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Abstract

Herein, a series of transition metal complexes, [Zn(DQ)2(CH3OH)2] (1), 

[Zn(DMQ)2(CH3OH)2] (2), [Co(DQ)2(CH3OH)2] (3), [Co(DMQ)2(CH3OH)2] (4), 

[Ni(DQ)2(CH3OH)2] (5), [Cu(DMQ)2(CH3OH)2] (6), [Mn(DQ)2(H2O)2] (7) and 

[Mn(DMQ)2(H2O)2] (8), containing 6,7-dichloro-5,8-quinolinedione (DQ) and 

6,7-dichloro-2-methyl-5,8-quinolinedione (DMQ) ligands have been synthesized and 

characterized as potential antitumor agents. These complexes 1−8 exhibited evident 

anti-tumor activity in HeLa (cervical), MCF-7 (breast), Hep-G2 (hepatoma), T-24 

(bladder), and SK-OV-3 (ovarian) human cancer cells. Interestingly, complexes 1−8 

showed higher cytotoxicity than cisplatin against human cervical HeLa cells, and less 

cytotoxicity on the HL-7702 nontumorigenic cells. Mechanism studies suggested that 

complexes 1 and 2 arrested the cell cycle in the G1 phase and induced cancer cell 

death through mitochondrial dysfunction pathways. The cytotoxicity of 2 was higher 

than that of 1. The different biological behavior of 1 and 2 may correlate with the 

presence of a 2-methyl group in 6,7-dichloro-2-methyl-5,8-quinolinedione (DMQ) 

ligand. In general, our study demonstrated that Zn(II) complex 2 with 6,7-dichloro- 

2-methyl-5,8-quinolinedione showed high potential to be developed as a 

mitochondria-targeted metal antitumor agent.

Keywords: 6,7-dichloro-2-methyl-5,8-quinolinedione, Zn(II) complex, cell apoptosis, 

mitochondrial dysfunction
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1. Introduction

Cisplatin and its analogues are widely used for the treatment of tumors.[1–24] 

However, the clinical success of cisplatin and its derivatives are limited by high 

toxicity and significant side effects.[1–25] Researchers are designing new 

non-platinum drugs to overcome these drawbacks. [26–36] Many transition metal 

complexes, such as Pt(II), Ru(II), Cu(II), Co(II), Zn(II) and Au(III) complexes, 

exhibit high cytotoxicity and can inhibit cancer growth by causing cell apoptosis .[26–

36]

Metal ions Zn, Co, Ni, Mn, and Cu are the essential trace elements in a cell, and 

they represent the endogenously occurring metal ions. In the past decade, many Zn, 

Co, Ni, Mn, and Cu complexes have been explored.[37–65] These transition metal 

complexes display significant antitumor activity and potential medicinal value, and 

some of them have been demonstrated as promising telomerase- and 

G-quadruplex-targeting agents.[37–65]

5,8-Quinolinedione and its derivatives such as lavendamycin and streptonigrin 

exhibit antibacterial, anti-tumor, antimalarial and anti-tumor activities.[66–72] 

Complexes of Ru(II), Os(II), Ir(III), Pt(II) and Rh(III) with 6,7-dichloro-5,8- 

quinolinedione (DQ) are reported as apoptosis inhibitors.[66,73,74] To date, 

complexes of transition metal Zn, Co, Ni, Mn, and Cu with 

6,7-dichloro-5,8-quinolinedione (DQ) and 6,7-dichloro-2-methyl-5,8-quinolinedione 

(DMQ) ligands have yet to be reported, and the biological activities of these transition 

metal complexes remain to be explored.

