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A series of novel ruthenium(II)–cymene complexes (1–8) containing substituted

pyridyl–thiazole ligands, [Ru(η6‐p‐cymene)(L)Cl]Cl (L = N,N‐chelating deriva-

tives), have been synthesized and characterized using elemental analysis, infra-

red, 1H NMR and 13C NMR spectroscopies and mass spectrometry. All these

complexes not only display marked cytotoxicity in vitro against three different

human cancer cell lines (HeLa, A549 and MDA‐MB‐231), but also exhibit prom-

ising anti‐metastatic activity at sub‐cytotoxic concentrations. Cell cycle analysis

shows that the ruthenium(II) complex‐induced growth inhibition was mainly

caused by S‐phase cell cycle arrest. Further protein level analysis suggests that

compound 5may exert antitumor activity via a p53‐independent mechanism.
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1 | INTRODUCTION

In the 1960s, the discovery of cisplatin was a great break-
through for the treatment of cancers with metal‐based
drugs, and shortly afterwards, a few platinum derivatives
(carboplatin and oxaliplatin) were approved for use in
the clinical treatment of cancer.[1] Despite the remarkable
advances that have been made in the field of chemother-
apy, these complexes suffer from severe toxic side effects
and acquired drug resistance.[2–5] Therefore, scientists
are urgently searching for new bioactive metal complexes,
including those of platinum, gold[6] and ruthenium,[7–11]

as alternative therapeutics. Obviously, ruthenium‐based
agents have attracted increasing attention in recent
years.[7–11] A large number of anticancer ruthenium com-
plexes have been reported, including arene ruthenium(II)
complexes. There are two well‐known ruthenium‐based
anticancer drug leaders, the complexes KP1019 and
NAMI‐A, which have already entered phase II clinical tri-
als. NAMI‐A has shown strong anti‐metastasis activity
against many mammal tumor cells but almost no
wileyonlinelibrary.com/journ
cytotoxic effects,[12] while KP1019 is cytotoxic, and has
demonstrated its antitumor effects against many human
tumor cells by inducing apoptosis.[13]

We are interested in bioactive compounds with dual
cytotoxic and anti‐metastatic properties, which can effec-
tively enhance anticancer potency by reducing the
acquired drug resistance and systematic toxicities gener-
ated by using either a cytotoxic or an anti‐metastatic agent
alone.[14] An anti‐metastatic Ru(III) complex with
ferrocenylpyridine‐NAMI‐A has recently been reported
to display promising cytotoxic properties, but such ruthe-
nium complexes are sparse in the literature.[15]

Thiazole derivatives are showing promise in a variety
of medicinal applications, including those involving their
antiproliferative activities.[16–22] Considering properties
such as water solubility and coordinate site making for
drug development, we introduce a pyridyl moiety to
thiazole to form a series of pyridyl–thiazole ligands with
different substituent groups, then combine the anti‐
metastatic property exhibited by the p‐cymene
ruthenium(II) unit with the established antiproliferative
Copyright © 2018 John Wiley & Sons, Ltd.al/aoc 1 of 11
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effects of the pyridyl–thiazole ligands. In this paper, we
present for the first time the synthesis, characterization,
cytotoxicity, anti‐metastatic activity and preliminary
mechanism of action of a series of novel ruthenium(II)
compounds with pyridyl–thiazole ligands.
TABLE 1 Cell viability of three human tumor cell lines treated

with 1–8 and L1–L8 at 30 and 300 μΜ

Compound

Cell viability (%)

HeLa A549 MDA‐MB‐231

30 μM 300 μM 30 μM 300 μM 30 μM 300 μM

1 7.7 6.8 8.3 9.4 34.3 8.6

2 5.7 6.6 6.7 9.5 16.7 8.1

3 6.6 6.3 6.5 8.3 32.5 6.9

4 4.9 5.6 7.7 7.8 26.1 6.3

5 5.9 7.2 7.3 9.8 9.4 7.9

6 5.9 6.6 7.4 9.0 9.4 5.9

7 7.8 6.3 7.6 10.3 13.3 8.1

8 6.1 6.1 7.4 9.4 13.5 7.0

L1 57.7 11.4 39.4 32.3 67.6 47.4

L2 66.1 44.3 42.8 38.1 89.8 65.2

L3 57.3 39.9 37.5 11.3 64.7 50.3

L4 61.7 16.5 43.4 14.9 80.4 62.7

L5 64.2 9.0 46.9 10.3 75.2 51.2

L6 83.1 5.9 60.7 11.1 87.5 26.1

L7 59.5 4.2 38.9 40.8 94.1 70.6

L8 64.3 19.5 49.3 16.4 85.2 54.4

NAMI‐A 95.6 86.3 97.4 97.7 100.0 93.5

Cisplatin 52.5 5.0 32.4 14.4 80.8 18.9
2 | RESULTS AND DISCUSSION

2.1 | Synthesis and Characterization

The synthesis of arene ruthenium(II) complexes contain-
ing pyridyl–thiazole ligands was conducted using the
reaction route shown in Scheme 1. Arene–Ru(II) com-
plexes 1–8 were prepared by the reaction of [Ru(η6‐p‐
cymene)Cl2]2 with the respective ligands (L1–L8) in dried
methanol at room temperature for 8 h. All the complexes
are red powders, and stable when exposed to moist air.
They are freely soluble in dimethylsulfoxide (DMSO),
slightly soluble in alcohols and almost insoluble in dichlo-
romethane, chloroform and ethyl acetate.

