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ABSTRACT: Indole thiosemicarbazone ligands were pre-
pared from indole-3-carboxaldehyde and N-(un)substituted
thiosemicarbazide. The Ru(η6-p-cymene) complexes [Ru(η6-p-
cymene)(HL1)Cl]Cl (1) and [Ru(η6-p-cymene)(L2)]2Cl2
(2*) were exclusively synthesized from thiosemicarbazone
(TSC) ligands HL1 and HL2, and [RuCl2(p-cymene)]2. The
compounds were characterized by analytical and various
spectroscopic (electronic, FT-IR, 1D/2D NMR, and mass)
tools. The exact structures of the compounds (HL1, HL2, 1,
and 2*) were confirmed by single-crystal X-ray diffraction
technique. In complexes 1 and 2*, the ligand coordinated in a
bidentate neutral (1)/monobasic (2*) fashion to form a five-
membered ring. The complexes showed a piano-stool geometry around the Ru ion. While 2* existed as a dimer, 1 existed as a
monomer, and this was well explained through free energy, bond parameter, and charge values computed at the B3LYP/SDD
level. The intercalative binding mode of the complexes with calf thymus DNA (CT DNA) was revealed by spectroscopic and
viscometric studies. The DNA (pUC19 and pBR322 DNA) cleavage ability of these complexes evaluated by an agarose gel
electrophoresis method confirmed significant DNA cleavage activity. Further, the interaction of the complexes with bovine serum
albumin (BSA) was investigated using spectroscopic methods, which disclosed that the complexes could bind strongly with BSA.
A hemolysis study with human erythrocytes revealed blood biocompatibility of the complexes. The in vitro anticancer activity of
the compounds (HL1, HL2, 1, and 2*) was screened against two cancer cell lines (A549 and HepG-2) and one normal cell line
(L929). Interestingly, the binuclear complex 2* showed superior activity with IC50 = 11.5 μM, which was lower than that of
cisplatin against the A549 cancer cell line. The activity of the same complex (IC50 = 35.3 μM) was inferior to that of cisplatin in
the HepG-2 cancer cell line. Further, the apoptosis mode of cell death in the cancer cell line was confirmed by using confocal
microscopy and DNA fragmentation analysis.

■ INTRODUCTION
Since the discovery of cisplatin for medicinal purposes in 1979,
it has been one of the most popular drugs and has established
the importance of organometallic compounds in the
pharmaceutical industry. The main cellular target of the drug
is presumed to be DNA, particularly the construction of 1,2-
intrastrand cross-link adducts forcing the DNA to curve toward
the major groove. This leads to the deformation of DNA, which
effectively blocks cell division and triggers cell death.1−3 Over
the decades, analogues of cisplatin such as carboplatin,

oxaliplatin, tetraplatin, zeniplatin, enloplatin, etc. have been
widely investigated for their in vivo interaction with DNA.
Unfortunately, the clinical application of cisplatin is restricted
due to the frequent development of drug resistance, limited
range of tumors against which the drug is active, and also
several side effects. Therefore, the search for the development
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of metal-based drugs with more efficiency, less toxicity, and
target specificity is ongoing.4−9

Since the approval of cisplatin for the treatment of cancer, a
number of nonplatinum complexes has been studied for their
chemotherapeutic potential.10−12 Among other metal com-
pounds, ruthenium has gained preference due to its ability to
mimic iron in natural biological processes and to show various
oxidation states under physiological conditions.13 Trans-
[RuCl4(Im)(dmso-S)]− (NAMI-A, Im = imidazole) and
trans-[RuCl4(Ind)2)]

− (KP1019, Ind = 1H-indazole) are two
ruthenium complexes that have moved past phase I clinical
trials.14−16 NAMI-A has already been approved for a phase II
clinical study.17 In 1992, Tocher and co-workers reported the
first anticancer Ru(II)−arene complex, [Ru(η6-benzene)-
(metronidazole)Cl2].

18 Sadler et al. have established the
mechanism of action of their compounds of the type [Ru(η6-
arene)(en)(Cl)]+, which have many analogies to the mecha-
nism of cisplatin.19

Half-sandwich Ru(II)−arene complexes are currently attract-
ing increasing interest as anticancer compounds. Recently
developed Ru(II)−arene complexes containing a phosphine
ligand, such as [Ru(η6-benzene)(pta)Cl2] (RAPTA-B) and
[Ru(η6-p-cymene)(pta)Cl2] (RAPTA-C) (pta = 1,3,5-triaza-7-
phosphaadamantane), show very promising in vivo activity on
the inhibition of metastasis growth,20 together with high
selectivity and low general toxicity.21 The electronic and
structural factors of the Ru(II)−arene complexes are known to
play an important role in determining their biological activity,
and hence efforts are ongoing to fine-tune their therapeutic
ability by varying these factors systematically.22

Over the years, thiosemicarbazones (TSCs) and their
heterocyclic derivatives have captured attention in the
pharmaceutical world due to their wide range of bioactiv-
ities.23,24 TSCs are known to possess three donor sites, two N
atoms and one S atom, which coordinate with different metal
ions to form stable complexes that have been reported to
possess curative properties such as antifungal, antibacterial,
antioxidant, antitumor, etc.25−28 Ru(II)−arene complexes
bearing TSCs have been evolving as promising therapeutic
agents.29−36 In general, in Ru(II)−arene complexes of TSCs,
the ligand usually coordinates with the Ru(II) ion in the thione
(CS) form in a bidentate fashion with N1,S donor atoms
forming a five-membered chelate ring, resulting in mononuclear
complexes.29−36 Even though there have been an impressive
number of reports on Ru(II)−arene complexes with TSC
ligands, just two reports have dealt with binuclear Ru(II)−arene
complexes wherein TSC ligands show bidentate (N1,S/N2,S)
chelation to Ru(II) ion in the anionic form of thiolate, forming
a five-/four-membered chelate ring (Figure 1).37,38

For a long time, reports on Ru(II)−arene complexes with
TSCs have appeared in the literature due to their significant
biological properties. The study of these complexes based on
their mode of action and their interaction with biological targets
is still an active research topic. These factors motivated us to
develop water-soluble mono- and binuclear Ru(η6-p-cymene)

complexes containing indole-based TSC ligands and evaluate
their biomolecular interactions, DNA cleavage, hemolysis, and
anticancer activity.