The aim of present work is to synthesize a series of new transition metal 

complexes, [Zn(DQ)2(CH3OH)2] (1), [Zn(DMQ)2(CH3OH)2] (2), 

[Co(DQ)2(CH3OH)2] (3), [Co(DMQ)2(CH3OH)2] (4), [Ni(DQ)2(CH3OH)2] (5), 
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[Cu(DMQ)2(CH3OH)2] (6), [Mn(DQ)2(H2O)2] (7) and [Mn(DMQ)2(H2O)2] (8), 

containing 6,7-dichloro-5,8-quinolinedione (DQ) and 

6,7-dichloro-2-methyl-5,8-quinolinedione (DMQ) ligands as potential antitumor 

agents. The in vitro antiproliferative activity of 1−8 was investigated against HeLa 

(cervical), MCF-7 (breast), Hep-G2 (hepatoma), T-24 (bladder), and SK-OV-3 

(ovarian) human cancer cells as well as HL-7702 nontumorigenic cells. To elucidate 

the possible anti-tumor mechanisms, Zn(II) complexes 1 and 2 were evaluated for 

mitochondrial damage (loss of Δψm), effect on cell cycle distribution, ROS (reactive 

oxygen species) level, and initiation of mitochondria-associated events that leads to 

cancer cell apoptosis.

2. Experimental methods

2.1. Synthesis of DQ and DMQ ligands

The syntheses of 6,7-dichloro-5,8-quinolinedione (DQ) and 

6,7-dichloro-2-methyl-5,8-quinolinedione (DMQ) ligands were carried out according 

to the reported procedures (Scheme 1).[66,73,74]

2.2. Synthesis of 1−8

The complexes 1−8 were prepared by treating 2.0 mmol 

6,7-dichloro-5,8-quinolinedione (DQ) and 6,7-dichloro-2-methyl-5,8-quinolinedione 

(DMQ) ligands with Zn(NO3)2·6H2O, Co(NO3)2·6H2O, Ni(NO3)2·6H2O, 

Cu(NO3)2·3H2O and Mn(NO3)2·6H2O (1.0 mmol) in 5.0 mL CH3OH at 80 C for 4.0 

h. The brown crystals suitable for X-ray diffraction analysis were harvested.

Data for 1. Yield: 70.2%. Elemental analysis calcd. (%) for C20H14Cl2N2O8Zn: C 

43.94, H 2.58, N 5.12; found: C 43.91, H 2.60, N 5.10. IR (KBr): 3394, 3083, 1700, 

1596, 1523, 1280, 1220, 1121, 1003, 851, 684, 561, 461 cm−1. 1H NMR (500 MHz, 
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DMSO-d6) δ 8.54 (d, J = 3.6 Hz, 1H), 8.40 (d, J = 7.7 Hz, 1H), 7.84 (dd, J = 7.6, 5.2 

Hz, 1H), 3.35 (s, 3H).13C NMR (126 MHz, DMSO-d6) δ 180.02, 170.50, 167.96, 

151.26, 148.56, 137.33, 127.96, 127.55, 113.09, 40.55, 40.38, 40.22, 40.05, 39.88, 

39.72, 39.55.

Data for 2. Yield: 79.1%. Elemental analysis calcd. (%) for C22H18Cl2N2O8Zn: C 

45.98, H 3.16, N 4.87; found: C 45.97, H 3.19, N 4.86. IR (KBr): 3394, 1691, 1527, 

1375, 1262, 1125, 1022, 864, 695, 674, 504, 433 cm−1. 1H NMR (500 MHz, 

DMSO-d6) δ 8.28 (d, J = 7.9 Hz, 1H), 7.68 (d, J = 7.9 Hz, 1H), 3.35 (s, 3H), 2.70 (s, 

3H). 13C NMR (126 MHz, DMSO-d6) δ 180.08, 163.52, 148.77, 137.11, 128.12, 

125.23, 113.33, 40.57, 40.40, 40.24, 40.07, 39.90, 39.74, 39.57, 24.06.

Data for 3. Yield: 59.8%. Elemental analysis calcd. (%) for C20H14Cl2CoN2O8: C 

44.47, H 2.61, N 5.19; found: C 44.49, H 2.60, N 5.17. IR (KBr): 3470, 3329, 2361, 

1693, 1595, 1517, 1396, 1280, 1220, 1121, 1002, 853, 746, 683, 562, 459 cm−1.