All complexes were isolated as their chloride salts, and
were characterized using elemental analysis, and infrared
(IR), 1H NMR and 13C NMR spectroscopies. The elemen-
tal analysis data for the complexes are in good agreement
with the calculated values. In the IR spectra of the Ru(II)–
cymene complexes 1–8, the bands of stretching vibration
of N―H appear in the range 3442–3462 cm−1, and the
ν(Ru―N) bands appear in the range 515–598 cm−1, indicat-
ing that the coordination of ligands with [Ru(η6‐p‐
cymene)Cl2]2 is derived from two nitrogen atoms in
pyridine and thiazole rings, respectively. The ν(C¼N) bands
(in the range 1529–1537 cm−1) are shifted to lower wave-
number by about 23 cm−1 compared to the free ligands
(ν(C¼N) for pyridyl–thiazolo ligands are in the range
1549–1563 cm−1). This similar shifting has also been
reported in recent literature.[23] All these phenomena in
the IR spectra demonstrate the pyridyl–thiazole ligands
are coordinated with ruthenium(II) atoms as an N,N‐
chelating arrangement.

The 1H NMR spectra of all eight ruthenium(II) com-
plexes show the signals of the η6‐p‐cymene ring, and the
characteristic signals of the thiazole ligands at much
higher chemical shifts related to their free form owing to
the deshielding effect produced by the arene–
ruthenium(II) unit. The signal of pyridine proton
SCHEME 1 Synthetic route to

[Ru(η6‐p‐cymene)(L)Cl]Cl complexes (1–8)
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(―CH¼N) for free‐form ligands is a doublet at around
8.7 ppm, and shifts to around 9.3 ppm after complexation
with ruthenium atoms due to the deshielding effect. Sim-
ilar downfield shifts in 1H NMR spectra have also been
reported recently.[11] The 13C NMR spectra of 1–8 also
show the expected resonance signals.

The mass spectra of all eight ruthenium(II)
compounds show the respective molecular fragment ions,
[M − Cl]+, formed upon loss of chlorine ligands.
2.2 | In Vitro Antiproliferative Activity

The antiproliferative properties of the new ruthenium(II)
complexes 1–8 and of the corresponding ligands L1–L8

were screened using MTT assay. Cell viability of all the
compounds was determined at doses of 30 and 300 μΜ
against three human cancer cell lines: cervix (HeLa), lung
(A549) and triple negative breast (MDA‐MB‐231). The cell
viability data for complexes 1–8 and the eight ligands are
presented in Table 1 along with the data for NAMI‐A and
cisplatin for comparison. Figure 1 shows cytotoxicity
results for 1–8 and L1–L8 at doses of 30 and 300 μΜ
against HeLa, A549 and MDA‐MB‐231 human cancer cell
lines for 48 h. The IC50 values of some of the complexes
against the three cancer lines were obtained, and the data
are summarized in Table 2.
FIGURE 1 Cytotoxicity of 1–8 and

L1–L8 at doses of 30 and 300 μΜ against

three human tumor cell lines (HeLa, A549

and MDA‐MB‐231) for 48 h
On the basis of the data in Table 1 and Figure 1,
almost all the complexes show obviously stronger cytotox-
icity than the pyridyl–thiazole ligands against the three
human cancer cell lines regardless of higher (300 μΜ) or
lower (30 μΜ) concentrations, confirming that the coordi-
nation of the ligands with ruthenium(II) precursor
[Ru(η6‐p‐cymene)Cl2]2 can enhance strongly the antipro-
liferative activity.

Among the eight ruthenium(II)–cymene complexes
investigated, five (2, 5, 6, 7 and 8) exhibit a stronger anti-
proliferative activity than their ligands against the three
human tumor cells, being even more active than cis-
platin,[24,25] which is clinically widely used. Among the
five compounds, 5 and 6 exhibit the highest antiprolifera-
tive activities against the three tumor cell lines with IC50

values of 1.6–3.9 μΜ. Based on the data analysis, possible
structure–activity relationships can be outlined as follows.
(i) The type of substituents can have a marked influence
on the cytotoxicity; for example, (a) 5, with the 4‐
bromophenylpyridyl–thiazole ligand, is among the most
active against all the tumor cells and (b) the complexes
with withdrawing groups are shown to exhibit marked
in vitro cytotoxicity towards various human tumor cell
lines, which is ligand‐dependent – the replacement of
one methyl by bromo‐ or iodo‐ substituent (5, 6) leads to
a high activity enhancement. (ii) However, the



TABLE 2 IC50 values of five most potent antiproliferative

compounds against three human tumor cell lines

Compound R

IC50 (μM)

