 Hz,
Hc), 7.38−7.44 (m, 3H, HAr), 7.47 (s, 1H, HAr); 13C NMR
(125 MHz, DMSO-d6) δ: 42.6, 43.3, 106.2, 108.4, 111.8,
117.2, 121.3, 121.9, 125.2, 126.7, 128.2, 129.3, 129.6, 130.6,
132.1, 135.8, 148.3, 152.7; calculated mass: 352.07; ESI-MS
m/z: 352.2 [M]+. Anal. calcd for C18H13ClN4O2: C, 61.28; H,
3.71; N, 15.88.; found: C, 61.05; H, 3.94; N, 15.82%.

12-(4-Chlorophenyl)-11-hydroxy-5,6-dihydropyrrolo-
[2″,1″:3′,4′]pyrazino[1′,2′:1,5] pyrrolo[2,3-d]pyridazin-
8(9H)-one (7j). White powder; mp 335−337 °C; yield
(70%); 1H NMR (500 MHz, DMSO-d6) δ: 4.36 (dd, 2H, J
= 6.9, 4.8 Hz, CH2), 4.86 (t, 2H, J = 5.7 Hz, CH2), 5.81−5.83
(m, 1H, Hb), 6.01 (1H, t, J = 3.2 Hz, Ha), 6.95 (t, 1H, J = 2
Hz, Hc), 7.41−7.45 (4H, m, HAr); 13C NMR (125 MHz,
CDCl3) δ: 42.7, 43.3, 106.6, 108.5, 116.0, 117.0, 121.2, 122.1,
124.5, 125.4, 127.7, 131.8, 132.2, 132.7, 152.7, 154.9;
calculated mass: 352.07; ESI-MS m/z: 352.2 [M]+. Anal.
calcd for C18H13ClN4O2: C, 61.28; H, 3.71; N, 15.88.; found:
C, 61.09; H, 3.91; N, 15.98%.

12-(3-Bromophenyl)-11-hydroxy-5,6-dihydropyrrolo-
[2″,1″:3′,4′]pyrazino[1′,2′:1,5]pyrrolo [2,3-d]pyridazin-
8(9H)-one (7k). White powder; mp 267−270 °C; yield
(80%); 1H NMR (500 MHz, DMSO-d6) δ: 4.35 (t, 2H, J =
5.8 Hz, CH2), 4.88 (t, 2H, J = 5.6 Hz, CH2), 5.82 (dd, 1H, J =
3.8, 1.4 Hz, Hb), 5.95−6.14 (m, 1H, Ha), 6.96 (d, 1H, J = 2.1
Hz, Hc), 7.37 (t, 1H, J = 7.9, HAr), 7.46 (d, 1H, J = 7.3 Hz,
HAr), 7.55 (d, 1H, J = 7.9 Hz, HAr), 7.60 (s, 1H, HAr); 13C
NMR (125 MHz, DMSO-d6) δ: 42.7, 43.3, 106.3, 108.5, 111.4,
114.4, 120.7, 121.2, 122.1, 122.8, 128.7, 129.7 (2), 130.0,
133.4, 135.9, 152.4, 153.2; calculated mass: 396.02; ESI-MS
(m/z): 398 [M]+. Anal. calcd for C18H13BrN4O2: C, 54.43; H,
3.30; N, 14.10.; found: C, 54.16; H, 3.51; N, 14.27%.

