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Graphical Abstract 

Compound 5v exhibited superior anticancer properties compared to the other examined 

compounds. The compound's cytotoxicity was assessed in four different cancer carcinomas. 

The in vivo anticancer efficacy was evaluated through the xenograft of MCF-7 cells in zebrafish 

larvae.  
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Abstract 

A novel library of naphthoquinone derivatives (3–5aa) was synthesized and evaluated for their 

anticancer properties. Specifically, compounds 5i, 5l, 5o, 5q, 5r, 5s, 5t, and 5v demonstrated 

superior cytotoxic activity against the cancer cell lines that were studied. All the studied 

compounds exhibited a higher selectivity index (SI) and a favourable safety profile than the 

standard drug doxorubicin. Notably, compound 5v displayed a greater cytotoxic effect on 

MCF-7 cells (IC50 = 1.2 μM, and 0.9 μM at 24 h and 48 h, respectively) compared to the 

standard drug doxorubicin (IC50 = 2.4 μM, and 2.1 μM at 24 h and 48 h, respectively). To 

further investigate the mechanism of cytotoxic effect, additional anticancer studies were 

conducted with 5v in MCF-7 cells. The studies are including morphological changes, AO/EB 

(acridine orange/ethidium bromide) double staining, apoptosis analysis, cell colony assay, 

SDS-PAGE and Western blotting, cell cycle analysis, and detecting reactive oxygen species 

(ROS) assay. The findings showed that 5v triggered cytotoxic effects in MCF-7 cells through 

the initiation of cell cycle arrest at the G1/S phase and necrosis. In vivo ecotoxicity studies 

indicated that 5v had lower toxicity towards zebrafish larvae (LC50 = 50.15 μM) and had an 

insignificant impact on cardiac functions. In vivo xenotransplantation of MCF-7 cells in 

zebrafish larvae demonstrated a significant reduction in tumour volume in the xenograft. 

Approximately 95% of the zebrafish larvae with 5v xenografts survived after 10 days of the 

treatment. Finally, a computational modelling study was conducted on four protein receptors, 

namely ER, EFGR, BRCA1, and VEFGR2. The findings highlight the importance of the 

aminonaphthoquinone moiety, amide linkage, and propyl thio moiety in enhancing the 

anticancer properties. 5v exhibited superior drug-likeness features and docking scores (-9.1, -

7.1, -8.9, and -10.9 kcal/mol) compared to doxorubicin (-7.2, -6.1, -6.9, and -7.3 kcal/mol) 

against ER, EFGR, BRCA1, and VEGFR2 receptors, respectively. Therefore, the notable 

antitumor effects of naphthoquinone derivatives (3–5aa) suggest that these molecular 
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frameworks may play a role in the development of promising anticancer agents for cancer 

treatment. 

Keywords: Naphthoquinone, cytotoxicity, breast cancer, zebrafish, xenotransplantation.   

1. Introduction

Cancer is a collection of illnesses distinguished by the unregulated proliferation and 

dissemination of irregular cells, potentially leading to fatality if not addressed.[1] In 2020, 

cancer claimed the lives of ten million individuals, making it the second leading cause of death 

worldwide.[2] By 2040, it is projected that the number of new cases will rise by approximately 

1.5 times compared to 2020.[3],[4] In the United States, the 2022 data indicated nearly 1,918,030 

new cancer cases and 609,360 cancer-related deaths.[5] In the meantime, in India, the projected 

count of cancer instances in 2022 stood at 14,61,427, with a projected surge of 12.8% by 

2025.[6] There are various methods of cancer treatment available, including chemotherapy, 

radiotherapy, hormone therapy, and surgical removal.[7] It is common to combine radiotherapy 

with hormone therapy or chemotherapy. It is crucial to acknowledge that radiotherapy and the 

indiscriminate nature of the medications employed in cancer therapy have the potential to 

damage healthy cells and result in systemic toxic effects.[8] Immunotherapies are employed in 

cancer treatment, although they are not as frequently used as chemotherapy, surgery, and 

radiotherapy. Chemotherapy is a commonly utilized cancer treatment that has proven effective 

in addressing different forms of cancer. Nonetheless, it often leads to unintended side effects, 

including harm to healthy cells.[9] Consequently, there is a continuous demand for the 

development of efficient anticancer agents with minimal side effects. It is critical to prioritize 

the advancement of novel molecules that can effectively address these challenges. For example, 

studies have indicated that naphthoquinones exhibit promising antitumor properties and 

selectivity indexes, making them potential candidates as alternative treatments for 

cancer.[10],[11] 
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In this particular scenario, natural products and their derivatives serve as a valuable 

resource for assessing their potential anticancer properties. Many molecules act as a defence 

mechanism against various threats, including pathogens and tumors.[12],[13],[14],[15],[16] Due to 

their diverse structures, these molecules often exhibit unique mechanisms of action, making 

them a promising platform for the development of new anticancer agents. Among the notable 

anticancer agents, quinones stands out as a natural metabolite that can be found in plants, 

microorganisms, and marine organisms.[17],[18],[19] Additionally, it is a main core of several 

approved anticancer drugs, such as anthracyclines like doxorubicin, daunorubicin, and non-

anthracycline antibiotics like bleomycin and mitoxantrone.[20] Nevertheless, these derivatives 

mark a significant advancement in the battle against cancer; however, their effectiveness is 

constrained by issues such as poor selectivity, notable side effects, and the emergence of 

resistance. Additionally, a significant limitation of target-based drug discovery (TDD) lies in 

the challenges associated with the identification and validation of druggable anticancer targets. 

This process necessitates evidence that drug candidates interacting with potential targets 

exhibit clear clinical therapeutic benefits in cancer treatment, while also avoiding unacceptable 

side effects. Achieving this is nearly unfeasible during the initial phases of TDD. For instance, 

doxorubicin's cardiotoxicity is a well-documented for its side effects.[21],[22] 

Quinones, specifically naphthoquinone and anthraquinone, are commonly found in 

natural and pharmaceutical active compounds. They have been shown to possess various 

pharmacological properties, such as antiviral,[23] antibacterial,[24],[25],[26] antimalarial,[27] 

antitrypanosomal,[28] and antitumor,[29],[30] activities. Quinones are known to generate ROS 

during their transformation, leading to DNA damage in cancer cells and triggering apoptosis. 

Moreover, quinones can selectively attack tumor cells due to their dependence on NAD(P)H 

quinone dehydrogenase 1 (NQO1) enzyme, which is often overexpressed in cancer cells. 

Numerous anticancer drugs with quinone components, such as napabucasin (BBI-608), 
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sepantronium bromide (YM-155), lawsone, and lapachol, have been approved or are in the 

final stages of drug discovery (Fig. 1). Survivin, a constituent of the inhibitor of apoptosis 

(IAP) protein family that suppresses caspases and prevents cell death, is frequently 

overexpressed in many cancers and is linked to an adverse clinical outcome.[31] Notably, the 

initial survivin inhibitor YM155 is notably a naphthoquinone compound. Hence, compounds 

containing a quinone structure are viewed as potential survivin inhibitors in cancer treatment, 

as they target ILF3/NF110 and produce ROS to trigger DNA damage, autophagy, and 

apoptosis.[32] 

Fig. 1. Structures of 1,4-naphthoquinones used as an anticancer drug. Color representations: 

Red: C-2 substitution; Pink: C-3 substitution; Green: Extended conjucation.   

Quinones exhibit a wide range of structural diversity. 1,4-Naphthoquinones are capable 

of accepting electrons in different biological systems, are frequently used as key components 

in the manufacturing of pharmaceutical drugs. Specifically, 1,4-naphthoquinones that have 

been altered at the C–2 position with a substituted amino group are seen as favorable choices 

for medical and biological applications.[33],[34],[35] Aminonaphthoquinones play a crucial role in 

pharmacology.[36],[37],[38],[39] At C–2 position, phenylamino moiety incorporation in 1,4-

naphthoquinones has demonstrated an augmentation in their anticancer activities attributed to 

their redox potentials (compound I, Fig. 2).[40],[41] Alkylamino derivatives demonstrate reduced 

anticancer efficacy in comparison to phenylamino naphthoquinones. Interestingly, 
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incorporating an acyl group into the phenylamino segment leads to heightened cytotoxicity 

effects, as seen in compound II.[42] A recent research study highlighted the development of a 

promising anticancer agent by incorporating a sulfonamide group into phenylamino-1,4-

naphthoquinone, which demonstrated inhibition of cell growth and induction of apoptosis 

(compound III) (Fig. 2).[43] 

Fig. 2. Representative -N, -S, containing naphthoquinones exhibits intriguing biological 

activities.  

New studies have shown that adding a thio group to the aminonaphthoquinone structure 

can greatly improve the bioactivity of the molecules. Yıldırım et al. effectively showcased the 

preparation of a collection of 2,3-disubstituted-1,4-naphthoquinones with an arylamine and 

thiol groups, showing promising anticancer activities (compound IV).[44] Dias et al. have 

synthesized aryl thiol-based naphthoquinones and evaluated its biological properties 

(compound V).[45] However, the comprehensive in vitro and in vivo anticancer properties of 

1,4-naphthoquinone with phenylamino-thio core in human cancer cell lines and animal models 

remains unexplored. (Fig. 2). 

In our previous studies, we reported several libraries of naphthoquinones and evaluated 

their antimicrobial and anticancer properties.[46],[47],[26],[48] In this current study, we are 
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introducing the synthesis of two new categories of naphthoquinones. These groups include 

phenylamino-thio-sulfone compounds with an acyl moiety as a counterpart (3–5w), as well as 

the corresponding phenylamino-thio-naphthoquinones (5x–5aa). As far as we know, these 

findings have not been reported in any existing literature. Furthermore, we conducted an 

assessment of the synthesized compounds (3–5aa) to determine their anticancer properties on 

four different cancer cell lines, as well as normal cells. Besides, a comprehensive investigation 

into the potential anticancer characteristics of the most active compound 5v was conducted. 

This involved to study the morphological changes, AO/EB (acridine orange/ethidium bromide) 

double staining, apoptotic analysis, cell colony formation assay, SDS-PAGE and Western 

blotting, cell cycle analysis, and detecting reactive oxygen species (ROS) in MCF-7 cells. It is 

worth noting that the anticancer efficacy of 5v was determined through in vivo 

xenotransplantation of MCF-7 cells in zebrafish larvae. To ensure the compound's safety, we 

also conducted ecotoxicity analysis to confirm its in vivo toxicity. Lastly, we employed in silico 

analysis to establish the binding modes and interaction mechanism of the compound 5v with 

the cancer cell proteins. 

2. Experimental Section

2.1. Chemistry 

The melting points (ºC) of all the synthesized compounds were determined using a melting 

point apparatus (Stuart, SMP10, Staffordshire, ST15 OSA, UK) in an open capillary tube. The 

chemicals and solvents used were purchased and directly used without any additional 

purification. Fourier-transform infrared spectroscopy analysis was conducted to characterize 

all the synthesized molecules (resolution of 0.4 cm-1, ATR method, Perkin-Elmer, L1280135, 

Waltham, Massachusetts, USA). 1H NMR and 13C NMR spectroscopies were performed in 

DMSO-d6 (500 MHz, Jeol, JNM-ECZ500S, 11 Dearborn Road Peabody, MA 01960, USA) 

and the J values are reported in Hz. The elemental analysis was conducted using a Flash 2000 
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Elemental Analyzer manufactured by Thermo Fisher Scientific Inc. in Waltham, 

Massachusetts, USA. 

2.2. Synthesis of 2-((4-((4-aminophenyl)sulfonyl)phenyl)amino)-3-chloronaphthalene-1,4-

dione (3) 

As per our previously reported method, the compound 3 was synthesized[49] with minor 

changes. 2,3-Dichloro-1,4-naphthoquinone 1 (2.270 g, 10 mmol) and dapsone 2 (2.048 g, 10 

mmol) was added in a round bottomed flask, followed by the addition of double distilled water 

(900 mL). The reaction mixture was refluxed for 2 h. Upon completion of the reaction, the 

resulting deep red precipitate was filtered, washed with hot water (1000 mL), and dried at 40 

ºC. The crude product underwent purification via silica gel column chromatography (ethyl 

acetate: hexane, 1:2, 100–200 mesh) to yield compound 3 in the form of deep red crystals 

(88%); mp: 239‒240 ºC; IR (ATR): ṽ = 698, 1104, 1302, 1558, 1675, 3242, 3364, 3451. 1H 

NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 6.18 (s, 2H, –NH2), 6.62 (d, J = 10.90 Hz, 2H, 

Ar, sulfonyl moiety), 7.20 (d, J = 10.85 Hz, 2H, Ar, sulfonyl moiety), 7.54 (d, J = 10.90 Hz, 

2H, Ar, sulfonyl moiety), 7.72 (d, J = 10.85 Hz, 2H, Ar, sulfonyl moiety), 7.81 (dt, J = 9.35 

Hz & J = 1.55 Hz, 1H, Ar, quinone moiety), 7.87 (dt, J = 9.27 Hz & J = 1.05 Hz, 1H, Ar, 

quinone moiety), 8.04 (t, J = 7.40 Hz, 2H, Ar, quinone moiety), 9.52 (s, 1H, –NH) ppm. 13C 

NMR (125 MHz, DMSO-d6): δ = 112.9, 119.0, 122.2, 125.9, 126.1, 126.6, 126.7, 129.2, 130.4, 

131.6, 133.5, 134.6, 137.0, 142.5, 143.1, 153.4, 176.9 (–C = O, quinone moiety), 179.8 9 (–C 

= O, quinone moiety) ppm. Anal. calcd for C22H15ClN2O4S (438): C, 60.21; H, 3.45; N, 6.38; 

S, 7.30. Found: C, 60.33; H, 3.42; N, 6.42; S, 7.46; Beilstein test: Cl positive.[50] 

2.3. Synthesis of 2-((4-((4-aminophenyl)sulfonyl)phenyl)amino)-3-

(propylthio)naphthalene-1,4-dione (4) 

Compound 3 (1.75 g, 4 mmol) was dissolved in dry acetonitrile (400 mL), followed by the 

gradual addition of 1-propanethiol (0.371 g, 4 mmol) to the initial substance. The reaction 
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mixture was then supplemented with triethylamine (0.404 mL, 4 mmol) and refluxed for 3 h. 