HeLa A549 MDA‐MB‐231

2 4‐CH3C6H4 6.3 5.3 17.5

5 4‐BrC6H4 3.1 1.6 2.5

6 4‐IC6H4 2.0 3.9 2.4

7 4‐NO2C6H4 7.5 4.9 5.3

8 4‐CF3C6H4 5.1 13.1 4.2

Cisplatin 5.8[1] 17.0[1] 36.1[2]
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observations in (i) were not proved; for example, the
replacement of bromo‐ by chloro‐ or fluoro‐ substituents
usually does not lead to a marked effect on the activity,
further studies being required to established clear rela-
tionships with the activity. (iii) The highest activity is usu-
ally observed for the A549 tumor cells.
2.3 | Scratch Wound Healing Assay

Cells have a natural migration tendency that is a vital pro-
cess in the growth and safeguarding of tissue functions,[26]

which is very essential during embryogenesis, wound
healing and development of immune response. Wound
healing migration is an established protocol that allows
examination of cell migration in response to an artificial
wound produced on a cell monolayer.[27] It also takes
place in cancer, leading to invasion and metastasis.[28]

In this work, a scratch wound healing assay (48 h)
was carried out for determining the anti‐migration
FIGURE 2 (A) Wound healing assay of

A549 after treatmentwith 1–8 andNAMI‐A

at 1.0 μM (culture medium as control). (B)

Data analysis of the wound healing rate
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activity of 1–8 in highly metastatic A549 lung carcinoma
cells. The maximum concentration of 1–8 was restricted
to 1.0 μM in order to maintain over 90% viability of
the A549 cells after 48 h treatment. NAMI‐A has
been selected as a positive control because of its well‐
known significant anti‐metastasis activity on human
tumor cells.[29]
FIGURE 3 (A) Cell cycle distribution of

A549 cells after treatment with

compounds 1–8 at 5.0 μM. (B) Data

analysis of cell cycle arrest
As depicted in Figure 2, for the A549 cells treated
without drugs (control), a distinct cell migration in the
wound area was found in 48 h after wounding, with
almost 35% wound closure rate. But for complexes 1–8, a
notable inhibition of wound closure was observed, and
the wound healing rates decreased to 18–27%, being
slower than control. Among the eight complexes, four
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(2, 4, 5 and 6) exhibit better anti‐metastasis activity
against A549 cells. Notably, the inhibition rate of wound
closure for 6 at 1.0 μM was 18%, being even closer to
NAMI‐A (wound healing rate of around 17%).
2.4 | Cell Cycle Analysis by Flow
Cytometry

The cell cycle is a series of events leading to replication
and cell division.[30] Growth inhibition in cancer cells by
anticancer drugs could be the result of induction of cell
cycle arrest.[31] Therefore, the ability of 1–8 to cause cell
cycle arrest was investigated to gain more insight into
the antiproliferative activity. A549 cells were treated with
complexes 1–8 for 48 h at 5 μM. Cisplatin was used as a
positive control at the same concentration. The cell cycle
profiles of treated cells stained with propidium iodide
were obtained by flow cytometry analysis and compared
with that of an untreated control.

As shown in Figure 3, the cell proportion for all com-
plexes except 2 is beyond 20% at S phase, which is much
higher than that of control (12.65%). Almost all the new
ruthenium complexes can trigger certain increase of cell
proportion at S‐phase, accompanied by decrease in the per-
centage of cells at G0/G1 and G2/M phases, suggesting that
the complexes could be cell cycle phase‐specific agents. In
contrast, cells incubated with cisplatin were arrested at
both S‐phase and G2/M phase, and cell proportion at G2/
M phase was even increased to 54.76%, and this result is
in accordance with previous reports that cisplatin is a rep-
resentative cell cycle phase nonspecific chemotherapeutic
drug.[29] The different effect of these two kinds of metal‐
based complexes on A549 cell cycle may suggest that the
series of ruthenium(II) complexes showed a much stronger
antitumor effect and led to higher cells arrest at S phase,
and the ruthenium(II) complexes may have a mechanism
of action different from that of cisplatin or NAMI‐A or
other typical ruthenium complexes that lack in vitro cyto-
toxicity but possess marked anti‐metastasis activity.[29,32,33]
2.5 | Mechanistic Considerations
(Western Blot for p53)

TP53 tumor suppressor gene is involved in the mediation
of cellular DNA repair, apoptosis induction and cell cycle
arrest.[34] TP53 has been found altered in more than
approximately 50% of human malignancies, and the
mutation of p53 genes or over‐expression of p53 negative
regulators often make many cancer patients resistant to
drugs that act via p53‐dependent pathways.[35] And the
chemo‐resistance of some cancer cell lines has been
shown to be due to mutated TP53‐encoding genes or defi-
cient p53 protein levels, which are less effective in induc-
ing apoptosis even when significant DNA damage has
occurred.[36,37] Therefore, p53 is a highly attractive and
promising therapeutic target for cancer treatment.
Traditional platinum compounds such as cisplatin and
oxaliplatin exert their antiproliferative activity by increas-
ing the expression of p53 protein.[38,39] Those anticancer
agents via a p53‐independent mechanism could be prom-
ising drug candidates against drug‐resistant cancers. In
light of this, it is necessary to investigate whether the cyto-
toxicity of the newly synthesized ruthenium compounds
is p53‐dependent or p53‐independent.

