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Discovery of a high in vitro and in vivo antitumor activities of organometallic 
ruthenium(II)-arene complexes with 5,7-dihalogenated-2-methyl-8-quinolinol 

Ting Menga, Qi-Pin Qina,b,*, Zi-Lu Chena, Hua-Hong Zoua,*, Kai Wanga,c, and Fu-Pei Lianga,c,* 

This paper reports the synthesis, structures characterization, and anticancer properties of 13 organometallic Ru(II)-arene 

complexes: [Ru(η6-p-cymene)Cl-(L1)] (1), [Ru(η6-p-cymene)Cl-(L2)] (2), [Ru(η6-p-cymene)Cl-(L3)] (3), [Ru(η6-p-

cymene)Cl-(L4)] (4), [Ru(η6-p-cymene)Cl-(L5)] (5), [Ru(η6-p-cymene)I-(L1)] (6), [Ru(η6-p-cymene)I-(L2)] (7), [Ru(η6-p-

cymene)I-(L3)] (8), [Ru(η6-p-cymene)I-(L4)] (9), [Ru(η6-p-cymene)I-(L5)] (10), [Ru(η6-p-cymene)I-(L6)] (11), [Ru(η6-p-

cymene)I-(L7)] (12), and [Ru(η6-p-cymene)Cl-(L8)] (13) respectively containing deprotonated 5,7-dichloro-2-methyl-8-

quinolinol (H-L1), 5,7-dibromo-2-methyl-8-quinolinol (H-L2), 5-chloro-7-iodo-8-hydroxy-quinoline (H-L3), 5,7-dibromo-

8-quinolinol (H-L4), 5,7-diiodo-8-hydroxyquinoline (H-L5), 8-hydroxy-2-methylquinoline (H-L6), 2,8-quinolinediol (H-

L7), or 6,7-dichloro-5,8-quinolinedione (H-L8). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 

showed that 13 organometallic Ru(II)-arene complexes 1−13 are more selective for HeLa cells than normal HL-7702 cells. 

In addition, the 1, 2, 5, and 6, which contain the active ligands H-L1 and H-L2, showed remarkable cell cytotoxicity, giving 

the respective IC50 values of 2.00 ± 0.20 nM, 0.89 ± 0.62 μM, 25.00 ± 0.30 nM, and 2.18 ± 0.35 μM on HeLa cancer cells. 

These values indicated higher activity than 6,7-dichloro-5,8-quinolinedione and the other 8-hydroxyquinoline derivative 

Ru(II)-arene complexes. Interestingly, all these Ru(II)-arene complexes 1−13 were significantly less toxic to human hepatic 

(HL-7702) cells. Moreover, 1- and 2-induced HeLa cell apoptosis was mediated by inhibition of telomerase activity and 

dysfunction of mitochondria, and resulted in DNA damage and increased anti-migration activity on HeLa cells. The 

organometallic Ru(II)-arene complex 1 exhibited evident priority on antitumor activity than 2, which should be highly 

associated with the key roles of the 5,7-dichloro substituted groups in L1 ligand of organometallic Ru(II)-arene complexes 

1. Remarkably, 1 showed higher inhibitory activity against xenograft tumor growth of human cervical cells (HeLa) in vivo 

(tumor growth inhibition rate (TGIR) = 58.5%) than cisplatin. This study was the first to show that the 5,7-dihalogenated-2-

methyl-8-quinolinol organometallic Ru(II)-arene complexes 1 and 2 are novel Ru(II) anticancer drug candidates.

Introduction 
Cisplatin and its derivatives (e.g., oxaliplatin, nedaplatin, 
carboplatin, heptaplatin, and lobaplatin) have remained popular 
for their anticancer activities to date1. Practically, however, the 
problems of drug resistance and systemic toxicity of Pt-drugs 
stimulated the design for an alternative transition metal 
antitumor drugs1: NAMI-A2, DW1/23, KP10194, RM1755 and 
KP13394, RAPTA-T6,7, PTS (RAPTA) complexes8, 

[{Ru(phen)2}2tpphz]4+,9 Δ-/Λ-[Ru(phen)2(p-MOPIP)]2+ and Λ-
/Δ-[Ru(phen)2(p-HPIP)]2+ Ru complexes10, and more recently, 
several types of nickel(II), copper(II), iron(II,III), 
ruthenium(II,III), cobalt(II,III), tin(IV), vanadium(IV,V), 
zinc(II), osmium(VI), rhodium(III), platinum(II,IV), and Ln(III) 
antitumor metal complexes of 8-hydroxy-quinoline 
derivatives11−20. Turel reported Cl–Ru complex ([Ru(η6-p-
cymene)Cl-(Cq)]) induced cell apoptosis via NFκB signaling 
pathway, which was different from the clioquinol (H-Cq)16. A 
series of Ru(II) coordination complexes with the 2,9-dimethyl-
1,10-phenanthroline (or 2,2’-bipyridine) and various 
hydroxyquinoline mixed chelating ligands were designed but 
failed to inhibit the proteasome at IC50 value19. On one hand, 
Liu investigated 8-hydroxyquinoline [Ru(phen)2(8-HQ)]+ (PQ) 
and [Ru(bpy)2(8-HQ)]+ (BQ) ruthenium(II) complexes induce 
Hep-G2 cell apoptosis via binding of bFGF and remarkably 
inhibited Hep-G2 tumor growth in vivo15. On the other hand, 
Heidary and coauthors reported that 5-chloro-7-iodo-8-
hydroxy-quinoline (H-ClIQ) and 5,7-dibromo-8-quinolinol (H-
BrBrQ) Ru(II) complexes exhibited promising cytotoxic 
activity against HL60 cancer cells, with IC50 values of 0.12 ± 
0.002 μM and 0.08 ± 2.0 nM, respectively12. To date, a highly 
tumor-selective organometallic Ru(II)-arene complexes with 
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5,7-dichloro-2-methyl-8-quinolinol (H-MClClQ) and 5,7-
dibromo-2-methyl-8-quinolinol (H-MBrBrQ) ligands have yet 
to be reported, and the detailed in vitro and in vivo anticancer 
mechanisms of these organometallic Ru(II)-arene complexes 
remain unexplored. 