Afterward, the reaction mixture was poured into ice-cold water, resulting in the formation of a 

solid product. This solid was subsequently filtered, dried at 50 ºC, and subjected to purification 

through column chromatography (using silica gel, 100–200 mesh, ethyl acetate and hexane in 

a ratio of 1:2). The purification process yielded compound 4, as a deep maroon solid (96%); 

mp: 155‒156 ºC; IR (ATR): ṽ = 702, 840, 1105, 1143, 1284, 1404, 1505, 1591, 1638, 2967, 

3078, 3272, 3361, 3451. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 0.67 (t, J = 9.05 

Hz, 3H, –CH3, propane thio moiety), 1.25 (q, J = 9.05 Hz, 2H, –CH2, propane thio moiety), 

2.54 (t, J = 8.95 Hz, 2H, –CH2, propane thio moiety), 6.09 (s, 2H, –NH2), 6.61 (d, J = 10.95 

Hz, 2H, Ar, sulfonyl moiety), 7.10 (d, J = 10.90 Hz, 2H, Ar, sulfonyl moiety), 7.51 (d, J = 

10.90 Hz, 2H, Ar, sulfonyl moiety), 7.68 (d, J = 10.90 Hz, 2H, Ar, sulfonyl moiety), 7.79 (dt, 

J = 9.22 Hz & J = 1.65 Hz, 1H, Ar, quinone moiety), 7.83 (dt, J = 9.12 Hz & J = 1.60 Hz, 1H, 

Ar, quinone moiety), 7.99 (t, J = 2.25 Hz, 1H, Ar, quinone moiety), 8.01 (t, J = 2.85 Hz, 1H, 

Ar, quinone moiety), 9.31 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.9, 22.1, 

34.5, 112.9, 120.4, 123.0, 126.1, 126.2, 126.8, 129.1, 130.7, 132.7, 133.4, 134.4, 135.7, 143.5, 

144.1, 153.3, 179.7 (–C = O, quinone moiety), 180.7 (–C = O, quinone moiety) ppm. Anal. 

calcd for C25H22N2O4S2 (478): C, 62.74; H, 4.63; N, 5.85; S, 13.40 Found: C, 62.61; H, 4.76; 

N, 5.99; S, 13.42.  

2.4. Procedure for the synthesis of compounds 5a-5w 

The equal mole ratio of 4 (0.478 g, 1 mmol), and different varieties of acid chlorides (1 mmol) 

were thoroughly mixed in dry acetone (250 mL). The reaction mixture was refluxed for 30 min 

The attained product mixture was transferred into ice-cold water. The solid was formed that 

was separated through a vacuum and dried at 40 ºC. The crude product was purified by column 

chromatography (silica gel 100–200 mesh, ethyl acetate: hexane, 1:2) to afford clean samples 

of 5a-5w. 
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2.4.1. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)benzamide (5a) 

Violet solid (86%); mp: 210‒211 ºC; IR (ATR): ṽ = 739, 840, 1016, 1107, 1154, 1324, 1519, 

1639, 1661, 1691, 2960, 3094, 3260, 3359. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 

0.65 (t, J = 9.10 Hz, 3H, –CH3, propane thio moiety), 1.25 (q, J = 9.00 Hz, 2H, –CH2, propane 

thio moiety), 2.54 (t, J = 8.95 Hz, 2H, –CH2, propane thio moiety), 7.14 (d, J = 10.85 Hz, 2H, 

Ar, sulfonyl moiety), 7.53 (t, J = 8.90 Hz, 2H, Ar, sulfonyl moiety), 7.61 (t, J = 9.15 Hz, 1H, 

Ar, sulfonyl moiety), 7.78–7.81 (m, 3H, Ar, sulfonyl moiety), 7.84 (dd, J = 9.32 Hz & J = 1.75 

Hz, 1H, Ar, quinone moiety), 7.91 (d, J = 11.00 Hz, 2H, Ar, quinone moiety), 7.95 (d, J = 9.15 

Hz, 2H, Ar, quinone moiety), 7.99–8.03 (m, 4H, Ar, benzamide moiety), 9.38 (s, 1H, –NH), 

10.61 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.9, 22.1, 34.5, 120.1, 120.3, 

124.0, 126.1, 126.2, 127.5, 127.5, 127.8, 128.2, 128.4, 130.7, 132.0, 132.6, 133.4, 133.7, 134.3, 

135.9, 143.5, 143.7, 144.3, 166.0 (–C = O, benzamide moiety), 179.6 (–C = O, quinone 

moiety), 180.8 (–C = O, quinone moiety) ppm. Anal. calcd for C32H26N2O5S2 (582): C, 65.96; 

H, 4.50; N, 4.81; S, 11.00 Found: C, 65.92; H, 4.57; N, 4.98; S, 11.30. 

2.4.2. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)-2-fluorobenzamide (5b) 

Deep Marron solid (92%); mp: 210‒211 ºC; IR (ATR): ṽ = 723, 837, 909, 1017, 1106, 1149, 

1403, 1518, 1587, 1679, 3288, 3399 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 0.65 (t, 

J = 9.15 Hz, 3H, –CH3, propane thio moiety), 1.24 (q, J = 9.05 Hz, 2H, –CH2, propane thio 

moiety), 2.53 (t, J = 8.90 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, J = 10.90 Hz, 2H, Ar, 

sulfonyl moiety), 7.34 (q, J = 9.90 Hz, 2H, Ar, sulfonyl moiety), 7.59 (t, J = 9.20 Hz, 1H, Ar, 

benzamide moiety), 7.66 (t, J = 8.10 Hz, 1H, Ar, benzamide moiety), 7.79 (d, J = 10.65 Hz, 

3H, Ar, sulfonyl moiety), 7.84 (t, J = 8.10 Hz, 2H, Ar, sulfonyl moiety), 7.92 (s, 3H, Ar, 

quinone moiety), 8.00 (t, J = 8.40 Hz, 2H, Ar, quinone moiety), 9.43 (s, 1H, –NH), 10.85 (s, 
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1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.8, 22.1, 34.5, 116.0, 116.2, 199.7, 

120.3, 124.1, 124.4, 124.5, 126.0, 126.2, 127.4, 128.2, 129.8, 130.7, 132.6, 132.8, 132.9, 133.3, 

133.6, 134.2, 136.1, 143.0, 143.7, 144.3, 158.8 (d, J = 309.91 Hz), 163.2 (–C = O, benzamide 

moiety), 179.5 (–C = O, quinone moiety), 180.7 (–C = O, quinone moiety) ppm. 19F NMR (600 

MHz, DMSO): δ = -114.3 ppm. Anal. calcd for C32H25FN2O5S2 (600): C, 63.99; H, 4.20; N, 

4.66; S, 10.67 Found: C, 63.82; H, 4.41; N, 4.90; S, 10.43. 

2.4.3. 2-bromo-N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)benzamide (5c) 

Light maroon solid (88%); mp: 227‒228 ºC; IR (ATR): ṽ = 719, 841, 1014, 1106, 1178, 1278, 

1401, 1521, 1590, 1659, 1694, 2958, 3255, 3356. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): 

δ = 0.65 (t, J = 9.15 Hz, 3H, –CH3, propane thio moiety), 1.24 (q, J = 9.05 Hz, 2H, –CH2, 

propane thio moiety), 2.54 (t, J = 8.85 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, J = 10.95 

Hz, 2H, Ar, sulfonyl moiety), 7.43 (dt, J = 9.57 Hz & J = 2.10 Hz, 1H, Ar, quinone moiety), 

7.50 (t, J = 9.15 Hz, 1H, Ar, quinone moiety), 7.56 (dd, J = 9.30 Hz & J = 2.10 Hz, 1H, Ar, 

quinone moiety), 7.72 (d, J = 9.80 Hz, 1H, Ar, quinone moiety), 7.78 (d, J = 10.90 Hz, 3H, Ar, 

sulfonyl moiety), 7.81–7.86 (m, 2H, Ar, sulfonyl moiety), 7.81 (t, J = 2.05 Hz, 1H, Ar, 

benzamide moiety), 7.84 (dd, J = 9.10 Hz & J = 1.65 Hz, 1H, Ar, benzamide moiety), 7.92 (s, 

3H, Ar, benzamide moiety), 7.99–8.02 (m, 2H, Ar, sulfonyl moiety), 9.43 (s, 1H, –NH), 10.93 

(s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.9, 22.1, 34.5, 118.8, 119.6, 120.3, 

124.1, 126.1, 126.3, 127.5, 127.7, 128.4, 128.8, 130.7, 131.5, 132.6, 132.7, 133.4, 133.6, 134.3, 

136.2, 138.4, 143.1, 143.7, 144.4, 166.3 (–C = O, benzamide moiety), 179.6 (–C = O, quinone 

moiety), 180.8 (–C = O, quinone moiety) ppm. Anal. calcd for C32H25BrN2O5S2 (661): C, 

58.10; H, 3.81; N, 4.23; S, 9.69 Found: C, 58.32; H, 3.85; N, 4.41; S, 9.67. 

2.4.4. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)-3-(trifluoromethyl)benzamide (5d) 

10.1002/cmdc.202400495

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemMedChem

This article is protected by copyright. All rights reserved.

Accepted Manuscript 
Version of Record at: https://doi.org/10.1002/cmdc.202400495



13 

Deep maroon solid (75%); mp: 197‒198 ºC; IR (ATR): ṽ = 688, 840, 910, 1015, 1105, 1149, 

1283, 1401, 1519, 1590, 1665, 2966, 3315. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 

0.64 (t, J = 9.15 Hz, 3H, –CH3, propane thio moiety), 1.23 (q, J = 9.05 Hz, 2H, –CH2, propane 

thio moiety), 2.53 (t, J = 8.85 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, J = 11.00 Hz, 2H, 

Ar, sulfonyl moiety), 7.80 (d, J = 10.65 Hz, 4H, Ar, sulfonyl moiety), 7.84 (dd, J = 9.20 Hz, J 

= 1.80 Hz, 1H, Ar, quinone moiety), 7.94 (d, J = 11.20 Hz, 2H, Ar, sulfonyl moiety), 7.98–

8.02 (m, 5H, Ar, benzamide moiety), 8.26 (t, J = 9.35 Hz, 2H, Ar, quinone moiety), 9.44 (s, 

1H, –NH), 10.83 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.8, 22.1, 34.5, 

120.3, 124.1, 124.4, (d, J = 4.47 Hz), 125.2, 126.1, 126.2, 127.5, 128.2, 129.0 (q, J = 40.16 

Hz), 129.8, 130.8, 132.0, 132.6, 133.4, 133.6, 134.3, 135.2, 136.3, 143.2, 143.7, 144.4, 164.6 

(–C = O, benzamide moiety), 179.6 (–C = O, quinone moiety), 180.8 (–C = O, quinone moiety) 

ppm. 19F NMR (600 MHz, DMSO): δ = -61.0 ppm. Anal. calcd for C33H25F3N2O5S2 (650): C, 

60.91; H, 3.87; N, 4.31; S, 9.85 Found: C, 60.98; H, 3.80; N, 4.32; S, 9.98. 