12-(4-Bromophenyl)-11-hydroxy-5,6-dihydropyrrolo-
[2″,1″:3′,4′]pyrazino[1′,2′:1,5] pyrrolo[2,3-d]pyridazin-
8(9H)-one (7l). White powder; mp 330−332 °C; yield
(72%); 1H NMR (500 MHz, DMSO-d6) δ: 4.35 (t, 2H, J =
5.6 Hz, CH2), 4.85 (t, 2H, J = 5.5 Hz, CH2), 5.84 (d, 1H, J =
2.5 Hz, Hb), 5.98−6.03 (m, 1H, Ha), 6.95 (s, 1H, Hc) 7.38 (d,
2H, J = 8.3 Hz, HAr), 7.59 (d, 2H, J = 8.3 Hz, HAr); 13C NMR

(125 MHz, DMSO-d6) δ: 42.8, 43.3, 106.7, 108.6, 111.5,
116.9, 120.4, 121.1, 122.2, 124.4, 129.0, 130.6, 132.6, 133.1,
148.6, 152.2; calculated mass: 396.02; ESI-MS (m/z): 396.1
[M]+. Anal. calcd for C18H13BrN4O2: C, 54.43; H, 3.30; N,
14.10.; found: C, 54.21; H, 3.57; N, 14.31%.

11-Hydroxy-12-(3-nitrophenyl)-5,6-dihydropyrrolo-
[2″,1″:3′,4′]pyrazino[1′,2′:1,5] pyrrolo[2,3-d]pyridazin-
8(9H)-one (7m). Yellow powder; mp 320−322 °C; yield
(76%); 1H NMR (500 MHz, DMSO-d6) δ: 4.38 (t, 2H, J = 5.9
Hz, CH2), 4.90 (t, 2H, J = 5.8 Hz, CH2), 5.88 (d, 1H, J = 3.8
Hz, Hb), 6.02 (t, J = 3.2 Hz, 1H, Ha), 6.99 (t, J = 2.0 Hz, 1H,
Hc), 7.69−7.72 (m, 1H, HAr), 7.95 (d, 1H, J = 7.6 Hz, HAr),
8.21 (d, 1H, J = 8.3 Hz, HAr), 8.29 (s, 1H, HAr); 13C NMR
(125 MHz, DMSO-d6) δ: 42.7, 43.3, 106.3, 108.6, 117.0,
119.3, 120.9, 121.8, 122.2, 124.9, 125.4, 125.9, 129.1, 135.1,
137.7, 147.2, 151.3, 153.5; calculated mass: 363.10; ESI-MS
(m/z): 363.1 [M]+. Anal. calcd for C18H13N5O4: C, 59.50; H,
3.61; N, 19.28.; found: C, 59.21; H, 3.68; N, 19.12%.

11-Hydroxy-12-(4-nitrophenyl)-5,6-dihydropyrrolo-
[2″,1″:3′,4′]pyrazino[1′,2′:1,5] pyrrolo[2,3-d]pyridazin-
8(9H)-one (7n). Yellow powder; mp 230−232 °C; yield
(70%); 1H NMR (500 MHz, DMSO-d6) δ: 4.38 (t, 2H, J = 5.9
Hz, CH2), 4.89 (t, 2H, J = 5.8 Hz, CH2), 5.92 (d, 1H, J = 3.8
Hz, Hb), 6.02 (t, 1H, J = 3.1 Hz Ha), 7.00 (s, 1H, Hc), 7.75
(2H, d, J = 8.3 Hz, HAr), 8.26 (d, 2H, J = 8.3 Hz, HAr); 13C
NMR (125 MHz, DMSO-d6) δ: 42.8, 43.2, 106.8, 108.6, 111.0,
117.0, 120.8, 122.4, 122.7, 125.1, 128.7, 131.4, 132.0, 132.2,
132.3, 133.1, 140.9, 146.2, 152.1, 153.3; calculated mass:
363.10; ESI-MS (m/z): 363.2 [M]+. Anal. calcd for
C18H13N5O4: C, 59.50; H, 3.61; N, 19.28.; found: C, 59.38;
H, 3.66; N, 19.26%.