Therefore, we synthesized the new organometallic Ru(II)-
arene complexes ([Ru(η6-p-cymene)Cl-(L1)] (1), [Ru(η6-p-
cymene)Cl-(L2)] (2), [Ru(η6-p-cymene)Cl-(L3)] (3), [Ru(η6-p-
cymene)Cl-(L4)] (4), [Ru(η6-p-cymene)Cl-(L5)] (5), [Ru(η6-p-
cymene)I-(L1)] (6), [Ru(η6-p-cymene)I-(L2)] (7), [Ru(η6-p-
cymene)I-(L3)] (8), [Ru(η6-p-cymene)I-(L4)] (9), [Ru(η6-p-
cymene)I-(L5)] (10), [Ru(η6-p-cymene)I-(L6)] (11), [Ru(η6-p-
cymene)I-(L7)] (12), and [Ru(η6-p-cymene)Cl-(L8)] (13)) with 
5,7-dichloro-2-methyl-8-quinolinol (H-L1), 5,7-dibromo-2-
methyl-8-quinolinol (H-L2), 5-chloro-7-iodo-8-hydroxy-
quinoline (H-L3), 5,7-dibromo-8-quinolinol (H-L4), 5,7-diiodo-
8-hydroxyquinoline (H-L5), 8-hydroxy-2-methylquinoline (H-
L6), 2,8-quinolinediol (H-L7), or 6,7-dichloro-5,8-
quinolinedione (H-L8), respectively. In addition, the Ru(II)-
arene complexes 1- and 2-induced HeLa cell apoptosis was 
mediated by inhibition of telomerase activity, dysfunction of 
mitochondria, and evidently inhibition of HeLa xenograft tumor 
growth (tumor growth inhibition rate (TGIR) = 58.5%) in vivo. 

 
Fig. 1. The chemical structure of anticancer Ru complexes 

 

Results and discussion 

Synthesis and characterization 

The synthesis of 6,7-dichloro-5,8-quinolinedione (H-L7) was 
carried out according to a procedure reported by Mulchin and 
Kubanik et al.21,22 In addition, 0.049 mmol of dichloro(p-
cymene)Ru(II) dimer (p-cymene-RuCl) or diiodo(p-
cymene)Ru(II) dimer (p-cymene-RuI) and 0.098 mmol of 5,7-
dichloro-2-methyl-8-quinolinol (H-L1), 5,7-dibromo-2-methyl-
8-quinolinol (H-L2), 5-chloro-7-iodo-8-hydroxy-quinoline (H-
L3), 5,7-dibromo-8-quinolinol (H-L4), 5,7-diiodo-8-
hydroxyquinoline (H-L5), 8-hydroxy-2-methylquinoline (H-
L6), 2,8-quinolinediol (H-L7) or 6,7-dichloro-5,8-
quinolinedione (H-L8) was dissolved in CH3OH and CH2Cl2 
mixture solution, and the solution was refluxed for 6.0 h. The 

solvent was rotary-evaporated and replaced by CH3OH, and 
CH2Cl2 mixture solution was removed by filtration. The red-
brown precipitate solution of organometallic Ru(II)-arene 
complexes collected by filtration and washed with n-hexane 
(5.0 mL, yield: 85.1%−95.2%). Crystals of 13 organometallic 
Ru(II)-arene complexes 1−13 and p-cymene-RuCl were 
obtained by slow evaporation of a CH3OH and CH2Cl2 (v:v = 
5:2) solution (Scheme 1) and were suitable for X-ray analysis. 
All the organometallic Ru(II)-arene complexes were fully 
characterized by IR spectroscopy, ESI-MS spectra and NMR 
spectroscopy, single-crystal X-ray diffraction analyses, and 
elemental analysis (Fig. 1 and S1–S55, Supporting 
Information). 

 
Scheme 1. General synthetic pathway for 13 organometallic 
Ru(II)-arene complexes 1−13. Reagents and conditions: 
CH3OH and CH2Cl2 mixture (v:v = 1:1), 65 °C, 6.0 h. 

 

Crystal structure and stability of 13 organometallic Ru(II)-arene 
complexes 1−13 

The 13 organometallic Ru(II)-arene complexes 1−13 comprises 
a Ru(II) center with an η6-pcymene ring, a deprotonated H-L1, 
H-L2, H-L3, H-L4, H-L5, H-L6, H-L7, or H-L8 (O^N-QX), and 
one Cl ligand (Fig. 2, S14–S16 and Table S1–S42). The X-ray 
diffraction analysis of 13 organometallic Ru(II)-arene 
complexes revealed that all the 13 organometallic Ru(II)-arene 
complexes 1−13 and p-cymene-RuCl also featured the pseudo-
tetrahedral piano stool structure (Figs. 2 and S14–S16) with the 
Ru(II) atom center coordinated to the pyridine N atom 
(N^ligand) and the adjacent O atom (O^ligand) in a bidentate 
fashion. 

Furthermore, the solution behavior of 13 organometallic 
Ru(II)-arene complexes 1−13 (3.0 × 10–5 M) in 10 mM Tris-
HCl buffer (pH = 7.35, TBS, containing 5% DMSO) or DMSO 
solution was further studied by ESI-MS spectra and NMR 
spectroscopy. The NMR result showed that no other peaks 
appeared (Figs. S31–S55), indicating no structural transitions 
and/or decompositions on the 13 organometallic Ru(II)-arene 
complexes 1−13. The ESI-MS assay suggested that the ESI-MS 
of 13 organometallic Ru(II)-arene complexes 1−13 (3.0 × 10–5 
M) had the base peak for [M – Cl]+ at m/z = 463.4, [M – Cl + 
DMSO]+ at m/z = 626.9, [M – Cl]+ at m/z = 539.4, [M – Cl]+ at 
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m/z = 537.3, [M – Cl]+ at m/z = 631.3, [M – Cl]+ at m/z = 461.4, 
[M – Cl]+ at m/z = 551.4, [M – Cl]+ at m/z = 539.4, [M – Cl]+ at 
m/z = 537.3, [M – Cl]+ at m/z = 631.3, [M – Cl]+ at m/z = 393.4, 
[M – Cl]+ at m/z = 395.4 and [M – Cl]+ at m/z = 463.5 in the 
TBS for 0 h (Figs. S17–S30), respectively. No change in the 
m/z values (Figs. S17–S30) was observed after 48-h incubation 
in 10 mM Tris-HCl buffer (pH = 7.35, TBS), suggesting that 13 
organometallic Ru(II)-arene complexes 1−13 were stable under 
this condition. In conclusion, 13 organometallic Ru(II)-arene 
complexes 1−13 (3.0 × 10–5 M) were stable in 10 mM TBS for 
48 h at 37 °C. 