Data for 4. Yield: 62.4%. Elemental analysis calcd. (%) for C22H18Cl2CoN2O8: C 

46.50, H 3.19, N 4.93; found: C 46.48, H 3.22, N 4.92. IR (KBr): 3355, 2830, 1691, 

1523, 1371, 1264, 1126, 1021, 861, 768, 694, 573, 505, 430 cm−1.

Data for 5. Yield: 75.6%. Elemental analysis calcd. (%) for C20H14Cl2N2CoO8: C 

44.49, H 2.61, N 5.19; found: C 44.48, H 2.64, N 5.18. IR (KBr): 3324, 1654, 1513, 

1348, 1224, 1120, 1017, 862, 675, 478 cm−1.

Data for 6. Yield: 80.1%. Elemental analysis calcd. (%) for C22H18Cl2CuN2O8: C 

46.13, H 3.17, N 4.89; found: C 46.10, H 3.20, N 4.87. IR (KBr): 3481, 3065, 2938, 

1698, 1620, 1521, 1408, 1253, 1126, 1021, 861, 795, 628, 436 cm−1.

Data for 7. Yield: 59.6%. Elemental analysis calcd. (%) for C18H10Cl2MnN2O8: 

C 42.55, H 1.98, N 5.51; found: C 42.53, H 2.00, N 5.50. IR (KBr): 3462, 2292, 1692, 

1598, 1518, 1278, 1220, 1114, 1001, 852, 677, 581, 447 cm−1.
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Data for 8. Yield: 48.2%. Elemental analysis calcd. (%) for C20H14Cl2MnN2O8: 

C 44.80, H 2.63, N 5.22; found: C 44.78, H 2.66, N 5.20. IR (KBr): 3363, 1692, 1526, 

1376, 1269, 1119, 1015, 863, 706, 574, 498, 431 cm−1.

2.3. The other methods

The in vitro antitumor activities of 1−8 were performed as reported by Metzler-Nolte 

and Lippard et al. [2,75−80] In addition, the experimental steps for 

6,7-dichloro-5,8-quinolinedione complexes 1−8 were all provided in Supporting 

Information.

3. Results and discussion

3.1. Synthesis

The syntheses of 6,7-dichloro-5,8-quinolinedione (DQ) and 

6,7-dichloro-2-methyl-5,8-quinolinedione (DMQ) ligands were carried out according 

to the reported procedures (Scheme 1).[66,73,74] Treatment of 1.0 mmol 

Zn(NO3)2·6H2O, Co(NO3)2·6H2O, Ni(NO3)2·6H2O, Cu(NO3)2·3H2O and 

Mn(NO3)2·6H2O with 2.0 equivalents of 6,7-dichloro-5,8-quinolinedione (DQ) and 

6,7-dichloro-2-methyl-5,8-quinolinedione (DMQ) ligands, respectively, in 5.0 mL 

CH3OH at 80 C for 4.0 h led to the formation of a series of new transition metal 

complexes, [Zn(DQ)2(CH3OH)2] (1), [Zn(DMQ)2(CH3OH)2] (2), 

[Co(DQ)2(CH3OH)2] (3), [Co(DMQ)2(CH3OH)2] (4), [Ni(DQ)2(CH3OH)2] (5), 

[Cu(DMQ)2(CH3OH)2] (6), [Mn(DQ)2(H2O)2] (7) and [Mn(DMQ)2(H2O)2] (8) 

(Scheme 1). Their structures were characterized by single-crystal X-ray diffraction 

analysis (Tables S1−S24), elemental analysis, infrared spectroscopy, UV-Vis 

spectroscopy and NMR (Figures S1−S31). In addition, we showed that complexes 

1−8 (2.0×10-5 mol/L) were stable in Tris-HCl buffer solution for 48 h by UV-Vis 
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spectroscopy (Figure S1).