2.4.5. 3,5-dichloro-N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)benzamide (5e) 

Deep maroon solid (84%); mp: 145‒146 ºC; IR (ATR): ṽ = 804, 1014, 1105, 1150, 1283, 1400, 

1512, 1590, 1665, 2963, 3074, 3316. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 0.64 

(t, J = 9.15 Hz, 3H, –CH3, propane thio moiety), 1.24 (q, J = 9.10 Hz, 2H, –CH2, propane thio 

moiety), 2.53 (t, J = 8.90 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, J = 10.95 Hz, 2H, Ar, 

sulfonyl moiety), 7.77–7.81 (m, 3H, Ar, sulfonyl moiety), 7.84 (dd, J = 8.92 Hz & J = 1.85 Hz, 

1H, Ar, sulfonyl moiety), 7.87 (t, J = 2.25 Hz, 1H, Ar, quinone moiety), 7.92–7.94 (m, 2H, Ar, 

sulfonyl moiety), 7.96–7.97 (m, 3H, Ar, quinone moiety), 7.98–8.01 (m, 3H, Ar, benzamide 

moiety), 9.41 (s, 1H, –NH), 10.75 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 

12.8, 22.1, 34.5, 120.3, 124.2, 126.1, 126.2, 126.6, 12.5, 128.2, 130.7, 131.3, 132.6, 133.4, 

133.5, 134.3, 134.3, 136.4, 137.4, 142.9, 143.7, 144.4, 163.2 (–C = O, benzamide moiety), 
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179.6 (–C = O, quinone moiety), 180.8 (–C = O, quinone moiety) ppm. Anal. calcd for 

C32H24Cl2N2O5S2 (651): C, 58.99; H, 3.71; N, 4.30; S, 9.84 Found: C, 59.10; H, 3.82; N, 4.32; 

S, 9.80. Beilstein test: Cl positive.[50] 

2.4.6. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)-3,5-dinitrobenzamide (5f) 

Deep maroon solid (98%); mp: 167‒168 ºC; IR (ATR): ṽ = 700, 719, 840, 1015, 1105, 1150, 

1344, 1402, 1541, 1591, 1667, 3095, 3315. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 

0.65 (t, J = 9.15 Hz, 3H, –CH3, propane thio moiety), 1.25 (q, J = 9.05 Hz, 2H, –CH2, propane 

thio moiety), 2.54 (t, J = 8.85 Hz, 2H, –CH2, propane thio moiety), 7.14 (d, J = 10.90 Hz, 2H, 

Ar, sulfonyl moiety), 7.79–7.81 (m, 3H, Ar, sulfonyl moiety), 7.84 (dd, J = 9.20 Hz & J = 1.70 

Hz, 1H, Ar, sulfonyl moiety), 7.96–7.99 (m, 3H, Ar, sulfonyl moiety), 8.00–8.03 (m, 3H, Ar, 

quinone moiety), 9.01 (t, J = 2.45 Hz, 1H, Ar, quinone moiety), 9.15 (d, J = 2.55 Hz, 2H, Ar, 

benzamide moiety), 9.38 (s, 1H, –NH), 11.15 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-

d6): δ = 12.8, 22.1, 34.5, 120.2, 120.6, 121.3, 124.3, 126.0, 126.6, 127.5, 128.1, 128.2, 130.7, 

132.6, 133.4, 134.3, 136.8, 136.8, 142.5, 143.7, 144.4, 148.0, 161.8 (–C = O, benzamide 

moiety), 179.5 (–C = O, quinone moiety), 180.8 (–C = O, quinone moiety) ppm. Anal. calcd 

for C32H24N4O9S2 (672): C, 57.14; H, 3.60; N, 8.33; S, 9.53 Found: C, 57.03; H, 3.91; N, 8.52; 

S, 9.41.  

2.4.7. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)-3-nitrobenzamide (5g) 

Deep maroon solid (99%); mp: 151‒152 ºC; IR (ATR): ṽ = 714, 836, 904, 1014, 1102, 1157, 

1284, 1403, 1512, 1588, 1636, 1675, 2958, 3068, 3291, 3358. 1H NMR (500 MHz, DMSO-d6, 

25 °C, TMS): δ = 0.65 (t, J = 9.10 Hz, 3H, –CH3, propane thio moiety), 1.24 (q, J = 9.05 Hz, 

2H, –CH2, propane thio moiety), 2.53 (t, J = 8.90 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, 

J = 11.00 Hz, 2H, Ar, sulfonyl moiety), 7.79–7.81 (m, 3H, Ar, sulfonyl moiety), 7.83–7.86 (m, 
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2H, Ar, sulfonyl moiety), 7.94 (d, J = 11.10 Hz, 2H, Ar, sulfonyl moiety), 7.99–8.03 (m, 4H, 

Ar, quinone moiety), 8.38 (d, J = 9.85 Hz, 1H, Ar, benzamide moiety), 8.45 (dd, J = 10.20 Hz 

& J = 2.00 Hz, 1H, Ar, benzamide moiety), 8.78 (t, J = 2.20 Hz, 1H, Ar, benzamide moiety), 

9.41 (s, 1H, –NH), 10.93 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.8, 22.1, 

34.5, 120.3, 120.4, 122.5, 124.2, 126.1, 126.2, 126.5, 127.5, 128.2, 130.2, 130.7, 132.6, 133.4, 

133.5, 134.3, 134.3, 135.6, 136.4, 143.0, 143.7, 144.4, 147.7, 163.9 (–C = O, benzamide 

moiety), 179.6 (–C = O, quinone moiety), 180.8 (–C = O, quinone moiety) ppm. Anal. calcd 

for C32H25N3O7S2 (627): C, 61.23; H, 4.01; N, 6.69; S, 10.22 Found: C, 61.03; H, 4.29; N, 6.65; 

S, 10.45.  

2.4.8. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)-4-methyl-3-nitrobenzamide (5h) 

Deep maroon solid (99%); mp: 141‒142 ºC; IR (ATR): ṽ = 836, 907, 1014, 1105, 1149, 1403, 

1521, 1590, 1665, 2964, 3073, 3317. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 0.64 

(t, J = 9.10 Hz, 3H, –CH3, propane thio moiety), 1.24 (q, J = 9.00 Hz, 2H, –CH2, propane thio 

moiety), 2.53 (t, J = 8.95 Hz, 2H, –CH2, propane thio moiety), 2.59 (s, 3H, –CH3, benzamide 

moiety), 7.13 (d, J = 10.95 Hz, 2H, Ar, sulfonyl moiety), 7.68 (d, J = 10.15 Hz, 1H, Ar, sulfonyl 

moiety), 7.78–7.81 (m, 3H, , Ar, benzamide moiety), 7.84 (dd, J = 9.0 Hz & J = 1.40 Hz, 1H, 

Ar, sulfonyl moiety), 8.56 (d, J = 1.80 Hz, 1H, Ar, quinone moiety), 9.40 (s, 1H, –NH), 10.80 

(s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.8, 19.5, 22.1, 34.5, 120.3, 120.3, 

123.6, 124.1, 126.0, 126.2, 127.5, 128.1, 130.7, 132.2, 132.6, 133.1, 133.4, 133.5, 134.3, 136.3, 

136.7, 143.0, 143.7, 144.4, 148.7, 163.7 (–C = O, benzamide moiety), 179.5 (–C = O, quinone 

moiety), 180.8 (–C = O, quinone moiety) ppm. Anal. calcd for C33H27N3O7S2 (641): C, 61.77; 

H, 4.24; N, 6.55; S, 9.99 Found: C, 61.79; H, 4.31; N, 6.42; S, 9.97.  

2.4.9. 4-chloro-N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)-3-nitrobenzamide (5i) 
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Violet solid (95%); mp: 208‒209 ºC; IR (ATR): ṽ = 737, 837, 908, 1048, 1106, 1148, 1282, 

1404, 1528, 1590, 1643, 2969, 3074, 3315. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 

0.64 (t, J = 9.15 Hz, 3H, –CH3, propane thio moiety), 1.23 (q, J = 9.05 Hz, 2H, –CH2, propane 

thio moiety), 2.53 (t, J = 8.90 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, J = 10.95 Hz, 2H, 

Ar, sulfonyl moiety), 7.78–7.82 (m, 3H, Ar, sulfonyl moiety), 7.84 (dd, J = 8.95 Hz & J = 1.70 

Hz, 2H, , Ar, benzamide moiety), 7.95–7.98 (m, 4H, Ar, sulfonyl moiety), 7.99–8.01 (m, 3H, 

Ar, quinone moiety), 8.24 (dd, J = 10.55 Hz & J = 2.55 Hz, 1H, Ar, quinone moiety), 8.62 (d, 

J = 2.60 Hz, 1H, Ar, benzamide moiety), 9.41 (s, 1H, –NH), 10.88 (s, 1H, –NH) ppm. 13C NMR 

(125 MHz, DMSO-d6): δ = 12.8, 22.1, 34.5, 120.3, 120.4, 124.2, 125.0, 126.1, 126.2, 127.5, 

128.2, 128.5, 130.8, 132.0, 132.6, 132.9, 133.5, 133.5, 134.2, 136.5, 142.9, 143.7, 144.4, 147.3, 

163.0 (–C = O, benzamide moiety), 179.6 (–C = O, quinone moiety), 180.8 (–C = O, quinone 

moiety) ppm. Anal. calcd for C32H24ClN3O7S2 (662): C, 58.05; H, 3.65; N, 6.35; S, 9.68 Found: 

C, 58.39; H, 3.62; N, 6.12; S, 9.73. Beilstein test: Cl positive.[50]  

2.4.10. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)-4-methoxybenzamide (5j) 

Deep maroon solid (87%); mp: 204‒205 ºC; IR (ATR): ṽ = 740, 1017, 1106, 1248, 1407, 1506, 

1587, 1670, 3287, 3366. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 0.68 (t, J = 9.05 

Hz, 3H, –CH3, propane thio moiety), 1.27 (q, J = 9.10 Hz, 2H, –CH2, propane thio moiety), 

2.57 (t, J = 8.65 Hz, 2H, –CH2, propane thio moiety), 3.84 (s, 3H, –OCH3, benzamide moiety), 

7.06 (d, J = 9.50 Hz, 2H, Ar, sulfonyl moiety), 7.14 (d, J = 9.45 Hz, 2H, Ar, sulfonyl moiety), 

7.77–7.83 (m, 4H, Ar, benzamide moiety), 7.88 (d, J = 9.55 Hz, 2H, Ar, sulfonyl moiety), 7.96 

(d, J = 9.35 Hz, 2H, Ar, sulfonyl moiety), 8.00 (d, J = 9.15 Hz, 4H, Ar, quinone moiety), 9.25 

(s, 1H, –NH), 10.37 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.8, 22.0, 34.5, 

55.4, 113.6, 119.9, 120.3, 124.0, 126.0, 126.2, 126.2, 127.4, 128.0, 129.7, 130.7, 132.6, 133.3, 

133.7, 134.2, 135.5, 143.7, 144.3, 162.1 (–C = O, benzamide moiety), 179.5 (–C = O, quinone 
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moiety), 180.7 (–C = O, quinone moiety) ppm. Anal. calcd for C33H28N2O6S2 (612): C, 64.69; 

H, 4.61; N, 4.57; S, 10.46 Found: C, 64.63; H, 4.85; N, 4.69; S, 10.42.  

2.4.11. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)-4-methylbenzamide (5k) 

Deep maroon solid (84%); mp: 209‒210 ºC; IR (ATR): ṽ = 717, 830, 1019, 1108, 1149, 1298, 

1401, 1504, 1588, 1679, 2956, 3275. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 0.64 

(t, J = 9.10 Hz, 3H, –CH3, propane thio moiety), 1.23 (q, J = 9.05 Hz, 2H, –CH2, propane thio 

moiety), 2.37 (s, 3H, –CH3, benzamide moiety), 2.53 (t, J = 8.95 Hz, 2H, –CH2, propane thio 

moiety), 7.13 (d, J = 10.95 Hz, 2H, Ar, sulfonyl moiety), 7.34 (d, J = 10.20 Hz, 2H, Ar, sulfonyl 

moiety), 7.77–7.83 (m, 4H, Ar, benzamide moiety), 7.86 (d, J = 10.25 Hz, 2H, Ar, sulfonyl 

moiety), 7.90 (d, J = 11.05 Hz, 2H, Ar, sulfonyl moiety), 7.99–8.02 (m, 4H, Ar, quinone 

moiety), 9.40 (s, 1H, –NH), 10.53 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 

12.8, 21.0, 22.1, 34.5, 120.0, 120.3, 124.0, 126.0, 126.2, 127.4, 127.8, 128.1, 128.9, 130.7, 

131.3, 132.6, 133.4, 133.7, 134.3, 135.7, 142.1, 143.6, 143.7, 144.3, 165.8 (–C = O, benzamide 

moiety), 179.5 (–C = O, quinone moiety), 180.8 (–C = O, quinone moiety) ppm. Anal. calcd 

for C33H28N2O5S2 (596): C, 66.42; H, 4.73; N, 4.69; S, 10.75 Found: C, 66.32; H, 4.99; N, 4.65; 

S, 10.82.  

2.4.12. 4-(tert-butyl)-N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)benzamide (5l) 

Blue violet solid (98%); mp: 223‒224 ºC; IR (ATR): ṽ = 692, 830, 1015, 1106, 1151, 1284, 

1406, 1507, 1589, 1668, 2962, 3268, 3399. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 

0.64 (t, J = 9.05 Hz, 3H, –CH3, propane thio moiety), 1.23 (q, J = 7.24 Hz, 2H, –CH2, propane 

thio moiety), 1.28 (s, 3H, –CH3, benzamide moiety), 1.30 (s, 6H, –CH3, benzamide moiety), 

2.53 (t, J = 8.85 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, J = 10.95 Hz, 2H, Ar, sulfonyl 

moiety), 7.55 (d, J = 10.55 Hz, 2H, Ar, sulfonyl moiety), 7.78–7.82 (m, 3H, Ar, sulfonyl 
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moiety), 7.86–7.92 (m, 5H, Ar, benzamide moiety), 8.00–8.02 (m, 4H, Ar, quinone moiety), 

9.44 (s, 1H, –NH), 10.56 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.8, 22.1, 

30.8, 34.5, 34.7, 120.0, 120.3, 124.0, 125.2, 125.3, 126.1, 126.2, 127.5, 127.7, 128.1, 129.1, 

130.7, 131.6, 132.6, 133.4, 133.7, 134.3, 135.7, 143.6, 143.7, 144.3, 154.9, 166.0, 167.2 (–C = 

O, benzamide moiety), 179.6 (–C = O, quinone moiety), 180.8 (–C = O, quinone moiety) ppm. 

Anal. calcd for C36H34N2O5S2 (638): C, 67.69; H, 5.37; N, 4.39; S, 10.04 Found: C, 67.78; H, 

5.59; N, 4.72; S, 10.12.  