 
Fig. 2. Molecular structure of organometallic Ru(II)-arene 
complexes 1 (A) and 2 (B), respectively. 

 

In vitro cytotoxicity 

MTT assays with HeLa (human cervical cancer), T-24 (human 
bladder cancer), SK-OV-3 (human ovarian carcinoma cancer), 

and HL-7702 normal cells were performed to evaluate the 
antitumor activity of 13 organometallic Ru(II)-arene complexes 
1−13, H-L1, H-L2, H-L3, H-L4, H-L5, H-L6, H-L7, H-L8, and 
cisplatin. Table 1 revealed that organometallic Ru(II)-arene 
complexes 1 and 2 showed stronger antitumor potency than 11 
organometallic Ru(II)-arene complexes and their corresponding 
H-L1, H-L2, H-L3, H-L4, H-L5, H-L6, H-L7, and H-L8 
ligands, and the in vitro different antitumor activity were in the 
following order: 1 > 2 > 3 > 4 > 5 > 13, 6 > 7 > 8 > 9 > 10, and 
1 > 2 > 11 > 12. In addition, 1 was most cytotoxicities in HeLa 
cells, with IC50 values 2.00 ± 0.20 nM, which was 40.0−9010.0 
times more potent than that of clinical medicine cisplatin (IC50 

= 15.02 ± 1.85 μM), 5,7-dichloro-2-methyl-8-quinolinol Fe(III) 
complex (IC50 = 5.04 ± 0.62 μM)17, 5-chloro-7-iodo-8-hydroxy-
quinoline (H-ClIQ) and 5,7-dibromo-8-quinolinol Pt(II), and 
Dy(III) and Ru(II) complexes (IC50 = 5.02 ± 0.62 μM, 4.09 ± 
1.06 μM, 1.53 ± 0.59 μM, 18.02 ± 1.05 μM, 0.12 ± 0.002 μM, 
and 0.08 ± 2.0 μM)12,18,20. Interestingly, these Ru(II)-arene 
complexes 1 and 2 were significantly less toxic to HL-7702 
normal cells (IC50 > 100 μM), indicating the selectivity of 
Ru(II)-arene complexes 1 and 2 on HeLa. This study was the 
first report to show that 5,7-dihalogenated-2-methyl-8-
quinolinol organometallic Ru(II)-arene complexes 1 and 2 were 
remarkably cytotoxic to HeLa tumor cells but significantly less 
toxic to HL-7702 normal cells. 

 
Table 1. Cytotoxicities (IC50, μM) of 13 organometallic Ru(II)-arene complexes (H-L1, H-L2, H-L3, H-L4, H-L5, H-L6, H-L7, H-
L8) and cisplatin toward human HeLa, T-24, SK-OV-3, and HL-7702 cell linesa 

Compounds HeLa T-24 SK-OV-3 HL-7702 

H-L1 > 100 > 100 65.36 ± 1.69 > 100 

1 2.00 ± 0.20 nMc 2.69 ± 0.74 1.03 ± 0.52 > 100 

6 0.89 ± 0.62 5.36 ± 1.09 2.15 ± 1.13 > 100 

H-L2 > 100 75.03 ± 1.02 82.23 ± 1.22 88.96 ± 0.45 

2 25.00 ± 0.30 nMc 8.36 ± 0.11 2.03 ± 0.51 > 100 

7 2.18 ± 0.35 11.25 ± 0.63 2.55 ± 0.76 > 100 

H-L3 50.26 ± 0.58 25.03 ± 1.01 15.06 ± 0.77 75.25 ± 1.43 

3 4.43 ± 0.52 20.81 ± 1.45 3.19 ± 1.06 85.69 ± 1.02 

8 8.31 ± 1.17 > 100 6.10 ± 0.97 49.03 ± 0.75 

H-L4 54.03 ± 1.18 71.29 ± 2.06 88.01 ± 1.65 > 100 

4 4.96 ± 0.39 20.31 ± 0.33 3.65 ± 0.46 77.69 ± 0.36 

9 8.95 ± 0.76 32.92 ± 1.25 6.83 ± 1.11 65.97 ± 0.86 

H-L5 86.99 ± 1.85 > 100 97.56 ± 1.28 75.03 ± 1.09 

5 5.73 ± 0.44 7.19 ± 0.23 4.44 ± 0.63 80.12 ± 0.28 
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10 9.36 ± 1.45 13.99 ± 1.02 7.22 ± 0.59 70.15 ± 1.36 

H-L8 35.06 ± 1.44 28.11 ± 0.57 40.23 ± 1.33 60.36 ± 2.21 

13 10.53 ± 0.19 17.83 ± 1.45 16.57 ± 0.58 61.23 ± 0.74 

H-L6  90.22 ± 0.55 85.03 ± 1.01 57.32 ± 0.35 89.63 ± 1.52 

11 6.11 ± 0.56 10.09 ± 1.85 4.36 ± 0.69 88.23 ± 1.56 

H-L7 70.14 ± 1.21 61.85 ± 0.74 65.82 ± 1.16 77.98 ± 1.08 

12 2.03 ± 0.22 5.01 ± 1.07 6.17 ± 0.15 90.22 ± 1.73 

Cisplatinb 15.02 ± 1.85 16.36 ± 0.95 12.23 ± 0.41 16.09 ± 1.05 

aCancer and normal cells were treated with 13 organometallic Ru(II)-arene complexes, the corresponding ligands, and cisplatin at 
different concentrations for 48 h. IC50 values were equal to the mean value ± SD value from five independent assays. bA total of 1.0 
mM cisplatin was prepared in 0.154 M NaCl23−26. cThe concentration was in nM. 