11-Hydroxy-12-(4-hydroxy-3-methoxyphenyl)-5,6-
dihydropyrrolo[2″,1″:3′,4′]pyrazino [1′,2′:1,5]pyrrolo[2,3-d]-
pyridazin-8(9H)-one (7o). Yellow powder; mp 288−290 °C;
yield (82%); 1H NMR (500 MHz, DMSO-d6) δ: 3.72 (s, 3H,
OCH3), 4.34 (t, 2H, J = 5.8 Hz, CH2), 4.86 (t, 2H, J = 5.8 Hz,
CH2), 5.91 (d, 1H, J = 3.7 Hz, Hb), 6.00 (t, 1H, J = 3.1 Hz,
Ha), 6.79−6.83 (m, 2H, HAr, Hc), 6.93 (d, 2H, J = 14.4 Hz,
HAr); 13C NMR (125 MHz, DMSO-d6) δ: 42.7, 43.3, 55.6,
106.6, 108.4, 113.4, 114.8, 115.3, 117.1, 121.7, 123.4, 124.0,
124.2, 129.0, 146.0, 147.0, 152.3, 155.3; calculated mass:
364.12; ESI-MS (m/z): 364.2 [M]+. Anal. calcd for
C19H16N4O4: C, 62.63; H, 4.43; N, 15.38.; found: C, 62.81;
H, 4.66; N, 15.67%.

12-(2,4-Dichlorophenyl)-11-hydroxy-5,6-dihydropyrrolo-
[2″,1″:3′,4′]pyrazino [1′,2′:1,5]pyrrolo[2,3-d]pyridazin-
8(9H)-one (7p). White powder; mp 260−262 °C; yield
(70%); 1H NMR (500 MHz, DMSO-d6) δ: 4.34 (t, 2H, J =
5.8 Hz, CH2), 4.89 (t, 2H, J = 5.8 Hz, CH2), 5.82−5.83 (1H,
m, Hb), 6.01−6.02 (m 1H, Ha), 6.94 (d, 1H, J = 2.5 Hz, Hc),
7.40−7.42 (2H, m, HAr), 7.47 (s, 1H, HAr); 13C NMR (125
MHz, DMSO-d6) δ: 42.6, 43.3, 106.4, 108.8, 121.0, 122.1,
127.0, 128.6, 128.7, 128.8, 131.4, 131.5, 132.0, 133.0, 133.1,
134.1, 135.4, 156.8; calculated mass: 386.03; ESI-MS (m/z):
386.1 [M]+. Anal. calcd for C18H12Cl2N4O2: C, 55.83; H, 3.12;
N, 14.47.; found: C, 55.59; H, 3.31; N, 14.68%.

11 -Hydroxy -12 - (3 , 4 , 5 - t r ime thoxypheny l ) - 5 , 6 -
dihydropyrrolo[2″,1″:3′,4′]pyrazino [1′,2′:1,5]pyrrolo[2,3-d]-
pyridazin-8(9H)-one (7q). White powder; mp 328−330 °C;
yield (70%); 1H NMR (500 MHz, DMSO-d6) δ: 3.73 (s, 9H,
3CH3), 4.36 (t, 2H, J = 5.9 Hz, CH2), 4.88 (t, 2H, J = 5.9 Hz,
CH2), 5.97 (d, 1H, J = 3.8 Hz, Hb), 6.04 (t, 1H, J = 3.1 Hz,
Ha), 6.74 (s, 2H, Hc, HAr), 6.95 (s, 1H, HAr); 13C NMR (125
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MHz, CDCl3) δ: 42.7, 43.3, 55.9, 60.1, 106.7, 108.4, 113.2,
117.0, 121.5, 121.8, 124.4, 128.6, 136.6, 152.1; calculated
mass: 408.14; ESI-MS (m/z): 408.3 [M]+. Anal. calcd for
C21H20N4O5: C, 61.76; H, 4.94; N, 13.72.; found: C, 61.93; H,
4.73; N, 13.87%.
Cytotoxicity Assay. 3-(4,5-Dimethylthiazol-2-yl)-2,5-di-