■ RESULTS AND DISCUSSION
Synthesis of the Ligands and Complexes. Indole TSCs

(HL1 and HL2) were synthesized by the condensation of
thiosemicarbazide/4-methylthiosemicarbazide with indole-3-
carboxaldehyde in the presence of acetic acid (Scheme 1),

and their corresponding Ru(η6-p-cymene) complexes were
synthesized using [RuCl2(p-cymene)]2 as a precursor (Scheme
2). The reaction between TSC ligands and [RuCl2(p-
cymene)2]2 was expected to yield either mono- or binuclear
Ru(η6-p-cymene) complexes.37,38 Li and co-workers prepared
binuclear Ru(II)−arene complexes of TSC ligands from the
corresponding mononuclear complexes.38 In our case, interest-
ingly, formation of a mono- or binuclear complex depended on
the substituent on the terminal nitrogen of the ligand. The
factors favoring the dimerization were revealed from DFT
studies. The complexes (1 and 2*) were air and light stable and
soluble in water and most organic solvents. The ligands and
complexes were characterized by CHNS analyses and various
spectroscopic tools. The analytical data of the ligands and their
complexes were in good agreement with the suggested
molecular formula. The crystal structures of the compounds
(HL1, HL2, 1, and 2*) were determined.

Confirmation of the Formation of the Ligands and
Complexes. The UV−visible spectra of the ligands exhibited
two bands in the regions 262−264 and 329−330 nm, which
corresponded to intraligand (π → π* and n → π*) transitions.
The spectra of the complexes showed three bands. Two bands
were seen in the 267−271 and 339−342 nm regions, which
corresponded to π → π* and n → π* transitions, respectively.
The third band observed at 429−432 nm corresponded to a d
→ d transition.39

The FT-IR spectra of the ligands showed three bands in the
range 3448−3440, 3325−3312, and 3238−3230 cm−1, which
were assigned to indole N−H, terminal N−H, and
thiocarbonyl-attached N−H bonds, respectively. The azome-
thine (CN) and thiocarbonyl (CS) stretching frequencies
of the ligands were observed at 1551−1548 and 1299−1295
cm−1, respectively. On complexation, there was a decrease in
CN (1503−1501 cm−1) and CS (1244−1230 cm−1)
stretching frequencies. The shift in these bands suggested that
the TSC ligands coordinated to Ru(II) ion through azomethine
nitrogen (N1) and thiocarbonyl sulfur.38,40

In the 1H NMR spectra of the ligands, signals due to indole
N−H and thiocarbonyl-attached N−H protons appeared at
11.59 and 11.16 ppm, respectively. The signals due to protons
of azomethine CH and indole CH were observed at 8.29−8.31
and 7.80 ppm, respectively. The protons of NH2 in the ligand
(HL1) resonated at 8.00 and 7.40 ppm as broad singlets. The
terminal N−H proton in the ligand (HL2) was observed as a

Figure 1. General structure of TSC ligands.

Scheme 1. Synthetic Scheme of the Indole TSC Ligands
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quartet at 7.90 ppm. Further, a doublet appeared at 3.08 ppm in
the spectrum of HL2, corresponding to the terminal CH3
protons. In the 1H NMR spectra of complexes 1 and 2*, indole
N−H, azomethine C−H, and indole C−H protons gave signals
at 11.80−11.83, 9.00−9.01, and 8.79−8.94 ppm, respectively.
The isopropyl methyl protons in p-cymene were shielded and
resonated at 1.04−1.13 ppm. The p-cymene aromatic protons
were also shielded and gave four different chemical shift values
in the regions 5.69−5.72, 5.31−5.35, 5.26−5.27, and 5.17−5.21
ppm.38 Assignment for individual aromatic protons has been
made on the basis of 1H−1H correlation (COSY), 1H−13C
heteronuclear single quantum coherence (HSQC), and
1H−13C heteronuclear multiple bond correlation (HMBC)
spectra. The 1H−1H nuclear Overhauser (NOESY) spectrum
of 1 yielded a through-space correlation between the CH
proton of the indole ring and methyl protons in p-cymene
(Figure S7). A similar interaction was also observed in complex
2* (Figure S8). In the 13C NMR spectra of the ligands, the C
S and CN carbons were observed in the regions 176.51−
176.77 and 140.43−141.78 ppm, respectively. However, in the
spectra of the complexes, the CS (1)/C−S (2*) and CN
carbons were observed at 176.76−179.08 and 155.05−156.91
ppm, respectively. The new carbon signals at 104.27−104.67,
89.47−89.83, 85.64−85.76, 84.36−84.87, 32.22−32.24, 23.16−
23.26, 21.76−21.77, and 18.84−18.85 ppm were due to the p-
cymene moiety in the complexes.38,41 All other protons/
carbons resonated in the expected regions. The 1D/2D NMR
spectra of the compounds are shown in Figures S1−S19.
Crystal Structure of the Ligands and Complexes. The

crystal structures of compounds HL1, HL2, 1, and 2* are
shown in Figures 2−5 respectively. Experimental details, bond
distances, and bond angles are given in Tables 1 and 2 and
Tables S1−S3. Suitable yellowish white crystals of the ligands
were grown from solutions prepared from an acetonitrile and
methanol mixture (1/1). The important torsion angles in
ligands HL1 and HL2 were −178.40(11) (N(3)−N(2)−C(1)−
S(1)), 0.5(2) (N(3)−N(2)−C(1)−N(1)), and −178.93(14)°
(C(1)−N(2)−N(3)−C(2)) and 178.47(8) (N(2)−N(3)−
C(10)−S(1)), 0.57(17) (N(2)−N(3)−C(10)−N(4)),
178.30(10) (N(3)−N(2)−C(9)−C(2)), −178.03(11)

(C(9)−N(2)−N(3)−C(10)), 6.95(18) (C(11)−N(4)−
C(10)−S(1)), and −175.20(12)° (C(11)−N(4)−C(10)−
N(3)) respectively.28 The S(1)−C(1/10), N(1)−C(1), and
N(2)−N(3) bond lengths were 1.6965(16)−1.7010(13),
1.328(2)−1.3599(17), and 1.3839(18)−1.3841(14) Å in HL1

Scheme 2. Synthetic Scheme of the Ru(η6-p-cymene) Complexes

Figure 2. Thermal ellipsoid (50% probability) plot of HL1.