Scheme 1. Synthetic routes for 6,7-dichloro-5,8-quinolinedione (DQ), 

6,7-dichloro-2-methyl-5,8-quinolinedione (DMQ) and their complexes 1−8. (a) 

NaClO3 (5.5 g), HCl (37.0 mL), 5.0 M NaOH solution (269.0 mL), H2O (160.0 mL), 

reflux; (b) Zn(NO3)2·6H2O, Co(NO3)2·6H2O, Ni(NO3)2·6H2O, Cu(NO3)2·3H2O or 

Mn(NO3)2·6H2O, CH3OH (5.0 mL), 80 C, 4.0 h.

3.2. Crystal structure

As shown in Fig. 1, the Zn(II) atom is coordinated by O(1), N(1), O(4), and N(2) from 

the two DQ ligands, and two O atoms [O(7) and O(8)] from two CH3OH ligands. The 

angle of O(1)–Zn(1)–N(1) was 80.04(8) °, while the angle of O(4)–Zn(1)–N(1) was 

99.96(8) °. The coordination geometry around the Zn(II) center was octahedral with 

different ligating atoms (N and O atoms) from the coordination plane (Fig. 1 and 

Tables S1−S3). The Zn–O distances were in the range of 2.058(2)–2.192(3) Å, and 

the angle (°) are shown in Tables S1−S4.

Similar to Zn(II) in complex 1, the coordination geometry around the Zn(II), 

Co(II), Ni(II), Cu(II) and Mn(II) atoms in complexes 2−8 was also distorted 

octahedral, as shown in Figs. 2, S26−S31. The crystallographic data and selected bond 

lengths (Å) are shown in Tables S1−S24, respectively.
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Fig. 1. Molecular structure of 1.

Fig. 2. Molecular structure of 2.

3.3. In vitro cytotoxicity
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The in vitro cytotoxic activities of DQ, DMQ, complexes 1−8, Zn(NO3)2·6H2O, 

Co(NO3)2·6H2O, Ni(NO3)2·6H2O, Cu(NO3)2·3H2O, cisplatin and Mn(NO3)2·6H2O 

were evaluated against HeLa (cervical), MCF-7 (breast), Hep-G2 (hepatoma), T-24 

(bladder), and SK-OV-3 (ovarian) human cancer cells as well as HL-7702 

nontumorigenic cells as determined by MTT assay. As shown in Table 1, complexes 

1−8 showed higher antitumor activity to cancer cell lines than that of DQ, DMQ, 

Zn(NO3)2·6H2O, Co(NO3)2·6H2O, Ni(NO3)2·6H2O, Cu(NO3)2·3H2O and 

Mn(NO3)2·6H2O. Notably, complexes 1−8 showed lower IC50 values of 1.08−10.21 

μM against HeLa (cervical) cancer cells, and displayed approximately 1.2−11.8 fold 

higher cytotoxic activity than cisplatin (12.69 ± 0.29 μM). And their cytotoxic 

activities were in the following order: 2 > 1 > 6 > 4 > 3 > 8 > 7 > 5 > cisplatin > DMQ 

> DQ > Zn(NO3)2·6H2O ～Co(NO3)2·6H2O ～ Ni(NO3)2·6H2O ～ Cu(NO3)2·3H2O ～ 

Mn(NO3)2·6H2O. The different biological behavior of 1 and 2 may correlate with the 

presence of a 2-methyl group in 6,7-dichloro-2-methyl-5,8-quinolinedione (DMQ) 

ligand. Remarkably, complex 2 was the most cytotoxic compound in HeLa cells, with 

an IC50 value of 1.08 ± 0.15 μM, which was 1.7−16.5 times more potent than that of 

6,7-dichloro-5,8-quinolinedione (DQ) Ru(II), Os(II), Ir(III), Pt(II) and Rh(III) 

complexes (IC50 > 1.8 ± 0.7 μM) [66,73,74]. In addition, complexes 1−8 displayed 

less cytotoxicity on the HL-7702 nontumorigenic cells (IC50 > 60.0 μM), indicating 

the selectivity of complexes 1−8 on HeLa cells.