2.4.13. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)-4-fluorobenzamide (5m) 

Deep maroon solid (94%); mp: 196‒197 ºC; IR (ATR): ṽ = 722, 841, 1014, 1102, 1233, 1284, 

1408, 1507, 1587, 1679, 2966, 3064, 3293, 3346. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): 

δ = 0.64 (t, J = 9.15 Hz, 3H, –CH3, propane thio moiety), 1.23 (q, J = 9.05 Hz, 2H, –CH2, 

propane thio moiety), 2.53 (t, J = 8.90 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, J = 10.85 

Hz, 2H, Ar, sulfonyl moiety), 7.38 (t, J = 11.00 Hz, 2H, Ar, sulfonyl moiety), 7.78–7.85 (m, 

4H, Ar, sulfonyl moiety), 7.92 (d, J = 10.95 Hz, 2H, Ar, quinone moiety), 7.99–8.05 (m, 6H, 

Ar, benzamide moiety), 9.43 (s, 1H, –NH), 10.64 (s, 1H, –NH) ppm. 13C NMR (125 MHz, 

DMSO-d6): δ = 12.9, 22.1, 34.5, 115.3, 115.5, 120.1, 120.3, 124.0, 126.1, 126.3, 127.5, 128.2, 

130.6, 130.7, 130.7, 132.6, 133.4, 133.7, 134.3, 136.0, 143.5, 143.7, 144.3, 164.3 (d, J = 310.20 

Hz), 164.9 (–C = O, benzamide moiety), 179.6 (–C = O, quinone moiety), 180.8 (–C = O, 

quinone moiety) ppm. 19F NMR (600 MHz, DMSO): δ = -107.8 ppm. Anal. calcd for 

C32H25FN2O5S2 (600): C, 63.99; H, 4.20; N, 4.66; S, 10.67 Found: C, 64.21; H, 4.51; N, 4.63; 

S, 10.39. 

2.4.14. 4-chloro-N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)benzamide (5n) 
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Deep maroon solid (99%); mp: 223‒224 ºC; IR (ATR): ṽ = 695, 744, 841, 1013, 1107, 1146, 

1405, 1514, 1590, 1644, 1661, 1685, 2964, 3229. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): 

δ = 0.64 (t, J = 9.15 Hz, 3H, –CH3, propane thio moiety), 1.23 (q, J = 9.05 Hz, 2H, –CH2, 

propane thio moiety), 2.52 (t, J = 8.90 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, J = 10.90 

Hz, 2H, Ar, sulfonyl moiety), 7.61 (d, J = 10.70 Hz, 2H, Ar, sulfonyl moiety), 7.78–7.85 (m, 

4H, Ar, sulfonyl moiety), 7.91–7.96 (m, 3H, Ar, quinone moiety), 7.98–8.01 (m, 5H, Ar, 

benzamide moiety), 9.43 (s, 1H, –NH), 10.69 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-

d6): δ = 12.9, 22.1, 34.5, 120.2, 120.3, 124.0, 126.1, 126.3, 127.5, 128.2, 128.5, 129.8, 130.7, 

132.6, 132.9, 133.4, 133.6, 134.3, 136.1, 136.9, 143.3, 143.7, 144.3, 164.9 (–C = O, benzamide 

moiety), 179.6 (–C = O, quinone moiety), 180.8 (–C = O, quinone moiety) ppm. Anal. calcd 

for C32H25ClN2O5S2 (657): C, 62.28; H, 4.08; N, 4.54; S, 10.39 Found: C, 62.17; H, 4.31; N, 

4.49; S, 10.68. Beilstein test: Cl positive.[50]  

2.4.15. 4-bromo-N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)benzamide (5o) 

Deep maroon solid (95%); mp: 235‒236 ºC; IR (ATR): ṽ = 694, 742, 842, 1010, 1147, 1286, 

1407, 1514, 1589, 1684, 2967, 3230, 3403. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 

0.64 (t, J = 9.15 Hz, 3H, –CH3, propane thio moiety), 1.23 (q, J = 9.05 Hz, 2H, –CH2, propane 

thio moiety), 2.53 (t, J = 8.85 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, J = 10.95 Hz, 2H, 

Ar, sulfonyl moiety), 7.74–7.78 (m, 3H, Ar, sulfonyl moiety), 7.79–7.85 (m, 4H, Ar, sulfonyl 

moiety), 7.88–7.92 (m, 3H, Ar, quinone moiety), 7.98–8.01 (m, 4H, Ar, benzamide moiety), 

9.40 (s, 1H, –NH), 10.67 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.8, 22.1, 

34.5, 120.2, 120.3, 124.1, 125.8, 126.0, 126.2, 127.5, 128.1, 129.9, 130.7, 131.4, 132.6, 133.3, 

133.4, 133.6, 134.3, 136.1, 143.2, 143.7, 144.4, 165.0 (–C = O, benzamide moiety), 179.5 (–C 

= O, quinone moiety), 180.8 (–C = O, quinone moiety) ppm. Anal. calcd for C32H25BrN2O5S2 

(661): C, 58.10; H, 3.81; N, 4.23; S, 9.69 Found: C, 58.42; H, 3.92; N, 4.09; S, 9.70. 

10.1002/cmdc.202400495

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemMedChem

This article is protected by copyright. All rights reserved.

Accepted Manuscript 
Version of Record at: https://doi.org/10.1002/cmdc.202400495



20 

2.4.16. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)-4-nitrobenzamide (5p) 

Light maroon solid (85%); mp: 215‒216 ºC; IR (ATR): ṽ = 692, 837, 1014, 1106, 1282, 1404, 

1522, 1590, 1665, 2963, 3314. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 0.64 (t, J = 

9.10 Hz, 3H, –CH3, propane thio moiety), 1.23 (q, J = 9.00 Hz, 2H, –CH2, propane thio moiety), 

2.53 (t, J = 8.75 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, J = 9.55 Hz, 2H, Ar, sulfonyl 

moiety), 7.79–7.85 (m, 4H, Ar, sulfonyl moiety), 7.94–8.02 (m, 6H, Ar, benzamide moiety), 

8.17 (d, J = 9.45 Hz, 2H, Ar, sulfonyl moiety), 8.37 (d, J = 10.85 Hz, 2H, Ar, quinone moiety), 

9.44 (s, 1H, –NH), 10.94 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 13.3, 22.6, 

35.1, 120.9, 121.0, 124.0, 124.6, 126.6, 126.8, 128.0, 128.7, 129.8, 131.1, 133.0, 134.0, 134.1, 

134.9, 137.0, 140.4, 143.4, 144.2, 144.8, 149.8, 165.1 (–C = O, benzamide moiety), 180.1 (–C 

= O, quinone moiety), 181.4 (–C = O, quinone moiety) ppm. Anal. calcd for C32H25N3O7S2 

(627): C, 61.23; H, 4.01; N, 6.69; S, 10.22 Found: C, 61.48; H, 4.38; N, 6.61; S, 10.21. 

2.4.17. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)furan-2-carboxamide (5q) 

Violet solid (96%); mp: 214‒215 ºC; IR (ATR): ṽ = 740, 833, 1016, 1149, 1407, 1520, 1588, 

1640, 1694, 2968, 3242, 3354. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 0.64 (t, J = 

9.10 Hz, 3H, –CH3, propane thio moiety), 1.23 (q, J = 9.05 Hz, 2H, –CH2, propane thio moiety), 

2.53 (t, J = 8.90 Hz, 2H, –CH2, propane thio moiety), 6.71 (q, J = 2.2 Hz, 1H, Ar, quinone 

moiety), 7.13 (d, J = 10.95 Hz, 2H, Ar, sulfonyl moiety), 7.39 (d, J = 4.35 Hz, 1H, Ar, quinone 

moiety), 7.78–7.85 (m, 4H, Ar, sulfonyl moiety), 7.89 (d, J = 4.35 Hz, 1H, Ar, sulfonyl moiety), 

7.96–8.02 (m, 5H, Ar, benzamide moiety), 9.40 (s, 1H, –NH), 10.56 (s, 1H, –NH) ppm. 13C 

NMR (125 MHz, DMSO-d6): δ = 12.8, 22.1, 34.5, 112.3, 115.7, 120.1, 120.3, 124.1, 126.0, 

126.2, 127.5, 128.1, 130.7, 132.6, 133.4, 133.6, 134.3, 135.9, 142.9, 143.7, 144.3, 146.2, 146.8, 

156.4 (–C = O, benzamide moiety), 179.5 (–C = O, quinone moiety), 180.8 (–C = O, quinone 
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moiety) ppm. Anal. calcd for C30H24N2O6S2 (572): C, 62.92; H, 4.22; N, 4.89; S, 11.20 Found: 

C, 62.90; H, 4.48; N, 4.97; S, 11.46. 

2.4.18. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)thiophene-2-carboxamide (5r) 

Violet solid (98%); mp: 230‒231 ºC; IR (ATR): ṽ = 844, 905, 1015, 1106, 1285, 1409, 1526, 

1585, 1671, 2970, 3244, 3350. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 0.63 (t, J = 

9.10 Hz, 3H, –CH3, propane thio moiety), 1.23 (q, J = 9.10 Hz, 2H, –CH2, propane thio moiety), 

2.52 (t, J = 8.85 Hz, 2H, –CH2, propane thio moiety), 7.13 (d, J = 10.90 Hz, 2H, Ar, sulfonyl 

moiety), 7.24 (t, J = 5.00 Hz, 1H, Ar, benzamide moiety), 7.78–7.85 (m, 4H, Ar, sulfonyl 

moiety), 7.90–7.79 (m, 5H, Ar, benzamide moiety), 7.99–8.02 (m, 2H, Ar, sulfonyl moiety), 

8.05 (d, J = 4.65 Hz, 1H, Ar, quinone moiety), 9.44 (s, 1H, –NH), 10.58 (s, 1H, –NH) ppm. 

13C NMR (125 MHz, DMSO-d6): δ = 12.9, 22.1, 34.5, 120.0, 120.3, 124.0, 126.1, 126.3, 127.5, 

128.2, 129.9, 130.7, 132.6, 132.7, 133.4, 133.6, 134.3, 135.9, 139.2, 143.2, 143.7, 144.3, 160.2 

(–C = O, benzamide moiety), 179.6 (–C = O, quinone moiety), 180.8 (–C = O, quinone moiety) 

ppm. Anal. calcd for C30H24N2O5S3 (588): C, 61.21; H, 4.11; N, 4.76; S, 16.34 Found: C, 61.13; 

H, 4.40; N, 4.61; S, 16.39. 

2.4.19. 2-(4-chlorophenyl)-N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)acetamide (5s) 

Deep maroon solid (94%); mp: 125‒126 ºC; IR (ATR): ṽ = 716, 837, 1015, 1104, 1147, 1282, 

1402, 1509, 1588, 1664, 2962, 3062, 3317. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 

0.62 (t, J = 9.10 Hz, 3H, –CH3, propane thio moiety), 1.21 (q, J = 9.05 Hz, 2H, –CH2, propane 

thio moiety), 2.51 (t, J = 8.90 Hz, 2H, –CH2, propane thio moiety), 3.68 (s, 2H, –CH2, 

acetamide moiety), 7.11 (d, J = 10.85 Hz, 2H, Ar, sulfonyl moiety), 7.34 (q, J = 14.35 Hz, 4H, 

Ar, sulfonyl moiety), 7.75–7.83 (m, 6H, Ar, benzamide moiety), 7.86 (d, J = 11.00 Hz, 2H, Ar, 

sulfonyl moiety), 7.99–8.01 (m, 2H, Ar, quinone moiety), 9.43 (s, 1H, –NH), 10.61 (s, 1H, –

10.1002/cmdc.202400495

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemMedChem

This article is protected by copyright. All rights reserved.

Accepted Manuscript 
Version of Record at: https://doi.org/10.1002/cmdc.202400495



22 

NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 13.3, 22.6, 35.0, 42.9, 119.6, 120.9, 124.7, 

126.6, 126.8, 128.0, 128.7, 128.8, 131.3, 131.5, 131.9, 133.2, 133.9, 134.3, 134.9, 134.9, 136.1, 

143.8, 144.3, 144.9, 170.0 (–C = O, benzamide moiety), 180.1 (–C = O, quinone moiety), 181.3 

(–C = O, quinone moiety) ppm. Anal. calcd for C33H27ClN2O5S2 (631): C, 62.80; H, 4.31; N, 

4.44; S, 10.16 Found: C, 62.97; H, 4.48; N, 4.37; S, 10.48. Beilstein test: Cl positive.[50]  

2.4.20. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)-1-naphthamide (5t) 

Orange solid (99%); mp: 224‒225 ºC; IR (ATR): ṽ = 697, 737, 831, 906, 1015, 1104, 1146, 

1280, 1403, 1511, 1588, 1663, 2957, 3231, 3342. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): 

δ = 0.67 (t, J = 9.00 Hz, 3H, –CH3, propane thio moiety), 1.26 (q, J = 8.90 Hz, 2H, –CH2, 

propane thio moiety), 2.56 (t, J = 8.45 Hz, 2H, –CH2, propane thio moiety), 7.15 (d, J = 10.30 

Hz, 2H, Ar, sulfonyl moiety), 7.58–7.63 (m, 3H, Ar, sulfonyl moiety), 7.76–7.86 (m, 5H, Ar, 

quinone moiety), 7.95 (d, J = 10.80 Hz, 2H, Ar, sulfonyl moiety), 8.02–8.11 (m, 6H, Ar, 

benzamide moiety), 8.14–8.16 (m, 1H, Ar, benzamide moiety), 9.42 (s, 1H, –NH), 10.99 (s, 

1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.8, 22.1, 34.5, 119.7, 120.3, 124.1, 

124.9, 124.9, 125.7, 126.0, 126.2, 126.4, 127.1, 127.5, 128.3, 128.3, 129.5, 130.5, 130.7, 132.6, 

133.1, 133.4, 133.7, 133.9, 134.3, 136.0, 143.5, 143.8, 144.4, 167.7 (–C = O, benzamide 

moiety), 179.5 (–C = O, quinone moiety), 180.8 (–C = O, quinone moiety) ppm. Anal. calcd 

for C36H28N2O5S2 (632): C, 68.34; H, 4.46; N, 4.43; S, 10.13 Found: C, 68.12; H, 4.63; N, 4.41; 

S, 10.48. 