To determine whether the cytotoxicity of the com-
pounds is dependent on or independent of p53, we chose
complex 5 with good cytotoxicity to analyze the levels of
p53 protein in A549 cells for 48 h, with cisplatin as a pos-
itive control. GAPDH (glyceraldehyde‐3‐phosphate dehy-
drogenase) levels were determined in the same
membranes as a total protein loading control. In addition,
we measured the p53 expression in A549 cells after differ-
ent exposure concentrations (2.0 and 5.0 μM) to 5 and
cisplatin.

As shown in Figure 4, p53 can remain stable after
treatment with 5 at 2.0 μM, but with an increase of the
concentration of 5, we observed a slight down‐regulation
in p53 levels at 5.0 μM, probably due to cell death and pro-
tein loss. For cisplatin, p53 expression in A549 cells
FIGURE 4 p53 protein levels after

short‐term incubation of A549 cells with

compound 5 and cisplatin at 2.0 and 5.0

μM. GAPDH levels were determined in the

same membranes as a total protein loading

control
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remained at basal level at 2.0 μM, but showed an obvious
increase at higher concentration (5.0 μM), indicating a
concentration‐dependent up‐regulation of p53 mecha-
nism as expected.[38,39] This suggests that the new
ruthenium(II) complex 5 exerts anticancer activity
through a p53‐independent mechanism,[37,40] unlike
RAPTA‐C,[41] RM175[42] or cisplatin via a p53‐dependent
mechanism. The results hold promise for treatment of
cancers that are drug‐resistant due to their dysfunctional
p53 status.
3 | CONCLUSIONS

In this work we have reported the synthesis of a series of
new ruthenium(II)–cymene complexes coordinated by
pyridyl–thiazole derivatives. All compounds were charac-
terized using elemental analysis, and IR, 1H NMR and 13C
NMR spectroscopies.

The in vitro cytotoxic activity was evaluated by MTT
assay against three human cancer cell lines (HeLa, A549
and MDA‐MB‐231). Ruthenium(II) complexes 2, 5, 6, 7
and 8 display strong cytotoxicity against the three cell
lines with cell viability below 16.7%. Complexes 1, 3 and
4 show weaker antiproliferative activity against MDA‐
MB‐231 cells at a dose of 30 μΜ.

Cell cycle arrest was also investigated by flow cytome-
try for the antiproliferative mechanism. All the new
ruthenium complexes triggered certain increase of A549
cell proportion at S phase, accompanied by a decrease in
the percentage of cells at G2/M phase, indicating that
1–8 may be cell cycle S‐phase‐specific agents.

Scratch wound healing assay was used to investigate
the migration of A549 human cancer cells for anti‐
metastasis effect. The results indicate that compounds 2,
4, 5 and 6 exhibit better anti‐metastasis activity in A549
cells. Especially, 6 possesses the best anti‐metastatic
potential.

According to the data of antiproliferative and
anti‐metastasis activity, the ruthenium(II)–cymene
complexes containing pyridyl–thiazole ligands 2, 5 and 6
exhibit promising dual anti‐metastatic and cytotoxic
properties.

Furthermore, protein level research for p53 was car-
ried out by western blot analysis, suggesting that the
new ruthenium complex 5 exerts its antiproliferation
activity via a p53‐independent mechanism, unlike cis-
platin or some other traditional ruthenium complexes.
These results hold promise for treatment of cancers that
are drug resistant due to their mutated p53 or p53‐null
status. The studies also pave the way for the development
of arene–ruthenium(II) complexes as the next generation
of metal‐based anticancer drugs.
4 | EXPERIMENTAL

4.1 | Materials and Physical
Measurements

RuCl3⋅3H2O, 2‐(bromoacetyl)pyridine hydrobromide and
4‐dimethylaminopyridine were purchased from Meryer
(Shanghai) Chemical Technology Co. Ltd. [Ru(η6‐p‐
cymene)Cl2]2 and the ligands (L1–L8) were synthesized
using literature methods.[43,44] NAMI‐A was prepared
according to a patented procedure.[45] The acyl chloride,
thiourea and all other chemical reagents were obtained
from Sinopharm Chemical Reagent Co. Ltd, China, and
were used as received. All biological materials were pur-
chased from Gibco. Elemental analyses were performed
with a PerkinElmer 2400 analyzer, series II. IR spectra
were recorded from 4000 to 400 cm−1 with a Bruker
Vertex 70 FT‐IR spectrophotometer using KBr pellets;
only significant bands are cited in the text. NMR spectra
were recorded with a Bruker AM‐400 spectrometer.
1H and 13C chemical shifts are reported relative to
tetramethylsilane. Electrospray ionization (ESI) mass
spectra were recorded in positive mode (+) with a Bruker
SolariX 7.0 T Fourier transform mass spectrometer.
4.2 | Synthesis of [Ru(η6‐p‐cymene)(L)Cl]
Cl Complexes

4.2.1 | Synthesis of [Ru(η6‐p‐cymene)(L1)
Cl]Cl (1)