Migration assay 

Cancer cell migration was an important characteristic in cancer 
metastasis27,28. The transwell migration assay in vitro was 
performed on HeLa cells to study anti-migration effect of 
organometallic Ru(II)-arene complexes 1 (2.0 nM) and 2 (25.0 
nM). The organometallic Ru(II)-arene complexes 1 (2.0 nM) 
and 2 (25.0 nM) showed excellent anti-migration activities on 
HeLa cells at 2.0 nM (low concentrations) (Fig. 3). Results 
indicated that organometallic Ru(II)-arene complex 1 (2.0 nM) 
more significantly inhibited HeLa cancer cell migration at 2.0 
nM than that of 2 (25.0 nM). 

 
Fig. 3. Anti-migration effect of organometallic Ru(II)-arene 
complexes 1 (2.0 nM, c) and 2 (25.0 nM, b) on HeLa cells (a) 
for 24 h via transwell migration assay. (d) The statistical result 
of anti-migration assays were equal to the mean value ± SD 
value from three independent assays (magnification 200 ×) 

 

1- and 2-Induced Apoptosis 

HeLa cells incubated with organometallic Ru(II)-arene 
complexes 1 (2.0 nM) and 2 (25.0 nM) for 24 h exhibited 
significant G0 peaks (sub-G1 peaks), which indicated HeLa cell 
apoptosis and the apoptotic peaks of 26.54% and 18.68% in 
sub-G1 phase of the cell cycle distribution, respectively (Fig. 
4a−c). Such is the result further verified in the apoptosis 
experiment by flow cytometry with FITC-Annexin V and PI 
(propidium iodide) double staining. HeLa tumor cells were 
treated with organometallic Ru(II)-arene complexes 1 (2.0 nM) 
and 2 (25.0 nM) for 24 h, and then these cancer cells were 
harvested and analyzed by flow cytometry after staining with PI 
and Annexin V-FITC dye (Fig. 4d−f) to confirm this property. 
The percentages of apoptosis cells were 28.30% and 19.55%, 
respectively, when the HeLa cancer cells were incubated with 
organometallic Ru(II)-arene complexes 1 (2.0 nM) and 2 (25.0 
nM) for 24 h. 

 
Fig. 4. The organometallic Ru(II)-arene complexes 1 (2.0 nM) 
and 2 (25.0 nM) induced the cell cycle distribution (a−c) and 
apoptosis (d−f) of HeLa cells for 24 h 

 

1 and 2 caused DNA damage and mitochondrial dysfunction 

H2A.X and cleaved PARP proteins were closely related to 
DNA damage response factors29−32. Organometallic Ru(II)-
arene complexes 1 (2.0 nM) and 2 (25.0 nM) treatment were 
suggested to induce HeLa cell apoptosis, which was highly 
associated with DNA damage or the appearance of sub-G1 peak 
(the hypodiploid DNA content peak)29−32. Therefore, the 

Page 4 of 10Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
6 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

E
di

nb
ur

gh
 o

n 
3/

26
/2

01
9 

7:
29

:5
4 

PM
. 

View Article Online
DOI: 10.1039/C9DT00866G

http://dx.doi.org/10.1039/c9dt00866g


Journal NameARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2019, 00, 1-9 | 5  

Please do not adjust margins 

Please do not adjust margins 

immunofluorescence assay and Western blot were used to 
clarify the expression of the H2A.X and cleaved-PARP proteins 
in the HeLa cells. Treatment of organometallic Ru(II)-arene 
complexes 1 (2.0 nM) and 2 (25.0 nM) remarkably enhanced 
the levels of H2A.X and cleaved-PARP proteins expression 
(Figs. 5 and 6). Thus, our data suggested that organometallic 
Ru(II)-arene complexes 1 (2.0 nM) and 2 (25.0 nM) 
substantially induced DNA damage. Moreover, Bcl-2 family 
apoptosis-related proteins (e.g., bad, bcl-2, and bax) and 
mitochondria-mediated pathway (e.g., cytochrome c, caspase-3, 
and caspase-9) were activated by DNA damage29,33–35. Further 
evidence from Western blot suggested that organometallic 
Ru(II)-arene complexes 1 (2.0 nM) and 2 (25.0 nM) 
upregulated the expression of bad and bax proteins and the 
correspondingly downregulated the level of bcl-2 protein (Fig. 
6). These stimuli could decrease the ΔΨm (mitochondrial 
membrane potential (MMP)) level (Fig. 7), and the 
correspondingly green fluorescence intensity (JC-1 monomers) 
increases from 8.76% to 45.51% or 36.65%, respectively, 
which also could activate the level of reactive oxygen species 
(ROS) (Fig. 8 and Table S43) and increase the apoptotic 
cytochrome c and active caspase-3 and caspase-9 proteins (Fig. 
6) in HeLa cells. 

 
Fig. 5. The organometallic Ru(II)-arene complexes 1 (2.0 nM) 
and 2 (25.0 nM) induced DNA damage in HeLa cells for 24 h. 
The HeLa cells were treated with organometallic Ru(II)-arene 
complexes 1 (2.0 nM) and 2 (25.0 nM) for 24 h, respectively, 
and followed staining by H2A.X (green, primary antibodies) 
and DAPI (blue) for 40.0 min. Thereafter, these cancer cells 
were visualized by LeicaTCS-SP5 confocal microscope 
(Germany, magnification 400 ×). 