Figure 3. Thermal ellipsoid (50% probability) plot of HL2.
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and HL2. The bond lengths and angles were comparable to
those of a similar compound.42a

Complex 1 crystallized in the monoclinic space group P21
with Z = 2 and adopted the familiar “three-legged piano-stool”
geometry with the Ru(II) center being coordinated by a p-
cymene, terminal chloride, and chelating N1,S ligand (Figure
4). In complex 1, the p-cymene was essentially planar, and the
distance between the Ru(II) ion and the centroid of the
aromatic ring was 2.203 Å.31 The bond distances around the
Ru(II) ion varied over a small range (Ru−S, 2.3867 Å; Ru−N,
2.133 Å; Ru−Cl, 2.4036 Å), which were comparable to those of
similar complexes.42b,43,44 The Cl− counterion involved in
N(2)−H(2)···Cl(2) (3.061 Å), N(3)−H(3A)···Cl(2) (3.227
Å), and N(4)−H(4)···Cl(2) (3.103 Å) hydrogen-bonding
interactions. The torsional angles in 1 were −12.6(5)
(Ru(1)−S(1)−C(10)−N(2)), 165.3(4) (Ru(1)−S(1)−
C(10)−N(3)), and 10.6(6)° (Ru(1)−N(1)−N(2)−C(10)).

Complex 2* crystallized in the monoclinic space group P21/n
with Z = 4 and adopted a piano-stool shape with two molecules
of L2 coordinated (N1,S) to Ru(II) ion as a monoanionic
bidentate ligand. Two [(η6-p-cymene)Ru(L2)]+ moieties were
held together by two bridging sulfur atoms of L2, adopting a
binuclear structure with Ru2S2 core (Figure 5). The four-
membered ring with bond angles of 81.71(5) (S(1)−Ru(1)−
S(2)) and 81.70(5)° (S(2)−Ru(2)−S(1)) was not planar. This
kind of binuclear Ru(II)−arene complex is quite rare in
comparison to similar reported complexes containing TSC
ligands with N2,S coordination mode.38 The distance between
the Ru(II) ion and centroid of the p-cymene ligand was 2.22 Å.
The bond distances in 2*, 2.3519 (Ru(1)−S(1)), 2.4069
(Ru(1)−S(2)), 2.4133 (Ru(2)−S(1)), 2.3456 (Ru(2)−S(2)),
2.093 (Ru(1)−N(3)), and 2.090 Å (Ru(2)−N(7)), were
comparable to those reported for similar compounds.31,37,38

The torsion angles Ru(1)−S(1)−C(1)−N(1), Ru(1)−S(1)−
C(1)−N(2), Ru(1)−S(2)−C(22)−N(5), Ru(1)−S(2)−
C(22)−N(6), Ru(2)−S(1)−C(1)−N(1), Ru(2)−S(1)−
C(1)−N(2), Ru(2)− S(2)−C(22)−N(5), and Ru(2)−S(2)−
C(22)−N(6) in 2* were 173.0(4), −6.2(5), −87.2(4), 92.7(5),
−86.6(4), 94.2(5), 172.2(4), and −8.0(5)°, respectively.

Dimerization. While 2* existed as a dimer, 1 existed as a
monomer. Structurally HL2 was different from HL1 only by a
methyl group substituted on the terminal nitrogen atom, and
this could have exerted a mild electronic effect so that complex
2 readily dimerized to 2*. To understand this, DFT calculations
have been performed on the monomers (1 and 2) and dimers
(1* and 2*). Their electronic structures and free energies were
compared and analyzed. The optimized ground state geo-
metries of 1, 2, 1*, and 2* are given in Figure 6, and free energy
changes during dimerization are given in Figure 7. The
calculated geometrical parameters such as bond distances and
angles are summarized in Table 2. Mulliken charge and bond
order values are shown in Table 3. The free energy values for
dimerization of 1 and 2 revealed that the process was
endergonic in both cases but was less endergonic by 3.15
kcal/mol for 2 in comparison to 1. This could explain why 2
existed as a dimer while 1 was a monomer. A similar
observation was reported by Su et al.38 This mild change in
free energy could have been effected by the methyl group on
the terminal nitrogen atom present in 2. This can be well
understood by examining the charge on the sulfur atom and the
C−S bond length and bond order. The charge on sulfur in 2
was higher than that in 1, and this was due to a push of electron
density by the methyl group through the amino nitrogen atom.
This enabled the sulfur atom to make the new S−Ru2 bond,
resulting in dimer formation. Second, the bond order and
length of the C−S bond in 1 and 2 were compared. The C−S
bond was a partial double bond in the monomers, while it was a
single bond in the dimers. In 2, the double-bond character was
slightly lower than in 1 and this enabled the C−S double bond
to cleave easily in 2. This also facilitated the dimerization of 2
over 1. The computed and experimental bond parameters
(Table 2) agreed well, and smaller deviations could be
explained as due to crystal-packing effects.

DNA Binding Studies. Hypochromism in the UV−Vis
Absorption Spectra. The changes observed in the absorption
spectra of the complexes due to increasing concentration of CT
DNA are used for determining the DNA binding ability of the
complexes (Figure 8). The binding constant (Kb) values for the
interaction of 1 and 2* with CT DNA were 2.47 × 105 and 3.73
× 105 M, respectively (Table 4), which have been calculated

Figure 4. Thermal ellipsoid (50% probability) plot of 1.