2.4.21. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)propionamide (5u) 

Deep maroon solid (88%); mp: 179‒180 ºC; IR (ATR): ṽ = 837, 908, 1015, 1106, 1149, 1284, 

1404, 1522, 1590, 1662, 2965, 3261, 3323. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 

0.63 (t, J = 9.10 Hz, 3H, –CH3, propane thio moiety), 1.06 (t, J = 9.30 Hz, 3H, –CH3, 
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propionamide moiety), 1.23 (q, J = 9.05 Hz, 2H, –CH2, propane thio moiety), 2.34 (q, J = 9.50 

Hz, 2H, –CH3, propionamide moiety), 2.53 (d, J = 8.90 Hz, 2H, –CH2, propane thio moiety), 

7.12 (d, J = 10.95 Hz, 2H, Ar, sulfonyl moiety), 7.75–7.80 (m, 4H, Ar, sulfonyl moiety), 7.81–

7.86 (m, 4H, Ar, quinone moiety), 7.99–8.01 (m, 2H, Ar, sulfonyl moiety), 9.42 (s, 1H, –NH), 

10.30 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 9.4, 12.8, 22.1, 29.6, 34.5, 

118.8, 120.3, 123.9, 126.1, 126.2, 127.4, 128.3, 130.7, 132.6, 133.4, 133.8, 134.3, 135.1, 143.6, 

143.7, 144.2, 172.7 (–C = O, propionamide moiety), 179.6 (–C = O, quinone moiety), 180.8 (–

C = O, quinone moiety) ppm. Anal. calcd for C28H26N2O5S2 (534): C, 62.90; H, 4.90; N, 5.24; 

S, 11.99 Found: C, 62.89; H, 4.58; N, 5.01; S, 11.80. 

2.4.22. N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)furan-2-carboxamide (5v) 

Deep maroon solid (75%); mp: 143‒144 ºC; IR (ATR): ṽ = 718, 842, 1016, 1106, 1146, 1295, 

1403, 1515, 1589, 1663, 2962, 3310. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 0.63 

(t, J = 9.10 Hz, 3H, –CH3, propane thio moiety), 1.23 (q, J = 9.05 Hz, 2H, –CH2, propane thio 

moiety), 2.06 (S, 3H, –CH3, carboxamide moiety), 2.53 (d, J = 8.90 Hz, 2H, –CH2, propane 

thio moiety), 7.12 (d, J = 10.95 Hz, 2H, Ar, sulfonyl moiety), 7.75–7.79 (m, 4H, Ar, sulfonyl 

moiety), 7.81–7.85 (m, 4H, Ar, quinone moiety), 7.98–8.01 (m, 2H, Ar, sulfonyl moiety), 9.39 

(s, 1H, –NH), 10.35 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 12.8, 22.1, 24.1, 

34.5, 118.8, 120.3, 124.0, 126.1, 126.2, 127.4, 128.3, 130.7, 132.6, 133.4, 133.8, 134.3, 1352., 

143.5, 143.8, 144.3, 169.0 (–C = O, carboxamide moiety), 179.6 (–C = O, quinone moiety), 

180.8 (–C = O, quinone moiety) ppm. Anal. calcd for C27H24N2O5S2 (520): C, 62.29; H, 4.65; 

N, 5.38; S, 12.32 Found: C, 62.03; H, 4.89; N, 5.42; S, 12.31. 

2.4.23. 2,2-dichloro-N-(4-((4-((1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl)acetamide (5w) 
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Deep maroon solid (93%); mp: 197‒198 ºC; IR (ATR): ṽ = 793, 837, 909, 1013, 1104, 1152, 

1283, 1408, 1510, 1676, 1725, 2971, 3284. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 

0.62 (t, J = 9.15 Hz, 3H, –CH3, propane thio moiety), 1.22 (q, J = 9.00 Hz, 2H, –CH2, propane 

thio moiety), 2.53 (t, J = 8.90 Hz, 2H, –CH2, propane thio moiety), 6.60 (s, 1H, –CH, acetamide 

moiety), 7.12 (d, J = 10.95 Hz, 2H, Ar, sulfonyl moiety), 7.77–7.80 (m, 3H, Ar, sulfonyl 

moiety), 7.81–7.86 (m, 3H, Ar, sulfonyl moiety), 7.94 (d, J = 11.00 Hz, 2H, Ar, quinone 

moiety), 7.99–8.02 (m, 2H, Ar, quinone moiety), 9.44 (s, 1H, –NH), 11.07 (s, 1H, –NH) ppm. 

13C NMR (125 MHz, DMSO-d6): δ = 13.3, 22.6, 35.0, 67.6, 120.6, 120.8, 124.9, 126.6, 126.8, 

128.1, 129.0, 131.3, 133.2, 133.9, 134.0, 134.9, 137.7, 142.3, 144.2, 145.0, 162.8 (–C = O, 

acetamide moiety), 180.1 (–C = O, quinone moiety), 181.4 (–C = O, quinone moiety) ppm. 

Anal. calcd for C27H22Cl2N2O5S2 (589): C, 55.01; H, 3.76; N, 4.75; S, 10.80 Found: C, 55.27; 

H, 3.92; N, 4.78; S, 10.89. Beilstein test: Cl positive.[50]  

2.5. Procedure for the synthesis of compounds 5x–5y 

In a round bottom flask, 2,3-dichloro-1,4-naphthoquinone 1 (2.270 g, 10 mmol) and aryl 

amines 2a–b (10 mmol) was mixed in double distilled water (700 mL). The reaction mixture 

was refluxed for 2 h. Once the reaction was complete, the mixture was cooled and the resulting 

precipitates were isolated, washed with hot water (500 mL), and dried at 45 ºC. The crude 

product was then purified using column chromatography (silica gel column, 100–200 mesh) 

with a mixture of ethyl acetate and hexane (1:4 ratio). This process yielded compounds 5x–5y. 

2.5.1. 2-chloro-3-(phenylamino)naphthalene-1,4-dione (5x) 

Deep maroon solid (96%); mp: 221‒222 ºC;[51] IR (ATR): ṽ = 717, 1017, 1140, 1287, 1331, 

1444, 1560, 1674, 3040, 3233. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 7.11–7.14 

(m, 3H, Ar), 7.31 (t, J = 9.65 Hz, 2H, Ar), 7.79 (dt, J = 9.45 Hz & J = 1.30 Hz, 1H, Ar, quinone 

moiety), 7.86 (dt, J = 9.27 Hz & J = 1.40 Hz, 1H, Ar, quinone moiety), 8.02 (d, J = 9.50 Hz, 

2H, Ar, quinone moiety), 9.29 (s, 1H, –NH) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 114.2, 
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123.8, 124.2, 125.8, 126.2, 127.7, 130.0, 131.8, 132.9, 134.5, 138.6, 142.9, 176.4 (–C = O, 

quinone moiety), 179.8 (–C = O, quinone moiety) ppm. Anal. calcd for C16H10ClNO2 (283): C, 

67.74; H, 3.55; N, 4.94 Found: C, 67.69; H, 3.62; N, 4.91; Beilstein test: Cl positive.[50]  

2.5.2. 2-chloro-3-(p-tolylamino)naphthalene-1,4-dione (5y) 

Light maroon solid (97%); mp: 204‒205 ºC; IR (ATR): ṽ = 718, 817, 1019, 1141, 1283, 1330, 

1496, 1547, 1593, 1633, 1675, 2919, 3029, 3225. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): 

δ = 2.29 (s, 3H), 7.02 (d, J = 10.2 Hz, 3H, Ar), 1.21 (q, J = 9.05 Hz, 2H, Ar), 2.51 (t, J = 8.90 

Hz, 2H, Ar, quinone moiety), 2.29 (s, 3H, (–CH3, p-tolyl moiety), 7.02 (d, J = 10.35 Hz, 2H, 

Ar, quinone moiety), 7.11 (d, J = 10.25 Hz, 2H, Ar, quinone moiety), 7.79 (dt, J = 9.25 Hz & 

J = 1.65 Hz, 1H, Ar, quinone moiety), 7.85 (dt, J = 9.27 Hz & J = 1.65 Hz, 1H, Ar, quinone 

moiety), 8.02 (dd, J = 9.37 Hz & J = 1.80 Hz, 2H, Ar, quinone moiety), 9.26 (s, 1H, –NH) 

ppm. 13C NMR (125 MHz, DMSO-d6): δ = 20.6, 113.3, 124.1, 126.0, 126.5, 128.4, 130.2, 

132.0, 133.1, 133.7, 134.8, 136.1, 143.2, 176.6 (–C = O, quinone moiety), 180.1 (–C = O, 

quinone moiety) ppm. Anal. calcd for C17H12ClNO2 (297): C, 68.58; H, 4.06; N, 4.70. Found: 

C, 68.41; H, 3.98; N, 4.98; Beilstein test: Cl positive.[50]  

2.6. Procedure for the synthesis of compounds 5z–5aa 

Compounds 5x–5y (4 mmol) were dissolved in acetonitrile (250 mL), followed by the slow 

addition of 1-propanethiol (0.371 g, 4 mmol). Subsequently, triethylamine (0.404 mL, 4 mmol) 

was introduced into the reaction mixture, which was then refluxed for 3 h. Upon completion of 

the reaction, the mixture was transferred to ice-cold water, resulting in the formation of a solid 

product that was filtered, dried at 45 ºC, and purified using column chromatography (silica gel 

100–200 mesh, ethyl acetate: hexane, 1:4) to yield compounds 5z–5aa.   

2.6.1. 2-(phenylamino)-3-(propylthio)naphthalene-1,4-dione (5z) 

Deep maroon solid (99%); mp: 122‒123 ºC [52]; IR (ATR): ṽ = 753, 839, 913, 1015, 1085, 

1128, 1183, 1282, 1440, 1495, 1588, 1660, 2869, 2954, 3059, 3284. 1H NMR (500 MHz, 
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DMSO-d6, 25 °C, TMS): δ = 0.76 (t, J = 9.10 Hz, 3H, –CH3, propane thio moiety), 1.28 (q, J 

= 9.00 Hz, 2H, –CH2, propane thio moiety), 2.52 (t, J = 8.20 Hz, 2H, –CH2, propane thio 

moiety), 7.08 (d, J = 10.10 Hz, 3H, Ar), 7.30 (t, J = 9.95 Hz, 2H, Ar), 7.80 (dt, J = 8.90 Hz & 

J = 1.10 Hz, 1H, Ar, quinone moiety), 7.86 (dt, J = 8.75 Hz & J = 1.30 Hz, 1H, Ar, quinone 

moiety), 8.03 (t, J = 7.75 Hz, 2H, Ar, quinone moiety), 9.13 (s, 1H, –NH) ppm. 13C NMR (125 

MHz, DMSO-d6): δ = 13.0, 22.1, 34.7, 117.1, 122.1, 123.2, 125.9, 126.1, 127.8, 130.5, 132.9, 

133.0, 134.4, 139.4, 145.6, 180.1 (–C = O, quinone moiety), 180.3 (–C = O, quinone moiety) 

ppm. Anal. calcd for C19H17NO2S (323): C, 70.56; H, 5.30; N, 4.33; S, 9.91 Found: C, 70.40; 

H, 5.42; N, 4.31; S, 9.98. 

2.6.2. 2-(propylthio)-3-(p-tolylamino)naphthalene-1,4-dione (5aa) 

Deep maroon solid (99%); mp: 108‒109 ºC; IR (ATR): ṽ = 719, 818, 1015, 1134, 1284, 1495, 

1562, 1589, 1636, 1688, 2919, 2960, 3339. 1H NMR (500 MHz, DMSO-d6, 25 °C, TMS): δ = 

0.77 (t, J = 9.15 Hz, 3H, –CH3, propane thio moiety), 1.30 (q, J = 9.05 Hz, 2H, –CH2, propane 

thio moiety), 2.30 (s, 3H, –CH3, Ar), 2.52 (t, J = 5.15 Hz, 2H, –CH2, propane thio moiety), 

6.99 (d, J = 10.30 Hz, 2H, Ar), 7.11 (d, J = 10.25 Hz, 2H, Ar), 7.79 (dt, J = 9.42 Hz & J = 1.10 

Hz, 1H, Ar, quinone moiety), 7.85 (dt, J = 8.47 Hz & J = 1.45 Hz, 1H, Ar, quinone moiety), 

8.02 (d, J = 9.60 Hz, 2H, Ar, quinone moiety), 9.00 (s, 1H, –NH) ppm. 13C NMR (125 MHz, 

DMSO-d6): δ = 12.9, 20.4, 22.0, 34.7, 115.9, 122.3, 125.8, 126.0, 128.3, 130.5, 132.5, 132.8, 

132.9, 134.4, 136.9, 146.1, 180.1 (–C = O, quinone moiety), 180.1 (–C = O, quinone moiety) 

ppm. Anal. calcd for C20H19NO2S (337): C, 71.19; H, 5.68; N, 4.15; S, 9.50 Found: C, 71.10; 

H, 5.71; N, 4.42; S, 9.72. 