 

 
Fig. 6. (A and B) Western blot analysis to detect the levels of 
the DNA damage, mitochondria-mediated pathway, and Bcl-2 
family-related proteins in HeLa cells treated with 
organometallic Ru(II)-arene complexes 1 (2.0 nM) and 2 (25.0 
nM) for 24 h 

 

1 and 2 inhibit telomerase activity and decreased the related 
proteins 

Previous studies demonstrated that the cell cycle distribution in 
sub-G1 phase by organometallic Ru(II)-arene complexes 1 (2.0 
nM) and 2 (25.0 nM) was treated, which was related to the 
inhibition of telomerase36−39. First, the effect of organometallic 
Ru(II)-arene complexes 1 (2.0 nM) and 2 (25.0 nM) on 
telomerase in HeLa cells was determined. Fig. 9A showed that 
organometallic Ru(II)-arene complexes 1 (2.0 nM) and 2 (25.0 
nM) evidently inhibited telomerase activity (i.e., 49.51% and 
30.61%, respectively). As predicted, organometallic Ru(II)-
arene complexes 1 (2.0 nM) and 2 (25.0 nM) significantly 
decreased the level of the related (e.g., c-myc and hTERT) 
proteins in HeLa cells (Fig. 9B and C). Results clearly revealed 
that organometallic Ru(II)-arene complexes 1 (2.0 nM) may 
have higher affinity toward telomerase activity and the related 
proteins than 2 (25.0 nM), which was in accord with the above 
results. 

 
Fig. 7. The organometallic Ru(II)-arene complexes 1 (2.0 nM) 
and 2 (25.0 nM) decreased the ΔΨm of HeLa cells for 24 h and 
consequently were analyzed by flow cytometry after incubation 
with JC-1 staining (the fluorescence probe JC-1) for 30.0 min 
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Fig. 8. The organometallic Ru(II)-arene complexes 1 (2.0 nM) 
and 2 (25.0 nM) which increased the level of ROS generation in 
HeLa cells for 24.0 h were analyzed by fluorescence 
photometer 

 

 
Fig. 9. The organometallic Ru(II)-arene complexes 1 (2.0 nM) 
and 2 (25.0 nM) inhibit telomerase activity and the related 
proteins. (A) The influence of organometallic Ru(II)-arene 
complexes 1 (2.0 nM) and 2 (25.0 nM) on the telomerase 
activity of HeLa. (B and C) Western blot analysis of the related 
(e.g., c-myc and hTERT) proteins in organometallic Ru(II)-
arene complexes 1 (2.0 nM) and 2 (25.0 nM) treated cells for 
24 h 

 

1 suppressed HeLa tumor growth in vivo 

Model nude mice with HeLa tumor received a possible highest 
administration value of organometallic Ru(II)-arene complex 1 
(10.0 mg/kg every two days (q2d), 1.0 mL/20 g, 5% v/v 
DMSO/saline) by intraperitoneal injection40−42, and no signs of 
peritonitis (other adverse effects) or damage to organs were 
observed, suggesting that organometallic Ru(II)-arene complex 

1 (10.0 mg/kg/q2d) shows no significant toxicity within the 21-
day treatment. Fig. 10 and Tables S44−S46 show that treatment 
with organometallic Ru(II)-arene complex 1 (10.0 mg/kg/q2d) 
resulted in a significant reduction in tumor volume (T/C = 
35.6%) in comparison with the vehicle group. In addition, 
inhibition of HeLa TGIR by organometallic Ru(II)-arene 
complex 1 (10.0 mg/kg/q2d) with treated versus vehicle group 
of 58.5% was observed on day 21.0 after treatment, which was 
significantly higher than that of cisplatin (35.2%)43. The data 
testified more potent inhibitory effect of organometallic Ru(II)-
arene complex 1 (10.0 mg/kg/q2d) on HeLa tumor growth 
(TGIR = 58.5%) in vivo and higher safety than cisplatin. 

 
Fig. 10. The organometallic Ru(II)-arene complex 1 suppressed 
HeLa tumor growth in vivo. Effect (A) and photographs (B) of 
organometallic Ru(II)-arene complex 1 (10 mg/kg/q2d) and 
vehicle (10% DMSO in saline, v/v) on HeLa tumor growth 
(mean tumor volume (mm3)) ± SD (n = 6) 

 

Structure–Activity Relationships (SAR) 

Certain SARs trends in the different substituted quinolinedione 
and 8-hydroxyquinoline derivative ligands, and the differences 
antitumor activities (Fig. 11) and their mechanisms were 
observed based on the in vitro and in vivo anticancer activity 
results of 13 organometallic Ru(II)-arene complexes 1−13. 

i) The in vitro different cytotoxicity studies were in the 
following order: 1 > 2 > 3 > 4 > 5 > 13, 6 > 7 > 8 > 9 > 10 and 
1 > 2 > 11 > 12. 

ii) The in vitro antitumor activity of organometallic Ru(II)-
arene complexes 1 and 2 follow the order of 1 > 2. 

iii) The in vivo anticancer activity of organometallic 
Ru(II)-arene complex 1 and cisplatin in HeLa tumor xenograft 
(SARs trend 1 > cisplatin) was also observed. 
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Fig. 11. Proposed anticancer mechanisms for organometallic 
Ru(II)-arene complexes 1 and 2 (e.g., mechanisms of 1) 

 

Experimental materials and methods 

Synthesis of 6,7-dichloro-5,8-quinolinedione (L7) 

The synthesis of 6,7-dichloro-5,8-quinolinedione (L7) was 
carried out according to a procedure reported by Mulchin and 
Kubanik et al.21,22 Yield: 17.0%. ESI-MS: m/z = 241.2 for [M + 
Na]+. Elemental analysis: calcd (%) for C9H5Cl2NO2: C 46.99, 
H 2.19, N 6.09; found: C 46.95, H 2.21, N 6.06. 1H NMR (500 
MHz, DMSO-d6) δ 9.05 (dd, J = 4.6, 1.7 Hz, 1H), 8.46 (dd, J = 
7.9, 1.7 Hz, 1H), 7.89 (dd, J = 7.9, 4.6 Hz, 1H). 13C NMR (126 
MHz, DMSO-d6) δ 176.46, 174.71, 154.93, 147.52, 143.59, 
142.04, 135.38, 128.99, 128.75. 