Figure 5. Thermal ellipsoid (50% probability) plot of 2*. Hydrogen
atoms are not shown for clarity.
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from the equation [DNA]/(εa − εf) = [DNA]/(εb − εf) + 1/Kb

(εb − εf), where [DNA] is the concentration of CT DNA, εa, εf,
and εb correspond to Aobsd/[compound], the extinction
coefficient for the free compound, and the extinction coefficient

for the compound in the fully bound form, respectively (Figure
9).45 The slope and intercept of [DNA]/(εa − εf) versus
[DNA] plot gave 1/(εb − εf) and 1/Kb(εb − εf), respectively.
Fixed amounts of the test compounds in DMF/Tris-HCl (15

Table 2. Selected Bond Lengths (Å) and Angles (deg) of the Optimized Complexes Computed at the B3LYP/SDD# (#SDD for
Ru, 6-311g (d, p) for Other Atoms) Level

exptl calcd

1 2* 1 1* 2 2*

Ru−centroid 2.260 2.282 2.252 2.283 2.251 2.283
Ru(1)−S(1) 2.387 2.352 2.402 2.384 2.397 2.385
Ru(1)−S(2) 2.407 2.457 2.454
Ru(1)−Cl(1) 2.404 2.468 2.470
Ru(1)−N(1)/(3) 2.133 2.093 2.128 2.121 2.128 2.121
Ru(2)−S(1) 2.413 2.384 2.454
Ru(2)−S(2) 2.346 2.457 2.384
Ru(2)−N(7) 2.090 2.121 2.121
C(10)/(1)−S(1) 1.703 1.792 1.698 1.810 1.704 1.816
S(1)−Ru(1)−S(2) 81.7 81.1 81.1
S(1)−Ru(1)−Cl(1) 89.4 88.1 88.3
N(1)−Ru(1)−Cl(1) 88.9 83.9 83.9
N(1)/(3)−Ru(1)−S(1) 80.9 80.6 81.0 80.1 81.2 80.2
N(3)−Ru(1)−S(2) 92.0 92.1 92.1
S(2)−Ru(2)−S(1) 81.7 81.1 81.1
N(7)−Ru(2)−S(1) 91.0 92.1 92.1
N(7)−Ru(2)−S(2) 80.5 80.1 80.2
Ru(1)−S(1)−Ru(2) 97.8 98.8 98.8
Ru(2)−S(2)−Ru(1) 98.2 98.8 98.8
N(6)−N(7)−Ru(2) 122.5 121.0 121.3

Figure 6. Optimized geometries of the complexes.

Organometallics Article

DOI: 10.1021/acs.organomet.8b00004
Organometallics XXXX, XXX, XXX−XXX

F

http://dx.doi.org/10.1021/acs.organomet.8b00004


μM) were used for titrations. In the absorption spectrum of
complex 1, the band at 342 nm showed a significant
hypochromism with small red shift (3 nm) upon the addition
of CT DNA (0−35 μM). During the incremental addition of
CT DNA to complex 2*, the band due to intraligand transition
at 339 nm exhibited hypochromism with a small red shift (7
nm). The results derived from the electronic absorption
titration experiments suggested that the complexes (1 and
2*) could bind to DNA through intercalation. However, 2*
interacted with CT DNA strongly, which might be due to the
greater planar area of the complex, permitting it to penetrate
and stack more intensely into DNA base pairs.46 The Kb values
of the complexes followed the order 1 < 2*.
Ethidium Bromide (EB) Displacement by the Complexes.

The binding of the Ru(η6-p-cymene) complexes with CT DNA
could not be directly presented in the emission spectra, since
the complexes were nonemissive in both the presence and
absence of CT DNA. Hence, it has been studied by ethidium
bromide (EB) displacement experiments. Usually EB emits
fluorescence in the presence of DNA due to its strong
intercalation between the adjacent DNA base pairs.47 Hence,
the EB displacement study can provide indirect evidence for the

mode of binding. The displacement method is based on the
decrease of fluorescence resulting from the displacement of EB
from a DNA sequence by a quencher. The emission spectra of
the DNA/EB (1/1) system with increasing concentration of
the complexes (0−50 μM) are shown in Figure 10. From the
observed decrease in the fluorescence intensity, it was inferred
that the EB molecules were replaced by the complexes under
investigation.48 The binding propensity of the complexes with
CT DNA was determined by the Stern−Volmer equation, F0/F
= 1 + Kq[Q], where F

0 and F are the fluorescence intensities in
the absence and presence of a complex, respectively. Kq is the
linear Stern−Volmer quenching constant, and [Q] is the
concentration of the compound. The Kq values are obtained as

Figure 7. Gibbs free energy (kcal/mol) profile for 2 × monomer (1 and 2) to dimer (1* and 2*) + 2 HCl.

Table 3. Data Obtained from the DFT Calculations on the
Complexes

Mulliken chargea bond order

complex Ru S C CS Ru1−S Ru2−S

1 0.591 −0.023 0.202 1.407 0.502
2 0.597 −0.042 0.206 1.381 0.507
1* 0.541 −0.011 0.107 0.951 0.634 0.479
2* 0.557 −0.024 0.134 0.949 0.637 0.479

aUnits in electrons.

Figure 8. Absorption spectra of 1 and 2* in Tris-HCl buffer upon addition of CT DNA. Conditions: [complex] = 15 μM, [DNA] = 0−35 μM. The
arrow shows that the absorption intensity decreases upon increasing CT DNA concentration.

Table 4. Kb, Kq, and Kapp Values for 1 and 2*

complex Kb (M
−1) Kq (M

−1) Kapp (M
−1)

1 2.47 × 105 9.43 × 104 4.71 × 106

2* 3.73 × 105 1.29 × 105 6.37 × 106

Figure 9. Plot of [DNA]/(εa − εf) versus [DNA] for the titration of
the complexes with CT DNA.