2.7. Biology 

2.7.1. Cell culture and in vitro cytotoxicity study 

In this study, various human cancer cell lines were utilized, including A549 (lung carcinoma), 

SW480 (colorectal adenocarcinoma), MDA-MB-231 (triple negative breast carcinoma), and 
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MCF-7 (breast carcinoma) were obtained from the American type culture collection (ATCC, 

Manassas VA, 20110, United States) and Sigma-Aldrich (St. Louis, MO 63103, United States). 

Additionally, human normal cells, specifically HEK293 (human embryonic kidney cells), were 

also included in the investigation. All cells were incubated in DMEM or RPMI-1640 medium 

provided with fetal bovine serum (10%, Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 

L-glutamine, and penicillin/streptomycin (Capricorn Scientific GmbH, Ebsdorfergrund,

Germany) at an ambient temperature (37 °C, 5% CO2). The effectiveness of the synthesized 

compounds (3–5aa, DMSO solvent) were checked with the cancer cells that were seeded in 

96-well microculture plates at ten doses ranging from 0.195 µM, 0.390 µM, 0.781 µM, 1.56

µM, 3.125 µM 6.25 µM, 12.5 µM, 25 µM, 50 µM, and 100 µM. After 24 h and 48 h treatment 

of cells with compounds, MTT solution (10 μL, 5 mg/mL in phosphate-buffered saline, PBS) 

was added. The formazan crystals were formed after 4 h incubation, that dissolved in DMSO 

(100 μL) and OD (optical density) was recorded at 590 nm. Triplicate tests were performed for 

all the compounds. All the IC50 values were calculated using Calcusyn software.[53]  

2.7.2. Morphological alterations study in MCF-7 cells 

About 5 × 104 cells/well were seeded in a six-well plate and treated with 0 µM, 1.25 µM, 2.5 

µM, 5.0 µM, and 10 µM of 5v for 24 h and 48 h (37 °C, 5% CO2). The cellular morphology 

was observed using an inverted microscope, images were captured with a use of ImageScope 

software (Aperio).[54]  
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2.7.3. AO/EB double staining 

Approximately 5 × 104 cells were plated in each well of a six-well plate and exposed to varying 

concentrations of 5v (0 µM, 1.25 µM, 2.5 µM, 5.0 µM, and 10 µM) for 24 h and 48 h (37 °C, 

5% CO2). Following treatment, the cells were fixed with 4% paraformaldehyde for 30 min at 

room temperature. Subsequently, the cells were stained with AO (10µg/mL) and EB (1 µg/mL) 

before imaging under a fluorescent microscope.[55]  

2.7.4. Apoptosis study  

MCF-7 cells were plated at a density of 1.2 × 106 cells per dish and exposed to varying 

concentrations of 5v (0 µM, 1.25 µM, 2.5 µM, 5.0 µM, and 10 µM) for 24 h. DMSO (0.01%) 

and doxorubicin (1.25 µM, 2.5 µM) were used as controls. Following treatment, the cells were 

detached using trypsin, centrifuged at 500 X g for 5 min at room temperature, washed with 

PBS, and subjected to flow cytometry analysis. Apoptosis induction in MCF-7 cells was 

assessed using the FITC Annexin V Apoptosis Detection Kit (BD Pharmingen) according to 

the manufacturer's instructions. Briefly, cells were harvested, washed with cold PBS, 

resuspended in 1X binding buffer (BD Pharmingen, kit component, 1 × 106 cells/mL), stained 

with FITC Annexin V/PI, and then analyzed using a flow cytometer (BD FACSCalibur flow 

cytometer, 1 Becton Drive Franklin Lakes, NJ, USA) after a 15 min incubation at room 

temperature in the dark.[56] 

2.7.5. Cell colony formation assay 

MCF-7 single cell suspension was seeded in ø100 mm cell culture dishes. Later, the cells were 

treated with a different concentration of 5v (0 µM, 1.25 µM, 2.5 µM, 5.0 µM, and 10 µM) for 

24 h. After the treatment, the cells were harvested using TrypLE Express Enzyme (Gibco), 

counted using hemocytometer. The 200 and 350 cells of each variant were seeded in new cell 

culture dishes in duplicates. The cells were incubated and undisturbed for 10 days at 37 °C 

until cells in control dishes have formed sufficient clones consisting at least 50 cells. 
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Subsequently, the cells were fixed with 100% methanol for 20 min at room temperature and 

stained with 0.5% crystal violet in 25% methanol. The colonies were counted manually by light 

microscopy.[57] 

2.7.6. Data analysis 

The surviving fraction (SF), representing the number of colonies that emerge after treatment, 

can be calculated using the following equation. 

𝑆𝐹 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 colonies formed after treatment

Number of cells seeded
 × 𝑃𝐸 

Where, PE = plating efficiency. 

2.7.7. Preparation of human cells extracts 

MCF-7 cells were cultured in FBS-free DMEM. Then, the cells were treated with different 

concentration of 5v (0 µM, 1.25 µM, 2.5 µM, 5.0 µM, and 10 µM) for 24 h. After the treatment, 

the cells were harvested using TrypLE Express Enzyme (Gibco), centrifuged and according to 

protocol lysed (CelLytic™ MT Cell Lysis Reagent). Briefly, cells were incubated in ice with 

appropriate volume of lysis reagent on a shaker for 15 min. Subsequently, lysed cells were 

centrifuged for 10 min at 20000 X g to pellet the cellular debris. Finally, the supernatant portion 

was transferred to a chilled test tube.[57]  

2.7.8. SDS-PAGE and Western blotting  

Exactly, 25 µg total protein lysates were exposed to SDS-PAGE (10% polyacrylamide gel) 

under reducing conditions and it was transferred to polyvinylidene fluoride (PVDF, from 

Merck) membranes. The blots were preincubated in blocking buffer (1% nonfat dry milk in 10 

mM TBS, pH = 7.4) for 1 h at room temperature. Then the protein lysates were further 

incubated with appropriate primary antibodies such as mouse anti-Bcl-2 monoclonal antibody 

(1/1000, v/v), mouse anti-Bax monoclonal antibody (1/1000, v/v), and mouse anti-α-tubulin 

monoclonal antibody (1/2000, v/v) in blocking buffer for 1 h. Next, the blots were washed with 

blocking buffer (contains 0.1% Tween 20) and incubated with alkaline phosphatase-conjugated 
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anti-mouse secondary antibodies (1/5000, v/v) for 1 h. The Bcl-2, Bax and tubulin protein 

bands were visualized using BCIP/NBT solution reagent after the treatment with different 

doses of compound 5v (0 µM, 1.25 µM, 2.5 µM, 5.0 µM, and 10 µM) for 24 h.[58] 

2.7.9. Cell cycle analysis 

MCF-7 cells were incubated with 5v (10 µM) for 24 h. DMSO (0.01%) was used as a negative 

control. After the incubation, the cells were harvested by trypsynization, washed with PBS and 

pellets were fixed with ice-cold ethanol (1 mL, 80%) in -20 °C for 2 h. Lastly, the samples 

were subjected to flow cytometry analysis.[59]  

2.7.10. ROS detection  

MCF-7 cells were seeded at 1.2 × 106 cell/dish and treated with 5v (5 µM) for 24 h. DMSO 

(0.01%) was used as a negative control. The pellets were suspended in CM-H2DCFDA (1 mL, 

and 5 µM) solution in PBS. For positive control, the untreated cells were washed three times 

with PBS and incubated with freshly prepared H2O2 (2 mM, 30 min at 37 °C) in PBS. After the 

incubation, the cells were harvested by trypsinization and incubated in the dark (37 °C for 30 

min). Next, the cells were centrifuged at 130 X g for 5 min and gently resuspended in pre-

warmed PBS. This step was repeated twice and the cells were submitted to flow cytometry 

ROS detection (excitation: 488 nm; emission: 535 nm). Parallelly, 100 µL cell suspension was 

stained with CM-H2DCFDA (1 mL, 5 µM), placed in a dark 96-well plate and fluorescence 

signal was measured using microplate reader (excitation: 488 nm; emission: 535 nm) in the 

end point mode.[60]  

2.8. In vivo analysis 

2.8.1. Ecotoxicity  

To assess the toxicity of 5v, the fish embryo toxicity (FET) test was conducted on zebrafish 

larvae (Danio rerio) following the guidelines provided by the OECD Test Guideline 236. In 

this study, freshly fertilized zebrafish eggs were exposed to varying concentrations of 5v, 
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ranging from 0 to 200 μM, for a duration of 96 h. The experimental setup employed a static 

system, ensuring that the changes in solution concentrations did not exceed 20% of the nominal 

concentration values. 

The solution for xenograft model of MCF-7 cells (E3), which consisted of NaCl (5 

mmol/L), KCl (0.17 mmol/L), CaCl2 (0.33 mmol/L), MgSO4 (0.33 mmol/L), with the pH of 

7.2, served as both the embryo culture medium and the stock solution. The experiment took 

place in 24-well plates, with each well containing five embryos and a total of ten embryos per 

group. The plates were covered and placed in an incubator set at a temperature of 28 ± 0.5 °C, 

with a light/dark cycle of 12/12 h. Following the exposure period (96 hpf), the acute toxicity 

was evaluated by monitoring four visual indicators of lethality. These indicators included the 

formation of clots in fertilized eggs, the absence of somite development, the failure of the 

tailbud to detach from the yolk sac, and the lack of a heartbeat. The LC50 value was calculated 

to determine the toxicity level. Furthermore, the heart rate was measured to determine the 

potential cardiotoxic effects of 5v.[61] A statistical analysis utilizing one-way ANOVA was 

conducted employing GraphPad 9 software (version 9.0.0 for Windows, GraphPad Software, 

Boston, Massachusetts, USA, www.graphpad.com). 

2.8.2. Xenotransplantation of MCF-7 cells 

2.8.2.1. Cell labelling and Zebrafish xenografts 

MCF-7 cells were suspended at a density of 1 × 106/mL were labelled (Vybrant™ DiI Cell-

Labeling Solution, Thermo Fisher Scientific, Waltham, MA, USA) at a concentration of 5 

µL/mL according to manufacturer’s instructions. 2 dpf zebrafish embryos were anaesthetized 

with tricaine (0.003%, Sigma-Aldrich, St. Louris, MO, USA) and placed on a Petri dish (10 

cm) that coated with 1% agarose. The labelled MCF-7 cell suspension was introduced into the

yolk sac by microinjection in the amount of 2 nL (~300 cells/embryo). The suitable injected 

embryos were selected after 2 hpi (hours post injection).[62]  
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2.8.3. Zebrafish xenograft drug administration 

The selected embryos were randomly divided into 3 groups: two groups of larvae were treated 

with 5v at two different doses: 2 µM, and 10 µM, while one another group of larvae was not 

treated. All larvae were placed at 31 ℃ for 72 h. As per Directive 2010/63/EU, which focuses 

on safeguarding animals utilized for scientific purposes, zebrafish are classified as self-feeding 

larval forms until 120 hpf, i.e., initial 5 days of their life. Therefore, zebrafish are not regarded 

as animals and do not necessitate ethical approval from authorities.[50] At the end of observation 

period, the images of the fish from each group were taken to monitor the growth of tumour 

cells (Discovery V8 Stereo optical microscope and Zeiss hardware).[63] 

2.9. In silico analysis 

To understand the interaction between the syntehsized compound 5v and cancer cell proteins, 

an in silico molecular docking study was carried out with the receptors such as the estrogen 

receptor (ER), epidermal growth factor receptor kinase (EFGR), breast cancer type 1 

susceptibility protein (BRCA1), and vascular endothelial growth factor receptor 2(VEGFR2) 

were obtained from the PDB databank under accession numbers 3ERD, 6S9C, 4Y2G, and 

2XIR, respectively. Compound 5v and the standard anticancer drug doxorubicin was selected 

as final targets for the molecular docking study. Molecular docking was conducted utilizing 

AutoDock Vina software.[64] A grid box was strategically selected to encompass the entire 

receptor, facilitating global docking analysis. The outcomes of the global docking led to the 

identification of a local binding site that corresponded with the co-crystallized ligand. The grid 

spacing was established at 0.375 Å, and the grid box was centered on the receptor's active site, 

measuring 20 Å × 20 Å × 25 Å to guarantee comprehensive coverage of the binding site. Three 

separate docking runs were executed, each comprising 100 search iterations. Additionally, the 

docking results were validated through cross-docking with doxorubicin at the binding site 

indicated in the PDB entry or within the co-crystallized structure. The RMSD values of 5v in 
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relation to doxorubicin at the binding site were determined by superimposing the two docked 

complexes utilizing the PyMOL software package. A lower RMSD value, along with a higher 

docking score, suggests a potentially more robust or advantageous binding interaction with the 

receptor. 3D structure of doxorubicin was obtained from PubChem (PubChem CID:31703). 

The compound 5v and doxorubicin were optimized at the Becke, 3-parameter, Lee–Yang–Parr 

(B3LYP) level of theory, and the 6-31G* basis set using the Gaussian 09 software package. 