Synthesis and characterization of 13 organometallic Ru(II)-
arene complexes 

A total of 0.049 mmol of dichloro(p-cymene) Ru(II) dimer (p-
cymene-RuCl) or diiodo(p-cymene) Ru(II) dimer (p-cymene-
RuI) and 0.098 mmol of 5,7-dichloro-2-methyl-8-quinolinol 
(H-L1), 5,7-dibromo-2-methyl-8-quinolinol (H-L2), 5-chloro-7-
iodo-8-hydroxy-quinoline (H-L3), 5,7-dibromo-8-quinolinol 
(H-L4), 5,7-diiodo-8-hydroxyquinoline (H-L5), 8-hydroxy-2-
methylquinoline (H-L6), 2,8-quinolinediol (H-L7), or 6,7-
dichloro-5,8-quinolinedione (H-L8) were dissolved in 10.0 mL 
of CH3OH/CH2Cl2 mixture (v:v = 1:1), and the solution was 
refluxed for 6.0 h. The solvent was rotary evaporated, replaced 
by CH3OH/CH2Cl2 (5.0 mL, v:v = 1:1), and was removed by 
filtration. The red-brown precipitate solution of organometallic 
Ru(II)-arene complexes were collected by filtration and washed 
with n-hexane (5.0 mL, yield: 85.1%−95.2%). Crystals of 13 

organometallic Ru(II)-arene complexes 1−13 suitable for X-ray 
analysis were obtained by slow evaporation of a 
CH3OH/CH2Cl2 (6.0 mL, v:v = 5:2) solution (Scheme 1). 

Data for 6: Yield (95.2%). Elemental analysis calcd (%) 
for C20H20Cl2INORu: C 40.77, H 3.42, N 2.38. Found: C 40.72, 
H 3.45, N 2.34. ESI-MS: m/z = 461.4 for [M – Cl]+. 1H NMR 
(500 MHz, DMSO-d6) δ 8.22 (d, J = 8.6 Hz, 1H), 7.67 (d, J = 
8.7 Hz, 1H), 7.51 (s, 1H), 5.95 (d, J = 5.9 Hz, 1H), 5.87 – 5.80 
(m, 2H), 5.55 (d, J = 5.9 Hz, 1H), 3.14 (s, 3H), 2.65 (dq, J = 
13.9, 6.9 Hz, 1H), 2.47 (s, 3H), 1.09 (d, J = 6.9 Hz, 3H), 0.93 
(d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 163.06, 
162.75, 144.85, 134.30, 128.06, 125.48, 124.26, 117.64, 
110.37, 104.15, 98.48, 85.38, 81.48, 80.69, 80.38, 31.13, 30.31, 
22.19, 21.82, 21.05. 

Data for 1: Yield (85.1%). Elemental analysis calcd (%) 
for C20H20Cl3NORu: C 48.25, H 4.05, N 2.81. Found: C 48.28, 
H 4.07, N 2.78. ESI-MS: m/z = 463.4 for [M – Cl]+. 1H NMR 
(500 MHz, DMSO-d6) δ 8.20 (d, J = 8.6 Hz, 1H), 7.74 (s, 1H), 
7.69 (d, J = 8.7 Hz, 1H), 5.98 (dd, J = 5.9, 1.1 Hz, 1H), 5.88 
(dd, J = 6.1, 1.2 Hz, 1H), 5.77 (dd, J = 6.2, 1.2 Hz, 1H), 5.55 
(dd, J = 5.9, 1.2 Hz, 1H), 3.32 (s, 1H), 3.19 (s, 3H), 2.20 (s, 
3H), 1.04 (d, J = 7.0 Hz, 3H), 0.91 (d, J = 6.9 Hz, 3H). 13C 
NMR (126 MHz, DMSO-d6) δ 162.68, 161.18, 143.94, 133.80, 
127.60, 124.96, 123.72, 116.58, 109.83, 100.39, 100.10, 86.31, 
79.87, 79.78, 78.47, 30.25, 28.25, 21.64, 21.54, 18.27 

Data for 2: Yield (87.5%). Elemental analysis calcd (%) 
for C20H20Br2ClNORu: C 40.94, H 3.44, N 2.39. Found: C 
40.90, H 3.47, N 2.36. ESI-MS: m/z = 626.9 for [M – Cl + 
DMSO]+. 1H NMR (500 MHz, DMSO-d6) δ 8.20 (d, J = 8.6 Hz, 
1H), 7.74 (s, 1H), 7.69 (d, J = 8.7 Hz, 1H), 5.98 (dd, J = 5.9, 1.1 
Hz, 1H), 5.88 (dd, J = 6.1, 1.1 Hz, 1H), 5.77 (dd, J = 6.1, 1.2 
Hz, 1H), 5.55 (dd, J = 5.9, 1.2 Hz, 1H), 3.19 (s, 3H), 2.20 (s, 
3H), 1.04 (d, J = 7.0 Hz, 3H), 0.91 (d, J = 6.9 Hz, 3H). 13C 
NMR (126 MHz, DMSO-d6) δ 164.87, 161.71, 156.92, 144.33, 
136.84, 133.52, 125.88, 107.31, 100.79, 100.75, 99.41, 86.80, 
80.51, 80.37, 79.36, 30.82, 28.79, 22.19, 22.15, 18.82. 

Data for 7: Yield (90.1%). Elemental analysis calcd (%) 
for C20H20Br2INORu: C 35.42, H 2.97, N 2.07. Found: C 35.45, 
H 2.94, N 2.02. ESI-MS: m/z = 551.4 for [M – Cl]+. 1H NMR 
(500 MHz, DMSO-d6) δ 8.15 (d, J = 8.6 Hz, 1H), 7.73 (s, 1H), 
7.68 (d, J = 8.7 Hz, 1H), 5.93 (dd, J = 5.9, 1.2 Hz, 1H), 5.86 
(dd, J = 6.3, 1.2 Hz, 1H), 5.83 – 5.81 (m, 1H), 5.56 (dd, J = 6.0, 
1.2 Hz, 1H), 3.15 (s, 3H), 2.65 (p, J = 7.0 Hz, 1H), 2.46 (s, 3H), 
1.10 (d, J = 7.0 Hz, 3H), 0.93 (d, J = 6.9 Hz, 3H). 13C NMR 
(126 MHz, DMSO-d6) δ 164.66, 162.69, 144.63, 136.75, 
133.39, 125.98, 125.80, 107.73, 104.31, 99.37, 98.17, 85.17, 
81.68, 81.05, 80.29, 31.09, 30.29, 22.25, 21.76, 20.95. 