An amount of 180 mg (0.3 mmol) of [Ru(η6‐p‐cymene)
Cl2]2 was added to a dried methanol (12 ml) solution of
141 mg (0.5 mmol) of L1, and the mixture was stirred at
room temperature for 8 h. Then the mixture was filtered
to remove the insoluble material. Ethyl acetate (500 ml)
was added to the mixture. Two days later, red powders
were obtained. The resulting solid was then washed sev-
eral times with a mixed solvent of dichloromethane and
ethyl acetate (10:1). The final product was then dried in
vacuo at 60 °C for 6 h to remove residual solvents, and
the red powders were obtained. Yield: 28.8%. IR (KBr, ν,
cm−1): 3443 (N―H), 1677 (C¼O), 1609, 1533 (C¼N),
598, 521 (Ru―N). Anal. Calcd for C25H25Cl2N3ORuS
(%): C 51.11, H 4.29, N 7.15, S 5.46. Found (%): C 51.36,
H 4.26, N 6.98, S 5.52. 1H NMR (400 MHz, DMSO‐d6, δ,
ppm): 9.31 (d, J = 5.1 Hz, 1H, Ar–H), 8.14 (m, 5H,
Ar–H), 7.59 (m, 4H, Ar–H), 6.68 (d, J = 5.2 Hz 1H,
―C6H4―), 6.13 (d, J = 5.2 Hz, 1H,―C6H4―), 5.99 (d,
J = 5.2 Hz, 2H, ―C6H4―), 2.47 (m, 1H,
CH3C6H4CH(CH3)2), 2.25 (s, 3H, CH3C6H4CH(CH3)2),
0.91 (d, J = 6.8 Hz, 3H, CH3C6H4CH(CH3)2), 0.87 (d, J =
6.8 Hz, 3H, CH3C6H4CH(CH3)2).

13C NMR (150 MHz,
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DMSO‐d6, δ, ppm): 169.31, 156.95, 151.50, 140.89, 133.09,
131.74, 129.28(3C), 127.02, 135.01, 123.86, 123.01, 122.22,
117.64, 101.83, 100.60, 87.20, 86.26, 81.71, 80.27, 30.93,
22.65, 22.35, 19.7. ESI‐MS (+ mode, in MeOH): m/z 552
[M − Cl]+.
4.2.2 | Synthesis of [Ru(η6‐p‐cymene)(L2)
Cl]Cl (2)

Compound 2 was prepared analogously by following the
method and conditions described for 1. Red powders were
obtained. Yield: 23.1%. IR (KBr, ν, cm−1): 3451 (N―H),
1678 (C¼O), 1604, 1536 (C¼N), 598, 522 (Ru―N) cm‐1.
Anal. Calcd for C26H27Cl2N3ORuS (%): C 51.91, H 4.52, N
6.99, S 5.33. Found (%): C 51.74, H 4.47, N 7.14, S 5.42. 1H
NMR (400 MHz, DMSO‐d6, δ, ppm): 9.35 (d, J = 5.1 Hz,
1H, Ar―H), 8.27–8.17 (m, 3H, Ar―H), 8.01(d, J = 8.1 Hz,
2H, Ar―H), 7.61 (m, 1H, Ar―H), 7.41(d, J = 8.1 Hz, 2H,
Ar―H), 6.65 (d, J = 5.2 Hz, 1H, ―C6H4―), 6.18 (d, J =
5.2 Hz, 1H, ―C6H4―), 6.02 (d, J = 5.2 Hz, 2H,
―C6H4―), 2.47 (m, 1H, CH3C6H4CH(CH3)2), 2.44(s, 3H,
Ar―CH3), 2.27(s, 3H, CH3C6H4CH(CH3)2), 0.92 (d, J =
6.8 Hz, 3H, CH3C6H4CH(CH3)2), 0.87 (d, J = 6.8 Hz, 3H,
CH3C6H4CH(CH3)2).

13C NMR (150 MHz, DMSO‐d6, δ,
ppm): 165.91, 156.99, 151.45, 143.67, 142.31, 140.98,
129.93(2C), 129.30(2C), 127.10, 124.40, 123.29, 122.15,
101.95, 100.56, 87.22, 86.26, 81.74, 80.23, 30.91, 22.67,
22.35, 21.98, 19.78. ESI‐MS (+ mode, in MeOH): m/z 566
[M − Cl]+.
4.2.3 | Synthesis of [Ru(η6‐p‐cymene)(L3)
Cl]Cl (3)

Compound 3 was prepared analogously by following the
method and conditions described for 1. Red powders were
obtained. Yield: 18.9%. IR (KBr, ν, cm−1): 3451 (N―H),
1681 (C¼O), 1609, 1533 (C¼N), 584, 517 (Ru―N). Anal.
Calcd for C25H24Cl2FN3ORuS (%): C 49.59, H 4.00, N
6.94, S 5.29. Found (%): C 49.42, H 4.19, N 6.74, S 5.15.
1H NMR (400 MHz, DMSO‐d6, δ, ppm): 9.32 (d, J =
5.6 Hz, 1H, Ar―H), 8.22–8.18 (m, 4H, Ar―H), 8.11 (d,
J = 7.7 Hz, 1H,Ar―H), 7.56 (t, J = 5.6 Hz, 1H, Ar―H),
7.40 (t, J = 8.7 Hz, 2H, Ar―H), 6.68 (d, J = 5.8 Hz, 1H,
―C6H4―), 6.13 (d, J = 5.8 Hz, 1H, ―C6H4―), 5.98 (d,
J = 6.1 Hz, 2H, ―C6H4―), 2.47 (m, 1H,
CH3C6H4CH(CH3)2), 2.26 (s, 3H, CH3C6H4CH(CH3)2),
0.92 (d, J = 6.9 Hz, 3H, CH3C6H4CH(CH3)2), 0.87 (d, J =
6.9 Hz, 3H, CH3C6H4CH(CH3)2).