Organometallics Article

DOI: 10.1021/acs.organomet.8b00004
Organometallics XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acs.organomet.8b00004


a slope from the plot of F0/F versus [Q] (Figure 11 and Table
4). Further, the apparent DNA binding constant (Kapp) values

were calculated using the equation KEB [EB] = Kapp[complex],
where the complex concentration is the value at a 50%
reduction in the fluorescence intensity of EB, KEB (1.0 × 107

M−1) is the DNA binding constant of EB, and [EB] is the
concentration of EB (5 μM). It was clear from the data that
complex 2* bound more strongly with DNA than complex 1,
which was in agreement with the trend observed from the UV−
vis absorption spectra. Moreover, the quenching and binding
constant values of the complexes suggested that the interaction
of complexes 1 and 2* with CT DNA should be that of
intercalation.49

Changes in the Viscosity of CT DNA. To confirm the nature
of the interaction between the complexes and CT DNA,
viscosity measurements have been carried out. Accordingly, the
increase in viscosity due to elongation of the double helix by
the intercalating agents indicates an intercalative mode of
binding. In contrast, a decrease/no change in viscosity due to
bending of DNA base pairs or kinking of DNA helix
substantiates groove binding.50,51 Viscosity values of CT
DNA (100 μM) in the presence of increasing concentration
(0−50 μM) of complexes 1 and 2* are depicted in Figure 12.
The increase in the viscosity of CT DNA with increase in
concentration of the complexes confirmed an intercalative
mode of binding.50

Perturbation of Bands in the CD Spectra. The conforma-
tional changes in the environment of the nucleic acids induced
by a complex can be studied by recording circular dichroism
(CD) spectra.52 CT DNA showed positive and negative bands
in its CD spectrum at 278 and 244 nm, respectively, due to base
stacking and helicity of B-DNA.53 Groove binding and
electrostatically interacting complexes lead to less or no
perturbation on the base stacking and helicity bands, whereas
intercalating complexes enhance the intensity of both bands.54

The CD spectrum of CT DNA (20 μM) after addition of
complexes 1 and 2* (5 μM) showed an increase in positive and
a decrease in negative ellipticity with a small red shift, probably
due to the unwinding of the DNA helix upon interaction with
the complexes, and then transformed into A-DNA, which
validated the intercalative binding mode of the complexes
(Figure 13).55,56

DNA Cleavage by the Complexes. DNA is one of the
most important cellular targets for complexes to exhibit good
anticancer activity.57,58 The supercoiled (SC) pUC19/pBR322
DNA (40 μM) was incubated at 37 °C with complexes 1 (100
μM) and 2* (50/100 μM) in a 5% DMF/5 mM Tris-HCl/50
mM NaCl buffer at pH 7.2 for 3 h. The cleaving efficiency of
the complexes was assessed by their ability to convert SC DNA
(Form I) into nicked circular (NC) DNA (Form II), while no
linear DNA (Form III) was observed (Figures 14 and 15). The
DNA cleavage efficiency followed the order 2* (99.3%) > 1
(93.6%) in pUC19 and 2* (99.8%) > 1 (54.7%) in pBR322
DNA, which reflected the fact that DNA cleavage by the
complexes was in line with their DNA binding ability.

Interaction with BSA. Fluorescence Quenching of BSA by
the Complexes. BSA protein shows fluorescence due to the
presence of tyrosine and tryptophan residues.59 To investigate
the interaction between BSA and complexes 1 and 2*,
fluorescence titration has been followed. The fluorescence
spectra were recorded in the range of 290−500 nm (λex 280

Figure 10. Fluorescence quenching curves of EB bound to DNA in the
presence of 1 and 2*. Conditions: [DNA] = 5 μM, [EB] = 5 μM,
[complex] = 0−50 μM.

Figure 11. Stern−Volmer plots of fluorescence titrations of the
complexes with CT DNA.

Figure 12. Effect of the complexes on the viscosity of CT DNA.

Figure 13. CD spectra of CT DNA in the absence and presence of the
complexes in Tris-HCl buffer (pH 7.2) at room temperature.
Conditions: [complex] = 5 μM, [DNA] = 20 μM.
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nm). The changes observed on the fluorescence spectra of BSA
(1 μM) by the addition of increasing concentration of the
complexes (0−20 μM) are shown in Figure 16. The
fluorescence intensity of BSA at 345 nm was quenched with
a hypsochromic shift by the addition of complexes 1 (89%, 10
nm) and 2* (82%, 8 nm). The red shift was due to the fact that
the active sites in the protein were buried in a hydrophobic
environment. The results showed the interaction between the
Ru(η6-p-cymene) complexes and BSA.60,61 The fluorescence
quenching constant (Kq) values were calculated from Stern−
Volmer equation using an F0/F versus [Q] plot (Figure 17).
When small molecules bind independently to a set of
equivalent sites on a macromolecule, the equilibrium between
free and bound molecules is represented by the Scatchard
equation log[(F0 − F)/F] = log Kb + n log [Q], where Kb is the
binding constant of a complex with BSA and n is the number of
binding sites. From the plot of log[(F° − F)/F] versus log [Q]
(Figure 18), the number of binding sites (n) (0.924 (1) and
0.971 (2*)) and binding constant (Kb) values have been
obtained. The calculated Kq, Kb, and n values for the interaction

of complexes 1 and 2* with BSA are gathered in Table 5. The
estimated value of n was around 1 for complexes 1 and 2*. The

values of Kq and Kb suggested that the complexes strongly
interacted with BSA and the binuclear complex (2*) exhibited
better interaction with BSA in comparison to 1.62

Figure 14. Cleavage of supercoiled pUC19 DNA (40 μM) by
complexes 1 and 2* in a buffer containing 5% DMF/5 mM Tris-HCl/
50 mM NaCl (pH 7.2) at 37 °C with an incubation time of 4 h: lane 1,
DNA control; lane 2, DNA + 1 (100 μM); lane 3, DNA + 2* (50
μM). Forms SC and NC are supercoiled and nicked circular DNA,
respectively.

Figure 15. Cleavage of supercoiled pBR322 DNA (40 μM) by
complexes 1 and 2* in a buffer containing 5% DMF/5 mM Tris-HCl/
50 mM NaCl (pH 7.2) at 37 °C with an incubation time of 4 h: lane 1,
DNA control; lane 2, DNA + 1 (100 μM); lane 3, DNA + 2* (100
μM). Forms SC and NC are supercoiled and nicked circular DNA
respectively.

Figure 16. Fluorescence quenching curves of BSA in the absence and presence of 1 and 2*. Conditions: [BSA] = 1 μM, [complex] = 0−20 μM.

Figure 17. Stern−Volmer plots of the fluorescence titrations of the
complexes with BSA.

Figure 18. Scatchard plots of the fluorescence titrations of the
complexes with BSA.