Data for 13: Yield (93.5%). Elemental analysis calcd (%) 
for C19H19Cl2NO3Ru: C 47.41, H 3.98, N 2.91. Found: C 47.36, 
H 4.03, N 2.88. ESI-MS: m/z = 463.5 for [M – Cl]+. 1H NMR 
(500 MHz, DMSO-d6) δ 9.44 (d, J = 5.6 Hz, 1H), 8.32 (d, J = 
7.8 Hz, 1H), 7.83 (dd, J = 7.8, 5.6 Hz, 1H), 6.07 (d, J = 6.1 Hz, 
1H), 6.02 (d, J = 6.0 Hz, 1H), 5.85 (d, J = 6.2 Hz, 1H), 5.84 – 
5.79 (m, 2H), 2.77 (q, J = 6.9 Hz, 1H), 2.20 (s, 3H), 1.21 (d, J = 
7.0 Hz, 3H), 1.17 (s, 3H). 

Data for 3: Yield (89.6%). Elemental analysis calcd (%) 
for C19H18Cl2INORu: C 39.67, H 3.15, N 2.43. Found: C 39.63, 
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H 3.19, N 2.41. ESI-MS: m/z = 539.4 for [M – Cl]+. 1H NMR 
(500 MHz, DMSO-d6) δ 9.30 (dd, J = 4.9, 1.3 Hz, 1H), 8.36 
(dd, J = 8.6, 1.2 Hz, 1H), 7.79 (s, 1H), 7.71 (dd, J = 8.6, 4.9 Hz, 
1H), 5.92 (dd, J = 6.1, 1.1 Hz, 1H), 5.78 (dd, J = 6.0, 1.1 Hz, 
1H), 5.71 (dd, J = 6.0, 1.1 Hz, 1H), 5.64 (dd, J = 6.1, 1.1 Hz, 
1H), 2.71 (hept, J = 6.9 Hz, 1H), 2.19 (s, 3H), 1.17 (d, J = 6.9 
Hz, 3H), 1.09 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, 
DMSO-d6) δ 167.73, 152.06, 141.96, 136.23, 134.52, 127.01, 
124.37, 111.02, 101.17, 97.92, 82.60, 82.51, 82.15, 80.70, 
80.35, 30.94, 22.31, 22.28, 18.41. 

Data for 4: Yield (92.3%). Elemental analysis calcd (%) 
for C19H18Br2ClNORu: C 39.85, H 3.17, N 2.45. Found: C 
39.81, H 3.20, N 2.43. ESI-MS: m/z = 537.3 for [M – Cl]+. 1H 
NMR (500 MHz, DMSO-d6) δ 9.33 (dd, J = 5.0, 1.2 Hz, 1H), 
8.31 (dd, J = 8.6, 1.2 Hz, 1H), 7.81 (s, 1H), 7.72 (dd, J = 8.6, 
5.0 Hz, 1H), 5.96 – 5.90 (m, 1H), 5.83 (dd, J = 6.1, 1.2 Hz, 1H), 
5.71 – 5.63 (m, 2H), 2.69 (p, J = 6.9 Hz, 1H), 2.18 (s, 3H), 1.13 
(d, J = 6.9 Hz, 3H), 1.08 (d, J = 6.9 Hz, 3H). 13C NMR (126 
MHz, DMSO-d6) δ 164.73, 151.63, 143.87, 136.27, 133.97, 
127.15, 123.96, 105.98, 100.48, 98.60, 97.87, 82.21, 81.72, 
81.38, 79.95, 30.35, 21.80, 21.55, 17.89. 

Data for 9: Yield (88.3%). Elemental analysis calcd (%) 
for C19H18Br2INORu: C 34.36, H 2.73, N 2.11. Found: C 34.40, 
H 2.71, N 2.13. ESI-MS: m/z = 537.3 for [M – Cl]+. 1H NMR 
(500 MHz, DMSO-d6) δ 9.28 (dd, J = 5.0, 1.2 Hz, 1H), 8.28 
(dd, J = 8.6, 1.2 Hz, 1H), 7.80 (s, 1H), 7.69 (dd, J = 8.6, 5.0 Hz, 
1H), 5.87 (dd, J = 6.1, 1.2 Hz, 1H), 5.84 (dd, J = 6.0, 1.3 Hz, 
1H), 5.79 (dd, J = 6.0, 1.2 Hz, 1H), 5.72 (dd, J = 5.9, 1.2 Hz, 
1H), 2.83 – 2.78 (m, 1H), 2.33 (s, 3H), 1.17 (d, J = 7.0 Hz, 3H), 
1.12 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) 
164.50, 152.86, 144.33, 136.15, 133.86, 127.07, 124.03, 
106.27, 103.23, 98.48, 96.10, 83.12, 81.52, 81.22, 81.00, 30.74, 
21.75, 21.54, 19.10. 

Data for 5: Yield (87.0%). Elemental analysis calcd (%) 
for C19H18ClI2INORu: C 34.23, H 2.72, N 2.10. Found: C 
34.20, H 2.75, N 2.08. ESI-MS: m/z = 631.3 for [M – Cl]+. 1H 
NMR (500 MHz, DMSO-d6) δ 9.25 (dd, J = 4.9, 1.2 Hz, 1H), 
8.16 (dd, J = 8.6, 1.2 Hz, 1H), 8.06 (s, 1H), 7.68 (dd, J = 8.6, 
4.9 Hz, 1H), 5.92 (dd, J = 6.1, 1.2 Hz, 1H), 5.77 (dd, J = 5.9, 
1.2 Hz, 1H), 5.70 (dd, J = 5.9, 1.2 Hz, 1H), 5.64 (dd, J = 6.1, 
1.2 Hz, 1H), 2.70 (hept, J = 6.9 Hz, 1H), 2.19 (s, 3H), 1.17 (d, J 
= 6.9 Hz, 3H), 1.08 (d, J = 7.0 Hz, 3H). 13C NMR (126 MHz, 
DMSO-d6) δ 168.92, 151.98, 145.55, 142.86, 141.31, 131.02, 
124.89, 101.15, 97.91, 83.15, 82.64, 82.54, 82.11, 80.74, 73.45, 
30.94, 22.33, 22.29, 18.43. 