Table 1. Cytotoxicities (IC50, μM) of DQ, DMQ, complexes 1−8, 

Zn(NO3)2·6H2O, Co(NO3)2·6H2O, Ni(NO3)2·6H2O, Cu(NO3)2·3H2O, 

Mn(NO3)2·6H2O and cisplatin toward the selected human cell lines for 24 h.
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Compounds HeLa MCF-7 Hep-G2 T-24 SK-OV-3 HL-7702

DQ 40.15 ± 
1.96

25.16 ± 1.47 28.12 ± 1.09 31.04 ± 1.07 40.15 ± 
0.77

65.08 ± 
1.12

DMQ 30.22 ± 
0.64

18.63 ± 0.32 15.03 ± 1.00 20.17 ± 0.58 30.57 ± 
1.05

63.55 ± 
0.98

1 3.03 ± 0.28 3.37 ± 0.26 6.19 ± 1.49 8.45 ± 1.79 4.26 ± 0.71 70.15 ± 
0.25

2 1.08 ± 0.15 1.59 ± 0.43 4.95 ± 0.82 5.26 ± 0.52 2.58 ± 0.33 72.19 ± 
1.09

3 5.08 ± 1.08 6.01 ± 0.89 10.41 ± 1.09 15.99 ± 1.22 9.06 ± 2.03 65.03 ± 
0.54

4 4.34 ± 0.81 5.56 ± 1.08 8.93 ± 1.02 12.97 ± 0.63 7.89 ± 1.59 64.17 ± 
0.32

5 10.21 ± 
0.44 12.37 ± 1.81 20.15 ± 1.02 30.00 ± 0.46 15.08 ± 

0.99
69.08 ± 

0.99

6 4.01 ± 1.05 4.88 ± 0.57 7.58 ± 0.66 10.56 ± 0.49 5.99 ± 0.18 60.15 ± 
0.88

7 9.01 ± 1.84 9.85 ± 0.33 15.08 ± 1.64 25.87 ± 1.29 13.06 ± 
1.14

65.03 ± 
0.57

8 6.21 ± 0.55 8.93 ± 1.11 13.62 ± 1.00 20.39 ± 0.31 10.57 ± 
0.33

80.71 ± 
1.49

Zn(NO3)2·6H2O > 100 > 100 > 100 > 100 > 100 > 100
Co(NO3)2·6H2O > 100 > 100 > 100 > 100 > 100 > 100
Ni(NO3)2·6H2O > 100 > 100 > 100 > 100 > 100 > 100
Cu(NO3)2·3H2O > 100 > 100 > 100 > 100 > 100 > 100
Mn(NO3)2·6H2O > 100 > 100 > 100 > 100 > 100 > 100

Cisplatin 12.69 ± 
0.29

12.56 ± 0.25 13.88 ± 1.03 15.02 ± 1.96 15.59 ± 
1.06

18.52 ± 
0.51

3.4. Cell cycle analysis

Recent studies suggested that some of the complexes can induce cell cycle arrest, and 

thereby induce apoptosis.[38,74–82] After treatment with 1 (3.0 μM) and 2 (1.0 μM) 

for 24 h (Fig. 3), the populations of G1 phase were 51.80% and 53.79% in comparison 

with the control cells (43.57%), suggesting that 1 (3.0 μM) and 2 (1.0 μM) caused G1 

phase arrest.

Fig. 3. Cell cycle distribution of HeLa cells (A) exposure to 1 (3.0 μM) and 2 (1.0 

μM) for 24 h.
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3.5. ROS level

HeLa cancer cells were incubated with 1 (3.0 μM) and 2 (1.0 μM) for 24 h to 

determine the effect of 1 (3.0 μM) and 2 (1.0 μM) on intracellular ROS generation. As 

shown in Fig. 4, 1 (3.0 μM) and 2 (1.0 μM), especially 2 (1.0 μM) can enhance the 

ROS levels.