Table 5. Kb, Kq, and n Values for 1 and 2*

complex Kb (M
−1) Kq (M

−1) n

1 2.42 × 107 4.17 × 105 0.924
2* 5.01 × 107 7.09 × 105 0.971
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Mechanism of Quenching. The quenching of fluorescence
intensity usually occurs by either dynamic or static mode. The
mode of quenching was determined from electronic absorption
spectra of BSA with and without the complexes (Figure
19).63,64 The absorption intensity of BSA (10 μM) gradually

increased without any shift in the position of the absorption
band at 280 nm with the addition of the complexes (4 μM),
which suggested static quenching.65

Structural Changes in BSA. In synchronous fluorescence
spectroscopy, the difference between excitation and emission
wavelengths reflects the spectra of a different nature of
chromophore.66 With a small Δλ value such as 15 nm, the
synchronous fluorescence of BSA is characteristic of the
tyrosine residue (Figure 20) and a large Δλ value such as 60
nm is characteristic of the tryptophan residue (Figure 21).67

When the concentration of complexes 1 and 2* was increased
(0−20 μM), the fluorescence intensity of the tyrosine residue at
304 nm decreased by 72.1 and 75.9% for complexes 1 and 2*,
respectively. The tryptophan fluorescence emission showed
significant decrease in the intensity (at 340 nm) (89.7 (1) and
84.2% (2*)) without any shift in the position of the emission
band. The results indicated that the complexes affected the
microenvironments of both the tyrosine and tryptophan during
the binding process, while the effect was more pronounced
toward the tryptophan in comparison to tyrosine.68

Anticancer Activity. Blood Compatibility. Assessing the
hemolysis of drugs is crucial in evaluating their blood
compatibility. Ru(η6-p-cymene) complexes with six different
concentrations (25, 50, 75, 100, 250, and 500 μg/mL) were

tested for their toxicity against human red blood cells (RBC).
The results were compared to the control cells treated with
water, which produced 100% lysis. The complexes exhibited
negligible red hemoglobin release, implying that they were
negligibly toxic (Figure S24), which suggested that the Ru(η6-p-
cymene) complexes (1 and 2*) can be used for pharmaco-
logical actions.69

Activity Against A549 and HepG-2. The positive results
obtained from the DNA/protein interaction and antihemolytic
studies for complexes 1 and 2* have encouraged us to test their
anticancer properties against cancer (lung (A549) and liver
carcinoma (HepG-2)) and normal (mouse embryonic fibro-
blasts (L929)) cells. The IC50 values (50% inhibition of cell
growth for 24 h) of the free ligands and the Ru(η6-p-cymene)
complexes obtained from MTT assays are summarized in Table
S4, and the percent cell death versus concentration is graphically
presented in Figures 22 and 23. Media (DMSO/buffer) and
cisplatin were used as controls under identical experimental
conditions. The IC50 values for the free ligands were >140 μM
against A549 and HepG-2 cell lines. Though complexes 1 (IC50
= 49.3 μM (A549), 62.7 μM (HepG-2)) and 2* (IC50 = 11.5
μM (A549), 35.3 μM (HepG-2)) were active against the cancer
cells, the activity of 2* was comparable with that of cisplatin
(IC50 = 21.3 μM (A549), 21.5 μM (HepG-2)) at both low and
high micromolar concentrations. The high activity of Ru(η6-p-
cymene) complexes might have initiated from the strong
interaction of the complexes with both DNA and protein. In
addition, in vitro cytotoxicity studies of the free ligands and the
Ru(η6-p-cymene) complexes against L929 mouse embryonic
fibroblasts (normal cells) have been carried out (Figure S25).
The IC50 values of the free ligands and Ru(η6-p-cymene)
complexes have been found to be above 500 and 800 μM,
respectively (cisplatin IC50 = 6.0 (L929)), which confirmed that
the Ru(η6-p-cymene) complexes were specifically active on
cancer cells.

Mode of Cell Death. The mode of cell death was visualized
using a fluorescent staining method. A549 cells treated with the
IC50 concentration of complex 2* (IC50 = 11.5 μM) were
subjected to confocal microscopic studies. In this study, 4′,6-
diamidino-2-phenylindole (DAPI, blue), fluorescein isothyo-
cyanate (FITC, green), and propidium iodide fluorescence (PI,
red) stains were used to assess the morphological changes in
the cell after treatment with 2*. DAPI binds strongly to A-T
rich regions in DNA and passes through an intact cell
membrane. FITC acts as a phosphatidyl serine tracer and
suggests the presence of apoptosis. PI can only penetrate cells
where the cell membrane has been compromised. The confocal
microscopic images indicated substantial changes in the

Figure 19. Absorption spectra of BSA (10 μM) and BSA with 1 and
2* (4 μM).

Figure 20. Synchronous spectra of BSA (1 μM) as a function of concentration of 1 and 2* (0−20 μM), when Δλ = 15 nm.
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morphology of the cells after treatment with 2*, which
suggested an apoptosis mechanism for cell death (Figure 24).70

DNA fragmentation was confirmed by agarose gel (2%)
electrophoresis. A549 cells treated with two different
concentrations (11.5 and 23 μM) of complex 2* were
incubated for 24 h. DNA was extracted from untreated and
treated cells, and its fragmentation was visualized.71 Interest-
ingly, after the treatment with 2*, DNA underwent
concentration-dependent fragmentation (Figure 25), which
clearly indicated that the cell death mechanism was apoptosis.

■ CONCLUSIONS
Mono- and binuclear Ru(η6-p-cymene) complexes with TSC
ligands were exclusively formed in different reactions and
characterized. The TSC ligands coordinated to Ru(II) ion