Data for 10: Yield (91.0%). Elemental analysis calcd (%) 
for C19H18I3INORu: C 30.10, H 2.39, N 2.11. Found: C 30.05, 
H 2.43, N 2.09. ESI-MS: m/z = 631.3 for [M – Cl]+. 1H NMR 
(500 MHz, DMSO-d6) δ 9.20 (dd, J = 4.9, 1.2 Hz, 1H), 8.12 
(dd, J = 8.6, 1.2 Hz, 1H), 8.05 (s, 1H), 7.65 (dd, J = 8.6, 5.0 Hz, 
1H), 5.86 (dd, J = 6.1, 1.3 Hz, 1H), 5.79 (td, J = 6.5, 1.2 Hz, 
2H), 5.73 (dd, J = 6.0, 1.2 Hz, 1H), 2.81 (p, J = 6.9 Hz, 1H), 
2.33 (s, 3H), 1.22 (d, J = 7.0 Hz, 3H), 1.13 (d, J = 6.9 Hz, 4H). 
13C NMR (126 MHz, DMSO-d6) δ 168.70, 153.23, 145.43, 
143.32, 141.20, 130.94, 124.94, 103.93, 96.17, 84.19, 83.33, 
82.06, 81.97, 81.33, 73.39, 31.31, 22.31, 22.12, 19.57. 

Data for 8: Yield (88.9%). Elemental analysis calcd (%) 
for C19H18Cl2INORu: C 34.23, H 2.72, N 2.10. Found: C 34.19, 
H 2.74, N 2.07. ESI-MS: m/z = 539.4 for [M – Cl]+. 1H NMR 
(500 MHz, DMSO-d6) δ 9.25 (dd, J = 5.0, 1.3 Hz, 1H), 8.32 
(dd, J = 8.6, 1.2 Hz, 1H), 7.78 (s, 1H), 7.68 (dd, J = 8.6, 5.0 Hz, 
1H), 5.86 (dd, J = 6.0, 1.2 Hz, 1H), 5.80 (ddd, J = 9.1, 6.0, 1.2 
Hz, 2H), 5.73 (dd, J = 5.9, 1.2 Hz, 1H), 2.82 (p, J = 6.9 Hz, 
1H), 2.33 (s, 3H), 1.22 (d, J = 6.9 Hz, 3H), 1.13 (d, J = 6.9 Hz, 
3H). 13C NMR (126 MHz, DMSO-d6) δ 167.50, 153.30, 142.43, 
136.12, 134.39, 126.93, 124.44, 110.92, 103.92, 96.21, 84.17, 
82.01, 81.99, 81.31, 80.52, 31.31, 22.31, 22.11, 19.56. 

Data for 11: Yield (85.8%). Elemental analysis calcd (%) 
for C20H22INORu: C 46.16, H 4.26, N 2.69. Found: C 46.12, H 
4.30, N 2.67. ESI-MS: m/z = 393.4 for [M – Cl]+. 1H NMR 
(500 MHz, DMSO-d6) δ 8.04 (d, J = 8.5 Hz, 1H), 7.45 (d, J = 
8.5 Hz, 1H), 7.13 (t, J = 7.9 Hz, 1H), 6.71 (dd, J = 7.9, 1.2 Hz, 
1H), 6.65 (dd, J = 7.8, 1.1 Hz, 1H), 5.87 (dd, J = 5.8, 1.2 Hz, 
1H), 5.77 (dd, J = 6.2, 1.2 Hz, 1H), 5.69 (dd, J = 6.1, 1.2 Hz, 
1H), 5.47 (dd, J = 5.8, 1.2 Hz, 1H), 2.63 (td, J = 6.9, 2.5 Hz, 
1H), 2.42 (s, 3H), 1.04 (d, J = 6.9 Hz, 3H), 0.92 (d, J = 6.9 Hz, 
3H). 13C NMR (126 MHz, DMSO-d6) δ 168.72, 160.40, 144.58, 
137.62, 128.53, 128.34, 124.17, 114.33, 109.81, 103.04, 98.66, 
85.81, 81.48, 80.37, 79.94, 31.21, 30.01, 22.42, 21.91, 21.19. 

Data for 12: Elemental analysis calcd (%) for 
C19H20INO2Ru: C 43.69, H 3.86, N 2.68. Found: C 43.67, H 
3.90, N 2.66. ESI-MS: m/z = 395.4 for [M – Cl]+. 

Materials and methods 

The X-ray crystallography structure analysis method and 
antitumor mechanism the detailed procedures of 13 
organometallic Ru(II)-arene complexes 1−13 were described in 
ESI (supporting information). 

Conclusions 
A total of 13 organometallic Ru(II)-arene complexes 1−13 have 
been synthesized and characterized. Cytotoxicity studies 
showed that organometallic Ru(II)-arene complexes 1 and 2 
have higher antiproliferative activity than other 11 Ru(II)-arene 
complexes on HeLa cells, with IC50 values 2.00 ± 0.20 nM and 
25.00 ± 0.30 nM, respectively. Interestingly, all these Ru(II)-
arene complexes were significantly less toxic to HL-7702 
normal cells. Moreover, organometallic Ru(II)-arene complexes 
1- and 2-induced HeLa cell apoptosis was mediated by the 
inhibition of telomerase activity (Fig. 11) and dysfunction of 
mitochondria. The organometallic Ru(II)-arene complexes 1 
exhibited evident priority on antitumor activity than 2, which 
should be highly associated with the key roles of the 5,7-
dichloro substituted groups in L1 ligand of organometallic 
Ru(II)-arene complexes 1. Remarkably, organometallic Ru(II)-
arene complex 1 also evidently inhibited human cervical cells 
(HeLa) xenograft tumor growth (TGIR = 58.5%) in vivo. In 
conclusion, this study might imply the first 5,7-dihalogenated-
2-methyl-8-quinolinol organometallic Ru(II)-arene complex 1 
as novel Ru(II) anticancer drug candidates. 
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