13C NMR (150 MHz,
DMSO‐d6, δ, ppm): 165.76, 164.13, 162.13, 156.84,
151.59, 146.59, 140.70, 132.26, 127.00, 124.87, 122.80,
116.15, 114.29, 111.19, 106.77, 101.50, 100.59, 87.17,
86.23, 81.61, 80.14, 30.99, 22.63, 22.34, 19.76. ESI‐MS
(+ mode, in MeOH): m/z 570 [M − Cl]+.
4.2.4 | Synthesis of [Ru(η6‐p‐cymene)(L4)
Cl]Cl (4)

Compound 4 was prepared analogously by following the
method and conditions described for 1. Red powders were
obtained. Yield: 29.3%. IR (KBr, ν, cm−1): 3446 (N―H),
1680 (C¼O), 1608, 1533 (C¼N), 586, 519 (Ru―N). Anal.
Calcd for C25H24Cl3N3ORuS (%): C 48.28, H 3.89, N 6.76,
S 5.16. Found (%): C 47.93, H 3.74, N 6.61, S 5.13. 1H
NMR (400 MHz, DMSO‐d6, δ, ppm): 9.31 (d, J = 3.8 Hz,
1H, Ar―H), 8.28–8.05 (m, 5H, Ar―H), 7.64 (d, J =
8.3 Hz, 2H, Ar―H), 7.55 (t, J = 5.6 Hz, 1H, Ar―H), 6.65
(d, J = 5.5 Hz, 1H, ―C6H4―), 6.11 (d, J = 5.5 Hz, 1H,
―C6H4―), 5.97 (d, J = 5.5 Hz, 2H, ―C6H4―), 2.46 (m,
1H, CH3C6H4CH(CH3)2), 2.25 (s, 3H, CH3C6H4CH(CH3)2),
0.91 (d, J = 6.6 Hz, 3H, CH3C6H4CH(CH3)2), 0.86 (d, J =
6.6 Hz, 3H, CH3C6H4CH(CH3)2).

13C NMR (150 MHz,
DMSO‐d6, δ, ppm): 170.67, 155.76, 152.07, 147.46, 146.16,
140.08, 136.78, 130.96(2C), 129.02(2C), 125.87, 124.06,
123.84, 121.86, 101.37, 100.57, 86.99, 86.29, 81.32, 79.93,
30.92, 22.39, 22.30, 19.54. ESI‐MS (+ mode, in MeOH):
m/z 586 [M − Cl]+.
4.2.5 | Synthesis of [Ru(η6‐p‐cymene)(L5)
Cl]Cl (5)

Compound 5 was prepared analogously by following the
method and conditions described for 1. Red powders were
obtained. Yield: 31.2%. IR (KBr, ν, cm−1): 3462 (N―H),
1686 (C¼O), 1610, 1537 (C¼N), 593, 516 (Ru―N). Anal.
Calcd for C25H24Cl2BrN3ORuS (%): C 45.06, H 3.63, N
6.31, S 4.81. Found (%): C 44.86, H 3.39, N 6.34, S 4.62. 1H
NMR (400 MHz, DMSO‐d6, δ, ppm): 9.31 (d, J = 5.4 Hz,
1H, Ar―H), 8.30–8.02 (m, 3H, Ar―H), 7.97–7.91 (m, 4H,
Ar―H), 7.54 (t, J = 5.6 Hz, 1H, Ar―H), 6.64 (d, J =
5.2 Hz, 1H, ―C6H4―), 6.11 (d, J = 5.2 Hz, 1H,
―C6H4―), 5.96 (d, J = 5.2 Hz, 2H, ―C6H4―), 2.46 (m,
1H, CH3C6H4CH(CH3)2), 2.25 (s, 3H, CH3C6H4CH(CH3)2),
0.92 (d, J = 6.8 Hz, 3H, CH3C6H4CH(CH3)2), 0.88 (d, J =
6.8 Hz, 3H, CH3C6H4CH(CH3)2).