phenyl tetrazolium bromide MTT was used for the evaluation
of the cytotoxicity effects of the target compounds against
Panc-1, PC3, and MB-231 cancer cell lines. All cells were
obtained from the National Cell Bank of Iran (Pastor Institute,
Tehran, Iran) and subcultured in RPMI-1640 media and
DMEM (with 10% FBS) (Gibco, Milano, Italy). The cancer
cells were maintained at 37 °C, 5% CO2, and 100% relative
humidity. The cancer cells were cultured in a 96-well
microtiter plate, with 5 × 103 cancer cells in each well and
50 μM of different concentrations of target compounds in 0.1%
DMSO (n = 3). Before the addition of MTT to each well, the
plates were incubated for 48 h. After the addition of MTT, the
plates were incubated for an additional 3 h. The negative
control consisted of 0.1% DMSO, and a known cytotoxic
agent, etoposide, was used as the positive control. Absorbance
was measured with a multiplate reader (Bio-Rad PR4100). The
optical density of the purple formazan dye crystals was assessed
at 570 nm, providing an indication of the relative number of
viable cells. The concentration of a compound yielding 50%
inhibition (IC50) of cell growth, relative to control cell growth
(100% inhibition), was determined as the mean ± standard
error (SE) from the dose−response curves obtained in at least
three independent experiments. Analysis was performed using
GraphPad Prism software.39

Analysis of Cellular Apoptosis. Panc-1 cancer cells were
seeded into 6-well plates and incubated overnight at 37 °C
under 5% CO2. Then, the cancer cells were treated with an
IC50 concentration of 7m for 48 h. The untreated cancer cells
were used as the negative control. After incubation for 48 h,
the treated cells were trypsinized, washed with phosphate-
buffered saline (PBS) twice, and centrifuged at 1200 rpm to
collect the cells. After suspending the cells in 500 μL of binding
buffer, 5 μL of annexin V-APC and Propidium iodide (PI)
were added successively and mixed well. After 15 min of
incubation at room temperature in the dark, cell apoptosis was
analyzed by flow cytometry using FACSCalibur Becton-
Dickinson instrument.40

Cell Cycle Assessment. The inhibition of cancer cell
proliferation at specific checkpoints was investigated through
cell cycle analysis in the Panc-1 cell line using fluorescence
microscopy and a PI staining assay. PI can bind to DNA and
emit fluorescence, the intensity of which is proportional to the
DNA content. The cells were treated with an IC50
concentration of test compound (7m) for 48 h. Then, the
cells were trypsinized, washed with PBS, and centrifuged at
1000 rpm for 5 min. The collected Panc-1 cells were fixed with
70% cold ethanol. After washing with phosphate-buffered
saline (PBS), the fixed cells were treated with RNase A (0.1
mg/mL) and incubated for 30 min, followed by treatment with
PI (50 mg/mL) and incubated for an additional 15 min. The
cell cycle distribution of each mitotic phase was calculated
using a Novocyte flow cytometer (ACEA Biosciences).41 The
data were analyzed using NovoExpress 1.1.0 software. All
experiments were performed in triplicate.
Western Blot Analysis. Western blot analysis was carried

out in Panc-1 cancer cells to assess the inhibition of EGFR by
compound 7m. In this experiment, primary antibodies were

purchased from Santa Cruz Biotechnology. Protein concen-
tration was determined using the Bradford reagent, and lysates
were resolved on 15% sodium dodecyl sulfate- polyacrylamide
(SDS-PAGE) gels. Panc-1 cancer cells were treated with an
IC50 concentration of 7m, and the results were evaluated after
48 h. Furthermore, the cells were lysed in a lysis buffer, and the
proteins were electrophoresed on SDS-PAGE, transferred to a
poly(vinylidene difluoride) (PVDF) membrane, and soaked
with primary and secondary antibodies solutions. β-actin was
used as a Western blot loading control. The resulting bands
were visualized using a Western blot chemiluminescence
reagent (PerkinElmer Life Sciences) and analyzed using an
immunoblotted filter (LAS-4000 Fuji Film).
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