Docking score (kcal/mol) was used to determine the docking output of the molecules.[65] 

Furthermore, the theoretical Absorption, Distribution, Metabolism and Excretion (ADMET) 

profiles of 5v was calculated using the molinspiration tool. The pharmacokinetics of 5v were 

obtained using admetSAR and swissADME.[66] All the chemcial structures were drawn using 

ACD/chemsketch. 

3. Results and discussion

3.1. Chemistry 

A novel library of 1,4-naphthoquinone containing 1-propanethio moiety were synthesized 

(Schemes 1 and 2). As per our previous report, the parental compound 3 was synthesized from 

2,3-dichloro-1,4-naphthoquinone 1 and dapsone 2 through the nucleophilic substitution 

reaction.[49] Next, the compound 4 was synthesized via nucleophilic substitution of compound 

3 and 1-propanethiol in dry acetonitrile. An equimolar amount of base triethylamine was used 

to catalyze the reaction for 3 h and the compound 4 was obtained with a 96% yield. The same 

reaction was performed in various organic and aqueous solvents including water, acetone, 

ethanol, methanol, dimethyl sulfoxide, and dimethylformamide; though, several byproducts 

were alongside with the compound 4. Finally, compound 4 was used to synthesize the expected 

compounds 5a–w. Compound 4 was benzoylated or acylated with several acid chlorides in 

acetone with 30 min reflux that afforded the desired compounds in good yield (75–99%; 

Scheme 1). Also, compounds 5x–5aa were synthesized using our previously reported method 
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with minor modifications.[67],[46] The desired products were isolated in a moderate to good 

percentage yield (96–99%; Scheme 2).  
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Scheme 1. Synthesis of diversly substituted  1,4-naphthoquinone derivatives (3–5w). 

Scheme 2. Synthesis of aryl amino naphthoquinones (5x–5aa). 

3.2. In vitro biological studies 

3.2.1. Cytotoxicity study 

All the synthesized naphthoquinones 3–5aa, were studied for their cytotoxic property by MTT 

assay[68],[69] using four human cancer cell lines including A549 (lung carcinoma), SW480 

(colorectal adenocarcinoma), MDA-MB-231 (triple negative breast carcinoma), MCF-7 (breast 

carcinoma) and human normal cells including HEK293 (human embryonic kidney cells). The 

selection of human cancer cell lines was based on their ability to represent the most prevalent 

types of cancers globally, considering both their incidence and mortality rates.[70],[71] The 

anticancer drug doxorubicin (DOX) was utilized as a standard drug. The cytotoxicity study of 

all the compounds (3–5aa) was carried out at two different incubation period such as 24 h and 

48 h. Cytotoxicity was defined as the concentration needed to cause a 50% loss of the cell 

monolayer (IC50, Table S1). 
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Amongst, compounds 5i, 5l, 5o, 5q, 5r, 5s, 5t, and 5v showed significant cytotoxic 

property which is higher than the standard drug doxorubicin. Specifically, compound 5v 

showed superior cytotoxicity against all the tested cancer cell lines. Compounds 5r (IC50 = 1.2 

μM, and 1.1 μM at 24 h and 48 h, respectively) showed potent cytotoxic activity against A549 

cells with comparable IC50 values to that of doxorubicin (IC50 = 2.3 μM, and 2.1 μM at 24 h 

and 48 h, respectively). Compounds 5q (IC50 = 4.9 μM, and 1.2 μM at 24 h and 48 h, 

respectively) showed potent cytotoxic activity against SW480 cells with comparable IC50

values to that of doxorubicin (IC50 = 6.9 μM, and 5.1 μM at 24 h and 48 h, respectively). 

Compounds 5v (IC50 = 1.5 μM, and 1.3 μM at 24 h and, 48 h, respectively) showed potent 

cytotoxic activity against MDA-MB-231 cells with comparable IC50 values to that of 

doxorubicin (IC50 = 10.6 μM, and 9.1 μM at 24 h and, 48 h, respectively). With respect to 

MCF-7 breast carcinoma, compound 5v (IC50 = 1.2 μM, and 0.9 μM, at 24 h and, 48 h, 

respectively) was the highly active cytotoxic agent and showed potent activity than doxorubicin 

(IC50 = 2.4 μM, and 2.1 μM at 24 h and, 48 h, respectively). The compounds (3–5aa) exhibited 

higher IC50 values against HEK293 cells, indicating the non-toxic nature of the compounds in 

normal human cells. Additionally, the cytotoxicity assay was conducted for all the compounds 

at two different incubation times: 24 h and 48 h. The cytotoxicity of the compounds (3–5aa) 

was found to be slightly more effective after 48 h of treatment compared to 24 h. The extended 

cytotoxic investigation shows that the compounds remain stable and retain their cytotoxic 

effect even after 48 hours. 

To verify the selectivity index (SI) and safety profile of the synthesized 

naphthoquinones (3–5aa), the toxicity study was carried out in normal HEK293 cell line 

(human embryonic kidney cells). The SI values are calculated from the IC50 of HEK293 cell 

line (non-cancer cells) divided by MCF-7 cell line (cancer cells) and are listed in Table S1. All 

the studied compounds exhibited less toxicity against HEK293 cell line, in comparison with 
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the standard drug doxorubicin (IC50 = 9.5 μM, and 12.3 μM at 24 h and 48 h, respectively). 

The calculated SI values of all the compounds (3–5aa) are higher than 2 (2.00 – 47.00) which 

indicate that the compounds are more selective towards the human cancer cells and less toxic 

towards the human normal cells.[72] 

The obtained results prompted an investigation into the SARs (structure-activity 

relationships) of the synthesized compounds (3–5aa). Incorporating a thio moiety at the C–3 

position of the naphthoquinone ring resulted in enhanced cytotoxicity than the parent 

compound 3. Notably, forming amides of compound 4 with different acid chlorides that 

significantly enhanced the inhibitory activity. The compounds (3–5aa) demonstrated 

significant cytotoxicity against all four cell lines, specifically, with aryl amides containing 

electron-donating or electronegative functional groups exhibiting superior efficacy compared 

to doxorubicin (5i, 5l, 5o, 5s, and 5t). It is important to highlight that the amide linkage with 

the extended heterocyclic moiety (5q and 5r) showed a strong cytotoxic effect against the cell 

lines. Conversely, compounds with electron-withdrawing functional groups displayed lower 

inhibitory activity (5f and 5g). It is important to highlight that the compounds in Schemes 1 & 

2, specifically the aryl amino-sulfanyl, thio, and amide counterparts, play a crucial role in 

improving the cytotoxic properties. Out of all the compounds examined for their cytotoxic 

effects on four different human cancer cell lines (A549, SW480, MDA-MB-231, and MCF-7), 

5v exhibited the strongest cytotoxic activity. Interestingly, 5v demonstrated significant activity 

against the MCF-7 cell line, displaying high SI values and a favourable safety profile. 

Consequently, additional in vitro and in vivo investigations were carried out to explore the 

mechanism of action of 5v in cancer cell
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3.2.2. Morphological alterations study in MCF-7 cells 

The cancer cell growth and apoptotic properties can be observed through the significant 

morphological changes. Following drug treatment, the cells undergo apoptosis and their shape 

transforms into a round shape. To examine the impact of 5v on the structure of MCF-7 cells, 

different time intervals of 24 h and 48 h were considered in a dose-dependent manner (Fig. 3a 

& b). MCF-7 human cancer cells were exposed to varying concentrations of 5v, while DMSO 

served as the negative control. After the treatment of 5v with MCF-7, significant morphological 

changes were found in cells treated with 1.25 µM, 2.5 µM, 5.0 µM and 10 µM of 5v as 

compared to untreated control cell population. Treated cells lost their typical morphologic 

features and adhesion properties such as adherence to the surface, and cell to cell attachment. 

Detached cells had a tendency to form clusters of small number of cells floating in the medium. 

Shrinkage of the cells was highly noticeable and decrease of cell number was also observed 

when compared to the control (white cells). After 48 h cell treatment that exhibited even higher 

sensitivity to the compound 5v which characterized by membrane blebbing and forming 

apoptotic bodies. Consequently, the findings suggest that the treatment of 5v had an impact on 

cell death in MCF-7 cells, leading to apoptosis following exposure to different concentrations 

of 5v. Besides, the results highlight the importance of 5v in triggering apoptosis in MCF-7 

cells. Furthermore, the observations suggest that 5v exhibits higher cytotoxicity in MCF-7 

cells, as evidenced by alterations in cancer cell morphology. 
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Fig. 3. The compound 5v causes the cell death in MCF-7 cells; (a) Treated MCF-7 cells with 

DMSO and different concentration of 5v for 24 h; (b) Treated MCF-7 cells with DMSO and 

different concentration of 5v for 48 h. The cellular morphology was documented using bright 

field imaging. 

3.2.3. AO/EB double staining assay 

AO/EB double staining assay was used to evaluate the effect of compound 5v in MCF-7 cell 

line for 24 h and 48 h. As shown in Fig. 4, AO/EB staining cells were observed using 

fluorescent microscope in order to discriminate the live, apoptotic and necrotic cells. The 

results showed various changes in the morphology and shape of the cells. The untreated cells 

exhibit green fluorescence. The cells treated with 1.25 µM concentration of 5v do not show 

any significant changes in fluorescence. Early apoptotic cells exhibiting yellowish/orange 

fluorescence appeared after 2.50 µM treatment. With the increased concentration of 5v (5.0 
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µM and 10.0 µM), the number of early apoptotic cells increased, while at the same time, cell 

adherence was decreased and loss of the capacity to form dense colonies are noticeable. 

Especially, with the treatment of 10 μM of 5v, the ratio of yellow/orange and orange/red to 

green fluorescent cells were appeared in higher amount. These results indicate that the 

compound 5v showed the anticancer activity via apoptosis and necrosis pathways. 

Fig. 4. (a) Detection of apoptosis by AO/EB staining in MCF-7 cell line after 24 h treatment; 

(b) Detection of apoptosis by AO/EB staining in MCF-7 cell line after 48 h treatment. Where,

green coloured cells = live cells; yellow/orange-coloured cells = early apoptotic cells; 

orange/red-coloured cells = late apoptotic cells; red-coloured cells = necrotic cells. 

3.2.4. Apoptosis study  

To investigate the cell apoptosis induced by the compound 5v in MCF-7, the apoptosis assay 

was performed using the Annexin V-FITC/propidium iodide double staining method. The 
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effect of 5v on the induction of apoptosis in MCF-7 cells is showed in Fig. 5 & Table 2. These 

results showed the enhancement of the total apoptotic and necrotic cells percentage after the 

treatment of 5v in MCF-7 cell on dose-dependent manner. For 5v with 1.25 µM, higher 

apoptotic cells (5.05%), and necrotic cells (20.99%) were observed in comparison to the control 

cells (8.20%, and 11.79%), and doxorubicin (0.67%, and 16.44%, respectively). Meanwhile, 

with the increasing concentration of 5v up to 10 µM, 5v showed an increase of the total necrotic 

cell percentage in MCF-7 cells (65.29%) relative to the control cells (11.79%). Furthermore, 

5v showed better apoptotic and necrotic cells death in contrast to the standard doxorubicin. 

These results suggested that the compound 5v could be the potent apoptotic and necrotic 

inducer. 

Fig. 5. Apoptotic and necrotic study was performed in MCF-7 cells by Annexin V-FITC/PI 

double staining assay. All the experiments were performed in triplicates. 

Table 2. Apoptotic effect of compound 5v in MCF-7 cells. 

Compound Apoptosis % Necrosis % Total % ± SD 

Early % Late % Total % 

Control 0.20 8.0 8.20 11.79 19.99 ± 0.59 

DMSO (0.01%)

80.01% 0.20%

8.00%11.79%

Dox (1.25 µM)

82.90%

16.44%

Dox (2.50 µM)

5v (2.50 µM) 5v (5.0 µM) 5v (10.0 µM)

72.59% 0.02%

0.51%26.88%

34.69% 0.00%

0.02%65.29%

66.60% 0.05%

3.14%30.21%

71.46% 0.05%

3.71%24.77%

0.67%

0.00%

P
I

Annexin V

5v (1.25 µM)

73.96% 0.11%

4.94%20.99%
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Dox (1.25 µM) 0.0 0.67 0.67 16.44 17.11 ± 1.23 

Dox (2.50 µM) 0.02 0.51 0.53 26.88 27.41 ± 0.92 

5v (1.25 µM) 0.11 4.94 5.05 20.99 26.04 ± 0.15 

5v (2.50 µM) 0.05 3.71 3.76 24.77 28.53 ± 0.68 

5v (5.0 µM) 0.05 3.14 3.19 30.21 33.40 ± 0.26 

5v (10.0 µM) 0.0 0.02 0.02 65.29 65.49 ± 0. 51 

*Dox-Doxorubicin

3.2.5. Cell colony formation assay 

Along with MTT assay, the anticancer effect of lead compound 5v was evalauted in a dose-

dependent manner using the cell colony formation assay. The results are indicate that the 

survival fraction of the MCF-7 cells after 5v (2.50 µM, and 5.0 µM) treatment was reduced to 

about 52% and 75% in comparison to the control cells, respectively. Interestingly, at applying 

10 µM of 5v, the MCF-7 cell line growth was completely arrested after 24 h of drug exposure. 