13C NMR (150 MHz,
DMSO‐d6, δ, ppm): 169.38, 156.64, 151.81, 146.38, 140.66,
138.52, 132.16(2C), 131.26(2C), 127.02, 126.62, 126.01,
123.94, 122.79, 101.61, 101.24, 89.22, 86.24, 81.63, 80.15,
30.94, 22.57, 22.40, 19.78. ESI‐MS (+ mode, in MeOH):
m/z 629 [M − Cl]+.
4.2.6 | Synthesis of [Ru(η6‐p‐cymene)(L6)
Cl]Cl (6)

Compound 6 was prepared analogously by following the
method and conditions described for 1. Red powders were
obtained. Yield: 34.6%. IR (KBr, ν, cm−1): 3442 (N―H),
1676 (C¼O), 1609, 1529 (C¼N), 588, 519 (Ru―N). Anal.
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Calcd for C25H24Cl2IN3ORuS (%): C 42.09, H 3.39, N 5.89, S
4.49. Found (%): C 41.76, H 3.28, N 5.56, S 4.30. 1H NMR
(400 MHz, DMSO‐d6, δ, ppm): 9.31 (d, J = 5.2 Hz, 1H,
Ar―H), 8.19–8.08 (m, 5H, Ar―H), 7.77 (d, J = 8.3 Hz,
2H, Ar―H), 7.54 (t, J = 5.6 Hz, 1H, Ar―H), 6.66 (d, J =
5.2 Hz, 1H, ―C6H4―), 6.11 (d, J = 5.2 Hz, 1H,
―C6H4―), 5.96 (d, J = 5.2 Hz, 2H, ―C6H4―), 2.47 (m,
1H, CH3C6H4CH(CH3)2), 2.25 (s, 3H, CH3C6H4CH(CH3)2),
0.92 (d, J = 6.7 Hz, 2H, CH3C6H4CH(CH3)2), 0.88 (d, J =
6.8 Hz, 3H, CH3C6H4CH(CH3)2).

13C NMR (150 MHz,
DMSO, δ, ppm): 169.40, 156.81, 151.76, 146.55, 140.75,
138.02(2C), 134.96, 132.73, 131.10(2C), 126.79, 123.54,
122.88, 106.79, 101.54, 100.44, 87.19, 86.25, 81.73, 80.14,
30.92, 22.59, 22.37, 19.76. ESI‐MS (+ mode, in MeOH):
m/z 677 [M − Cl]+.
4.2.7 | Synthesis of [Ru(η6‐p‐cymene)(L7)
Cl]Cl (7)

Compound 7 was prepared analogously by following the
method and conditions described for 1. Red powders were
obtained. Yield: 20.7%. IR (KBr, ν, cm−1): 3462 (N―H),
1679 (C¼O), 1608, 1535 (C¼N), 584, 515 (Ru―N). Anal.
Calcd for C25H24Cl2N4O3RuS (%): C 47.47, H 3.82, N
8.86, S 5.07. Found (%): C 47.37, H 3.36, N 8.79, S 4.91.
1H NMR (400 MHz, DMSO‐d6, δ, ppm): 9.32 (d, J =
5.3 Hz, 1H, Ar―H), 8.41 (m, 4H, Ar―H), 8.17 (d, J =
7.7 Hz, 1H, Ar―H), 8.13–8.03 (m, 2H, Ar―H), 7.53
(t, J = 5.6 Hz, 1H, Ar―H), 6.65 (d, J = 5.6 Hz, 1H,
―C6H4―), 6.11 (d, J = 5.6 Hz, 1H, ―C6H4―), 5.97
(d, J = 5.7 Hz, 2H, ―C6H4―), 2.47 (m, 1H,
CH3C6H4CH(CH3)2), 2.24 (s, 3H, CH3C6H4CH(CH3)2),
0.92 (d, J = 6.8 Hz, 3H, CH3C6H4CH(CH3)2), 0.88 (d, J =
6.8 Hz, 3H, CH3C6H4CH(CH3)2).

13C NMR (151 MHz,
DMSO‐d6, δ, ppm): 169.58, 156.21, 152.25, 149.27,
148.01, 146.24, 140.29, 130.31(2C), 126.18, 124.18(2C),
123.51, 122.21, 118.97, 100.6, 100.0, 86.51, 86.22, 81.76,
80.05, 31.00, 22.43(2C), 19.70. ESI‐MS (+ mode, in
MeOH): m/z 597 [M − Cl]+.
4.2.8 | Synthesis of [Ru(η6‐p‐cymene)(L8)
Cl]Cl (8)

Compound 8 was prepared analogously by following the
method and conditions described for 1. Red powders were
obtained. Yield: 23.8%. IR (KBr, ν, cm−1): 3462 (N―H),
1683 (C¼O), 1607, 1530 (C¼N), 574, 524 (Ru―N). Anal.
Calcd for C26H24Cl2F3N3ORuS (%): C 47.64, H 3.69, N
6.41, S 4.89. Found (%): C 47.38, H 3.49, N 6.29, S 4.53.
1H NMR (400 MHz, DMSO‐d6, δ, ppm): 9.32 (d, J =
5.0 Hz, 1H, Ar―H), 8.35 (d, J = 8.0 Hz, 2H, Ar―H),
8.24–8.03 (m, 3H, Ar―H), 7.93 (d, J = 8.1 Hz, 2H,
Ar―H), 7.53 (t, J = 5.6 Hz, 1H, Ar―H), 6.67 (d, J= 5.2 Hz,
1H,―C6H4―), 6.11 (d, J = 5.2 Hz, 1H,―C6H4―), 5.97 (d,
J = 5.2 Hz, 2H, ―C6H4―), 2.24 (s, 3H,
CH3C6H4CH(CH3)2), 2.47 (m, 1H, CH3C6H4CH(CH3)2),
0.92 (d, J = 6.7 Hz, 3H, CH3C6H4CH(CH3)2), 0.88 (d, J =
6.7 Hz, 3H, CH3C6H4CH(CH3)2).