through imine nitrogen and sulfur/thiolato sulfur. Geometries
of both the formed and expected monomers (1 and 2) and
dimers (1* and 2*) were optimized and compared. Free
energies revealed that dimerization in both cases was
endergonic but the process was less endergonic in complex 2,
making dimerization slightly easier, in agreement with experi-
ment. The methyl group present on the terminal nitrogen atom
in complex 2 enhanced the electron density on the sulfur atom,
which enabled the sulfur atom to easily coordinate with another
Ru, thus favoring the dimerization of complex 2. Another factor
that enabled the dimerization was the C−S bond order in
complex 2. The lower double-bond character made it easier to
cleave and form the new S−Ru2 bond. The effect of other
substituents will be evaluated in the future. The DNA
interaction property of complexes 1 and 2* evaluated by
electronic, emission, viscosity, and CD measurements sup-
ported the fact that the complexes could bind to DNA via
intercalation in the order 2* > 1. The complexes also efficiently
cleaved the pUC19 and pBR322 plasmid DNA. In addition, the
BSA protein binding affinity of the Ru(η6-p-cymene)
complexes, investigated by absorption and emission spectros-
copy techniques, suggested that 2* had a stronger binding
capacity in comparison to 1. The hemolysis results showed that
the complexes could be used for drug tests, as they did not
show any toxicity against RBC. The complexes showed
significant activity against cancer cells (A549 and HepG-2)
through apoptosis without harming normal cells (L929).
Complex 2* had a better activity than 1 presumably due to
its higher DNA/protein binding affinity. Moreover, 2* (IC50 =
11.5 μM) showed superior activity in comparison to even
cisplatin (IC50 = 21.3 μM) in the A549 cell line. The
morphological changes in A549 cells evaluated by immuno-
fluorescence and DNA fragmentation studies clearly suggested
that the cell death was apoptosis. In vivo studies will be carried
out in the future to realize its application.

■ EXPERIMENTAL SECTION
General Methods. The required chemicals, biomolecules, and

solvents were purchased from commercial suppliers (Sigma-Aldrich,
Promega, Biolegend, BD Biosciences, and Alfa Asear). [RuCl2(p-
cymene)]2 and TSC ligands were synthesized by following the
previously reported methods.28,72 DNA and protein binding experi-
ments, hemolysis assay, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide (MTT) assay,28,73,74 fluorescent staining, and DNA
fragmentation were carried out for the compounds according to the
literature procedures.75

(E)-2-((1H-Indol-3-yl)methylene)hydrazinecarbothioamide
(HL1). Thiosemicarbazide (0.91 g, 10 mmol) and indole-3-
carboxaldehyde (1.45 g, 10 mmol) were used. Yield: 91%. Color:
white. Mp: 162 °C. Anal. Calcd for C10H10N4S: C, 55.02; H, 4.62; N,
25.67; S, 14.69. Found: C, 55.24; H, 4.78; N, 25.51; S, 14.76. UV−vis

Figure 21. Synchronous spectra of BSA (1 μM) as a function of concentration of 1 and 2* (0−20 μM), when Δλ = 60 nm.

Figure 22. Comparison of anticancer activity of the ligands (HL1 and
HL2) and complexes (1 and 2*) against A549 cancer cells. Data are
mean ± SD of three independent experiments with each experiment
conducted in triplicate.

Figure 23. Comparison of anticancer activity of the ligands (HL1 and
HL2) and complexes (1 and 2*) against HepG-2 cancer cells. Data are
mean ± SD of three independent experiments with each experiment
conducted in triplicate.
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(CH3OH): λmax (nm) 264, 330. FT-IR (KBr): ν (cm−1) 3448, 3312
(N−H), 3230 (H−N−CS), 1548 (CN), 1295 (CS). 1H NMR
(500 MHz, DMSO-d6): δ (ppm) 7.12 (ddd, J = 7.9, 7.1, 1.1 Hz, 1H,
H7), 7.19 (ddd, J = 8.1, 7.1, 1.2 Hz, 1H, H6), 7.40 (bs, 1H,
NH(NH2)), 7.42 (dt, J = 8.1, 1.0 Hz, 1H, H5), 7.81 (d, J = 2.8 Hz, 1H,
H3), 8.00 (bs, 1H, NH(NH2)), 8.21 (d, J = 7.9 Hz, 1H, H8), 8.29 (s,
1H, H1), 11.16 (s, 1H, N−NH−CS), 11.59 (bs, 1H, indole NH). 13C
NMR (125.80 MHz, DMSO-d6): δ (ppm) 111.10 (C2), 111.72 (C5),
120.58 (C7), 122.09 (C8), 122.59 (C6), 123.95 (C9), 130.92 (C3),
137.02 (C4), 141.78 (C1), 176.51 (C10). HR-ESI-MS: m/z found
(calcd) 219.0713 (219.0704) {[M + H+]+ = [C10H11N4S]

+}.
(E)-2-((1H-Indol-3-yl)methylene)-N-methylhydrazinecarbo-

thioamide (HL2). 4-Methylthiosemicarbazide (1.05 g, 10 mmol) and
indole-3-carboxaldehyde (1.45 g, 10 mmol) were used. Yield: 85%.
Color: white. Mp: 154 °C Anal. Calcd for C11H12N4S: C, 56.87; H,
5.21; N, 24.12; S, 13.80. Found: C, 56.94; H, 5.32; N, 24.0; S, 13.91.
UV−vis (CH3OH): λmax (nm) 262, 329. FT-IR (KBr): ν (cm−1) 3440,
3325 (N−H), 3238 (H−N−CS), 1551 (CN), 1299 (CS). 1H

NMR (500 MHz, DMSO-d6): δ (ppm) 3.08 (d, J = 4.7 Hz, 3H, NH−
CH3), 7.13 (ddd, J = 7.9, 7.1, 1.1 Hz, 1H, H7), 7.20 (ddd, J = 8.1, 6.9,
1.3 Hz, 1H, H6), 7.42 (dt, J = 8.1, 1.0 Hz, 1H, H5), 7.89 (d, J = 2.7
Hz, 1H, H3), 7.90 (q, J = 4.7 Hz, 1H, NH−CH3), 8.27 (d, J = 7.8 Hz,
1H, H8), 8.31 (s, 1H, H1), 11.16 (s, 1H, N−NH−CS), 11.59 (bs, 1H,
indole NH). 13C NMR (125 MHz, DMSO-d6): δ (ppm) 30.99 (NH−
CH3), 111.17 (C5), 111.69 (C2), 120.49 (C7), 122.18 (C8), 122.59
(C6), 123.93 (C9), 130.75 (C3), 137.01 (C4), 140.43 (C1), 176.77
(C10). HR-ESI-MS: m/z found (calcd) 233.0862 (233.0861) {[M +
H+]+ = [C11H13N4S]

+}.
Synthesis of the Ru(η6-p-Cymene) Complexes. TSC ligand (2

mmol) and [RuCl2(p-cymene)]2 (1 mmol) were dissolved in 25 mL of
toluene, and the resultant solution was stirred for 1 h at 25−27 °C to
form an orange solid.76 The precipitate was filtered, washed with
toluene and hexane, and dried in vacuo. The pure complexes were
obtained by recrystallization from methanol solution.