The cell colony formation activity was compared with the standard drug doxorubicin (5 µM) 

which showed 2.12-fold lesser inhibiton activity than the compound 5v  (Fig. 6). 
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Fig. 6. Cell colony formation assay of at various concentrations of 5v against MCF-7 cell line. 

All the experiments were performed in triplicates. 

3.2.6. SDS-PAGE and Western blotting  

The gene and protein expression of Bax (proapoptotic), and Bcl2 (antiapoptotic) in MCF-7 

cells exposed to 5v were analyzed (Fig. 7). The obtained results indicate that MCF-7 cell 

expression pattern of Bax was higher than doxorubicin. Alongside, Bcl-2 expression in MCF-

7 cells was reduced significantly after 24 h, signifying that this was the source of mitochondrial 

permeability (Fig. 7a−e).[73] Besides, the results validate that a high ratio of Bax to Bcl-2 can 

result in the release of tubulin, so activating apoptosis (Fig. 7f−g).[74] The obtained results 

support the aforementioned statement that there was a gradual increase in the gene and protein 

expression patterns of tubulin. Furthermore, it has been demonstrated that tubulin is released 

from mitochondria during the initial phases of apoptosis.[2] Our research findings suggest that 
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the initiation of apoptotic cell death in MCF-7 is a two-step process involving the release of 

tubulin from mitochondria, which subsequently triggers the activation of Bax and Bcl-2. 

Fig. 7. (a−c) The molecular pathways of MCF-7 cells treated with varying concentrations of 

5v (1.25 µM−10 µM) involve both pro- and antiapoptotic genes; (d−f) The gene expression 

pattern in these cells was analyzed using semiquantitative RT-PCR for different genes; (g) The 

quantification of mRNA expression revealed fold level changes in MCF-7 cells. Statistical 

significance was determined based on p-values, with values <0.0001 (****), 0.0001 (***), 

0.0025 (**), and ns (non-significant) considered significant. Standards: doxorubicin (20 µM) 

and CX-4945 (20 µM). All the experiments were performed in triplicates. 

3.2.7. Cell cycle analysis 

Compound 5v underwent testing to determine its impact on cell cycle arrest in the MCF-7 cell 

line. The flow cytometry results (Fig. 8) showed that 5v significantly increased the DNA 

percentage content isolated in S phase by elevating cellular population from 11.33% to 36.48% 

against MCF-7 cell line. These results indicate that the mechanism of anti-breast cancer mode 

of 5v was induced by cell cycle arrest at S phase. 
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Fig. 8. (a, b) Effect of 5v on the cell cycle of MCF-7 cell line after 24 h compared to control; 

(c) Statistical analysis of cell cycle in MCF-7 cells treated with 5v. All the experiments were

performed in triplicates. 
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Compound 5v was found to make cell death by producing damage to proteins, lipids, DNA, 

and RNA through increased levels of reactive oxygen species (ROS). To assess the ROS 

production induced by 5v, DCFH-DA dye was utilized. DCFH-DA is a commonly used 

fluorescent dye for ROS detection in cells. The oxidation of DCFH by ROS results in the 

production of DCF, emitting green fluorescence that can be visualized using a fluorescence 

microscope.[75] A dose-dependent increase in ROS production was observed in MCF-7 cells 

treated with 5v (Fig. 9). The generation of ROS was 3.7, and 1.05-fold higher for 5v compared 

to the negative (DMSO) and positive (H2O2) control cells, respectively. These findings suggest 

that 5v is responsible for ROS production, which may be one of the mechanisms leading to 

MCF-7 cell death. 

Fig. 9. ROS generation study of 5v in MCF-7 cell line. All the experiments were performed in 

triplicates. 
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3.3. In vivo analysis 

3.3.1. Ecotoxicity 

Zebrafish model is a perfect animal model being able to evaluate the anticancer efficiency of 

small organic molecules. The current study focused on examining the ecotoxicity of compound 

5v using the Danio rerio animal model. Treatment of 5v at the various concentrations (0, 2.5, 

5.0, 7.5, 10.0, 15.0, 25.0, 50.0, 75.0, 100.0, 150.0, and 200.0 μM) for 96 hpf (hours post 

fertilization), the ecotoxicity profile was evaluated. All investigated concentrations were found 

nontoxic (Fig. 10a). Furthermore, to determine the potential impact on the cardiotoxicity, the 

heart rate was measured. Interestingly, the results indicate that the compound 5v displayed 

insignificant impact on cardiac functions (Fig. 10b). Though, at higher dosage (50 µM), edema 

were observed at pericardial, yolk, and stripe areas (Fig. 10c). Thus, the ecotoxicological 

investigation of 5v in zebrafish larvae specifies that the compound 5v is harmless to use in 

living systems. From the obtained investigations, the LC50 (lethal concentration) value of 5v 

was determined as 50.15 µM (the dose that causes mortality of 50% of fish) that indicate that 

the compound 5v is non-toxic to the animal model.  
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Fig. 10. The ecotoxicological investigation of 5v; (a) toxicological profile of 5v in zebrafish 

larvae; (b) cardialogical functions of 5v in zebrafish larvae. Where PE = pericardial edema; YE 

= Yolk edema; and SE = Stripe edema. The experiments were performed in uniplicate. 

ANOVA post hoc Tukey test: *p < 0.05, **p < 0.01, ***p < 0.001. 

3.3.2. Xenotransplantation of MCF-7 cells in zebrafish larvae  

Zebrafish xenograft studies provide the information to visualize various aspects of tumor death 

cycle.[76] To evaluate the anticancer potential of 5v at various concentrations, we implanted 

MCF-7 cells into 2 dpf (days post fertilization) zebrafish larvae (Fig. 11a,b). Three days after 

implantation, the fluorescence intensity of the the MCF-7 cells were measured and it had almost 

disappeared from the xenograft, whereas about 95% of 5v xenografted zebrafish larvae 

survived after 10 days of the treatment. Moreover, normal growth was observed without the 

existence of the implanted MCF-7 cells. Together, the ecotoxicity and xenotransplantation of 
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MCF-7 cells in zebrafish larvae studies indicate that the compound 5v more specific and active 

towards the breast cancer cells such as MCF-7. The results implies that 5v act as an anticancer 

agent through the mitochondria-mediated apoptotic signaling pathway (Fig. 12). 

Fig. 11. (a) The xenotransplantation study of 5v in zebrafish larvae; (b) fluorescence intensity 

of MCF-7 cells in the zebrafish larvae; where E3 = xenograft model of MCF-7 cells. All the 

experiments were performed in triplicates. 
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Fig. 12. Proposed mode of mechanism of action of 5v in cancer cells. 
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The current research emphasizes the advancement of novel anticancer agents and the 

assessment of their efficacy in animal models; however, there remain significant opportunities 

within the same library of molecules to create anticancer agents that are more appropriate for 

clinical trials. 

3.4. In silico analysis 

ER receptors mediate estrogen was selected as study model, which is involved in several 

physiological functions such as growth, development, and homeostasis in several tissues. 

Doxorubicin is widely used to treat ER+ breast cancer that inhibits DNA by intercalating and 

inhibiting macromolecular biosynthesis. The obtained docking results indicate that the ERα-

binding site was identified as a relatively large portion of the ligand-binding domain 

hydrophobic core. It is mainly located on Met342 to Leu354, Trp383 to Arg 394, and the loop 

region Val418 to Leu428, Met 517 to Met528, and the hairpin Leu402 to Leu 410. Here, we 

docked 5v against the ER receptors and used doxorubicin as reference to determine the 

differences in binding interactions. The binding sites for doxorubicin consisted of four 

hydrogen bonds (Fig. S2a), whereas 5v bound to both chains and showed 22 hydrogen bonds 

at a distance of 0.5 nm. Hydrogen bonds and π-alkyl interactions with Lys520 were also 

observed at 5v binding site. Furthermore, 5v exhibited hydrophobic interactions with several 

residues, which increased the binding energy (Fig. 13a and Table S2). 5v binding pocket 

exhibited greater depth and strength compared to that of doxorubicin due to the robust 

interactions among the receptor chains.  

Additionally, the epidermal growth factor receptor (EGFR) stands out as a key target 

receptor in breast cancer. These transmembrane proteins become activated upon binding with 

epidermal growth factor and transforming growth factor-alpha. Mutations and misregulation 

of EFGR result in uncontrolled cell growth and cancers, including lung, intestinal, and breast 

cancers. Doxorubicin binds tightly to the EFGR receptor surface; however, 5v occupies the 
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deep cavity of the receptor.  The binding site of doxorubicin was found to have 12 hydrogen 

bonds with residues. In addition to hydrogen bonds, Lys875, Ala722, Glu758, Pro877, and 

Val876 showed hydrophobic interactions with doxorubicin (Fig. S2b). In contrast, 5v exhibits 

a higher number of hydrogen bonds and a hydrophobic cavity at the binding site (Fig. 13b and 

Table S2). The presence of a hydrophobic pocket increases the affinity of 5v for EFGR. 

Compounds that target EFGR hinder cell growth by halting the cell cycle and inducing 

apoptosis, while breast cancer type 1 susceptibility proteins play a role in repairing DNA 

damage.  

The BRCA1 receptor showed a hydrogen-bonding pattern similar to that of both 

doxorubicin and 5v (Figs 13c & S2c). It was also noted that the docking binding scores were 

found to be similar, indicating that 5v may not a potential target for BRCA1. BRCA1 repairs 

double-stranded DNA breaks, thereby increasing cell multiplication. Hence, it is widely 

inhibited in cancer treatment along with other chemotherapeutic agents. Here, VEGFR2 

showed a strong affinity for 5v. As shown in Table S2, the highest number of interacting 

residues was observed for VEGFR2, indicating a potential inhibitory action of 5v. Furthermore, 

the alignment of 5v with DNA (Fig. 13d) occupied more space in the DNA pair interactions 

than doxorubicin (Fig. S1a, b). 5v appears to break interpair interactions by occupying the base 

pair and causing structural changes. Furthermore, 5v exhibited superior docking scores (-9.1, -

7.1, -8.9, and -10.9 kcal/mol) compared to doxorubicin (-7.2, -6.1, -6.9, and -7.3 kcal/mol) 

against ER, EFGR, BRCA1, and VEGFR2 receptors, respectively.   

The ADMET profile of compound 5v shows high oral absorption (60%), with higher 

intestine absorption (95%) (Table S3). 5v shows a wide range of activity against cytochrome 

P450 enzymes, except for 2D6; hence, further curation of the liver enzyme is required. Apart 

from the cytochrome P450 enzymes, the crucial efflux receptor/enzyme interactions were less, 

and the drug molecule showed moderate aqueous solubility and lipophilicity. Besides, the 
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toxicities of 5v and doxorubicin were compared using a protox webserver.[77] The LD50 value 

for doxorubicin was found to be 20 mg/kg, and that of the drug molecule 5v was 200 mg/kg 

which classified as a less toxic class 4 substance, whereas doxorubicin was classified as class 

3. In vitro and in vivo toxicity evaluations also showed inactive toxicity in all vital organs,

including the kidneys, and heart. 

Fig. 13. (a−d) The interaction between the 5v and the surrounding residues of the receptors ER, 

EFGR, BRCA1 and VEFGR2, respectively. 

4. Conclusions

Naphthoquinones, a class of biologically active molecules, are extensively utilized as drugs for 

cancer, malarial, bacterial, and fungal treatment. Despite their widespread use, there has been 

a lack of research on combining the 1,4-naphthoquinone scaffold with an amides and aliphatic 

long chains with heteroatom fragment for use as an anticancer agent. In this particular 
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investigation, a series of new anticancer agents with the ability to induce ROS and bearing a 

core structure of 1,4-dioxo-3-(propylthio)-1,4-dihydronaphthalen-2-

yl)amino)phenyl)sulfonyl)phenyl have been designed, synthesized, and evaluated for their 

anticancer activity and selectivity. Amongst, the most active compound 5v exhibits broad-

spectrum antitumor activity, particularly against MCF-7 breast cancer cell line (IC50 = 1.2 μM 

and 0.9 μM at 24 hours and 48 hours, respectively) compared to the standard drug doxorubicin 

(IC50 = 2.4 μM and 2.1 μM at 24 hours and 48 hours, respectively). Moreover, it demonstrates 

good selectivity between MCF-7 breast cancer cells and HEK293 normal cells (with a 

selectivity ratio of more than 8-fold). Notably, remarkable anticancer property of 5v was 

confirmed by various analysis such as cell morphological changes, AO/EB double staining, 

apoptosis analysis, cell colony formation assay, SDS-PAGE and Western blotting study, cell 

cycle analysis, and ROS assay. These studies indicate that the anticancer mechanism was 

operated via generating ROS, promoting apoptosis/necrosis, causing cell cycle arrest in the 

G1/S phase. Furthermore, in vivo xenotransplantation of MCF-7 cells in zebrafish larvae 

against 5v confirmed a significant reduction in tumor volume in the xenograft. The ecotoxicity 

studies indicate that 5v (LC50 = 50.15 μM) is safe to use in animal models. These findings 

highlight the effectiveness of integrating 1,4-naphthoquinone scaffold with an amides and 

aliphatic long chains with heteroatom fragment as a promising approach for developing new 

medicines with exceptional activity and safety. Impending studies will focus on evaluating 

these molecular scaffolds for their potential to inhibit the growth of various tumours in humans. 

Supporting Information 

Molecular docking studies of compound 5v, and NMR spectra for compounds 3-5aa are 

provided in the supporting information.  
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