13C NMR (150 MHz,
DMSO‐d6, δ, ppm): 169.62, 156.89, 152.03, 146.34,
140.85, 131.45, 129.98(2C), 127.27, 126.76, 126.05(2C),
125.46, 123.66, 122.93, 120.92, 101.94, 101.54, 89.32,
86.67, 82.01, 80.42, 31.00, 22.59, 22.47, 19.86. ESI‐MS
(+ mode, in MeOH): m/z 620 [M − Cl]+.
4.3 | In Vitro Antiproliferative Activity

The following three human cancer cell lines were used for
biological assays: cervical carcinoma (HeLa), lung carci-
noma (A549) and triple negative breast carcinoma
(MDA‐MB‐231). All cell lines were maintained in either
F12 K medium (A549) or Dulbecco's modified Eagle
medium (HeLa and MDA‐MB‐231) supplemented with
fetal bovine serum (10%), penicillin (100 U ml−1) and
streptomycin (50 U ml−1) at 37 °C in a CO2 incubator
(95% relative humidity, 5% CO2). All biological materials
were purchased from Gibco.

The complexes were dissolved in DMSO at a concen-
tration of 20 mM as stock solution, and diluted in culture
medium at various concentrations (0.036–20 μΜ) as
working solutions. To avoid DMSO toxicity, the concen-
tration of DMSO was less than 0.1% (v/v) in all
experiments.[46]

The cancer cells in exponential phase were digested
with trypsin, and seeded into a 96‐well plate. Twelve
hours later, cancer cells were exposed to drugs at various
concentrations in medium for 48 h. Upon completion of
incubation for 48 h, MTT dye solution (10 μl, 5 mg ml−1)
was added to each well. After 4 h incubation, all the solu-
tion inside each well was sucked out carefully and then
DMSO (120 μl) was added to solubilize the MTT formazan.
The absorbance of each well was measured using a micro-
plate spectrophotometer at a wavelength of 570 nm. Cell
viability and the dose causing 50% inhibition of cell growth
(IC50) were determined from the curve of inhibiting per-
centage versus dose.
4.4 | Scratch Wound Healing Assay

A vertical line with a marker pen was first drawn on the
back of a 24‐well plate for retention. Lung carcinoma cells
(A549) in exponential phase were digested with trypsin,
and then seeded into a 24‐well plate (5 × 105 cells per
well), and grown in 5% CO2 at 37 °C for 12 h. Cell mono-
layers were wounded with a sterile 100 μl pipette tip and
washed with growth medium to remove detached cells
from the plates and immediately photographed under a
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microscope. Cells were exposed to compound‐containing
medium (not containing fetal bovine serum) at a concen-
tration of 1.0 μM and incubated at 37 °C in a saturated
humidity, 5% CO2 incubator, and the cells were
photographed at 6 and 48 h using an Olympus IX51
microscope (Tokyo, Japan) and a digital camera.
4.5 | Cell Cycle Analysis

Lung carcinoma cells (A549) were digested in exponential
phase with trypsin, then seeded into a 6‐well plate at den-
sity of 3 × 106, and grown in an atmosphere of 5% CO2 at
37 °C. Twelve hours later, cells were exposed to com-
pound‐containing medium at a concentration of 5.0 μM
and incubated at 37 °C in a saturated humidity, 5% CO2

incubator. After 48 h of incubation, the culture medium
was discarded, and cells were collected by centrifugation.
The cells was washed twice with phosphaye‐buffered
saline (PBS), and centrifuged. The PBS was discarded,
and 300 μl of DNA staining solution and 10 μl of perme-
abilization solution were added it, then the cell suspen-
sion was vortexed and incubated for 30 min at 37 °C,
then detected by flow cytometry.
4.6 | Protein Extraction and Western Blot
for p53

Lung carcinoma cells (A549) were grown on 6‐well plates
and treated with 5 and cisplatin at concentrations of 2.0
and 5.0 μM and incubated at 37 °C, 5% CO2 for 24 h.
The A549 cells were lysed with lysis buffer. The cell lysate
were then transferred to separate 2 ml tubes and soni-
cated for 10 s. The samples were then centrifuged at
13000 rpm, 4 °C for 5 min. The supernatant liquid con-
taining the proteins was collected and the total protein
content of each sample was then quantified via Bradford's
assay. Thirty micrograms of protein from each sample was
reconstituted in loading buffer (5% DDT, 1× protein
loading dye) and heated at 95 °C for 5 min. The protein
mixtures were resolved on a 10% SDS–PAGE gel by elec-
trophoresis and transferred to a nitrocellulose membrane.
Equal loading of protein was confirmed by comparison
with GAPDH. Immunoblotting for p53 was done using
anti‐human p53 antibodies. The protein bands were visu-
alized via enhanced chemiluminescence imaging (PXi,
Syngene).
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