Fig. 4. Intracellular ROS was detected in HeLa cells (a) exposure to 1 (3.0 μM, b) and 

2 (1.0 μM, c) for 24 h.

3.6. Mitochondrial membrane potential (MMP) loss

The ROS level is an important factor affecting the MMP expression. [77–85] Thus, to 

study the mechanism of 1 (3.0 μM) and 2 (1.0 μM) caused HeLa cell apoptosis, we 

measured the MMP by examining the fluorescence intensity of JC-1 staining. Fig. 5 

revealed that 1 (3.0 μM) and 2 (1.0 μM) can induce a decrease of MMP and, thereby 

cause HeLa cell apoptosis. [77–85]

Fig. 5. The MMP level in HeLa cells (a) exposure to 1 (3.0 μM) and 2 (1.0 μM) for 24 
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h.

3.7. Expression of apoptosis proteins

After treatment of HeLa cells with 1 (3.0 μM) and 2 (1.0 μM) for 24 h (Figs. 6–8), the 

levels of cytochrome c (cyt c), apaf-1 and caspase-3/9 proteins were obviously 

up-regulated following the order of 2 > 1, suggesting that 1 (3.0 μM) and 2 (1.0 μM) 

induced apoptosis of HeLa cells via an ROS-mediated mitochondrial dysfunction.[77–

86]

Fig. 6. The imaging (A) and expression (B) of apoptosis proteins in HeLa cells 

induced by 1 (3.0 μM) and 2 (1.0 μM) for 24 h.

Fig. 7 The level of caspase-3 in HeLa cells (a) induced by 1 (b) and 2 (c) for 24 h.



13

Fig. 8. The level of caspase-9 in HeLa cells (a) induced by 1 (b) and 2 (c) for 24 h.

3.8. 1 and 2 promote cell apoptosis

The ability of 1 (3.0 μM) and 2 (1.0 μM) to promote apoptosis was measured by flow 

cytometry. As shown in Fig. 9, the percentages (Q2 cells+Q4 cells) of the cells where 

1 (3.0 μM) and 2 (1.0 μM) promoted cell apoptosis were 9.75% and 15.07%, 

respectively, compared with the control. Our results suggested that the intrinsic 

mitochondrial signal pathway was involved in 1 (3.0 μM) and 2 (1.0 μM) induced 

apoptosis.[87–92]

Fig. 9. The apoptosis analysis of the HeLa cells (a) treated with 1 (b) and 2 (c) for 24 

h.

4. Conclusions

In conclusion, we designed and prepared eight transition metal complexes 1–8 with 
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6,7-dichloro-5,8-quinolinedione (DQ) and 6,7-dichloro-2-methyl-5,8-quinolinedione 

(DMQ) ligands. Remarkably, complexes 1−8 showed higher cytotoxicity than 

cisplatin against HeLa cells, and less cytotoxicity on the HL-7702 cells. In vitro 

mechanism studies indicated that 1 and 2 induced a series of events related to 

mitochondrial dysfunction in HeLa cells including ROS production, loss of MMP, 

cell cycle arrest at G1 phase, and apoptosis in the order of 2 > 1. The biological 

behavior of 1 and 2 may correlate with the presence of a 2-methyl group in 

6,7-dichloro-2-methyl-5,8-quinolinedione (DMQ) ligand. Taken together, 2 is a 

promising candidate as a mitochondria-targeted anti-cancer agent.
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Complexes 1 and 2 arrested the cell cycle in the G1 phase, and inducing cancer cell 

death via mitochondrial dysfunction pathways was in the following order of 2 > 1.

Highlights:

• 5,8-quinolinedione transition metal complexes 1−8 have been first reported.

• 1−8 are more selective for HeLa cells versus normal cells (HL-7702).

• 2 also caused mitochondrial dysfunction.