[Ru(η6-p-cymene)(HL1)Cl]Cl (1). HL1 (436 mg, 2 mmol) and
[RuCl2(p-cymene)]2 (612 mg, 1 mmol) were used. Yield: 91%. Color:
orange. Mp: 217 °C. Anal. Calcd for C20H24Cl2N4RuS: C, 45.80; H,
4.61; N, 10.68; S, 6.11. Found: C, 45.93; H, 4.76; N, 10.47; S, 6.30.
UV−vis (CH3OH): λmax (nm) 267, 342, 432. FT-IR (KBr): ν (cm−1)
3452, 3315 (N−H), 3219 (H−N−CS), 1501 (CN), 1244 (C
S). 1H NMR (500 MHz, CD3OD-d4): δ (ppm) 1.05 (d, J = 6.9 Hz,
3H, H12), 1.13 (d, J = 6.9 Hz, 3H, H11), 2.03 (s, 3H, H20), 2.59 (spt,
J = 6.8 Hz, 1H, H13), 5.18 (dd, J = 6.0, 1.1 Hz, 1H, H15), 5.27 (dd, J
= 6.0, 1.0 Hz, 1H, H16), 5.32 (dd, J = 6.0, 1.0 Hz, 1H, H18), 5.71 (dd,
J = 6.0, 1.1 Hz, 1H, H17), 7.20 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H, H7),
7.25 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H, H6), 7.50 (dt, J = 7.9, 1.0 Hz, 1H,
H5), 7.69 (dt, J = 7.8, 1.0 Hz, 1H, H8), 8.79 (s, 1H, H3), 9.01 (s, 1H,
H1), 11.83 (s, 1H, indole NH). 13C NMR (125 MHz, CD3OD-d4): δ
(ppm) 18.85 (C20), 21.79 (C12), 23.15 (C11), 32.23 (C13), 84.37
(C15), 85.65 (C18), 89.58 (C17), 89.76 (C16), 104.38 (C19), 104.55
(C14), 110.10 (C2), 114.02 (C5), 118.61 (C8), 123.36 (C7), 125.01
(C6), 128.85 (C9), 132.63 (C3), 138.05 (C4), 156.91 (C1), 179.08
(C10). 13C DEPT 135 NMR (125 MHz, CD3OD-d4): δ: ppm 18.85
(C20), 21.78 (C12), 23.16 (C11), 32.24 (C13), 84.38 (C15), 85.64
(C18), 89.59 (C17), 89.76 (C16), 114.02 (C5), 118.62 (C8), 123.37
(C7), 125.00 (C6), 132.62 (C3), 156.90 (C1). HR-ESI-MS: m/z
found (calcd) 453.0685 (453.0687) {[M − H+ − 2Cl−]+ =
[C20H23N4RuS]

+}.
[Ru(η6-p-cymene)(L2)]2Cl2 (2*). HL2 (464 mg, 2 mmol) and

[RuCl2(p-cymene)]2 (612 mg, 1 mmol) were used. Yield: 83%. Color:
orange. Mp: 206 °C. Anal. Calcd for C42H50Cl2N8Ru2S2: C, 50.24; H,
5.02; N, 11.16; S, 6.39. Found: C, 50.17; H, 5.13; N, 11.00; S, 6.51.
UV−vis (CH3OH): λmax (nm) 271, 339, 429. FT-IR (KBr): ν (cm −1)
3435, 3321 (N−H), 1503 (CN), 1230 (CS). 1H NMR (500
MHz, CD3OD-d4): δ (ppm) 1.05 (d, J = 6.9 Hz, 6H, H12), 1.12 (d, J

Figure 24. DAPI (blue), FITC (green), and PI (red) fluorescence staining for the detection of apoptosis in A549 cells. Cells were treated with 2*
(11.5 μM). The fluorescence signals of DAPI, FITC, and PI were examined under a confocal laser scanning microscope. Legend: control (a1-DAPI,
a2-FITC, a3-PI, and a4-merged) and treatment with 2* (b1-DAPI, b2-FITC, b3-PI, and b4-merged). Arrows indicate apoptotic cancer cells.

Figure 25. DNA (A549) fragmentation by 2*: lane 1, 1kb DNA
ladder; lane 2, control; lane 3, 2* (11.5 μM); lane 4, 2* (23.0 μM);
lane 5, 100bp DNA ladder. Arrows indicate the DNA fragmentation in
comparison to control.
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= 6.9 Hz, 6H, H11), 2.02 (s, 6H, H20), 2.59 (spt, J = 6.8 Hz, 2H,
H13), 3.01 (bs, 6H, NH−CH3), 5.21 (dd, J = 6.0, 1.0 Hz, 2H, H15),
5.26−5.27 (m, 2H, H16), 5.35 (dd, J = 6.0, 0.9 Hz, 2H, H18), 5.72
(dd, J = 6.0, 1.0 Hz, 2H, H17), 7.17−7.22 (m, 2H, H7), 7.22−7.27 (m,
2H, H6), 7.49 (d, J = 8.2 Hz, 2H, H5), 7.69 (d, J = 7.6 Hz, 2H, H8),
8.80 (s, 2H, H3), 9.00 (s, 2H, H1), 11.80 (s, 2H, indole NH). 13C
NMR (125 MHz, CD3OD-d4): δ (ppm) 18.84 (C20), 21.77 (C12),
23.20 (C11), 32.22 (C13), 32.37 (CH3NH), 84.87 (C15), 85.76
(C18), 89.47 (C17), 89.83 (C16), 104.27 (C19), 104.67 (C14),
110.13 (C2), 114.00 (C5), 118.61 (C8), 123.34 (C7), 124.98 (C6),
128.87 (C9), 132.51 (C3), 138.01 (C4), 155.05 (C1), 176.76 (C10).
13C DEPT 135 NMR (125 MHz, CD3OD-d4): δ (ppm) 18.84 (C20),
21.76 (C12), 23.24 (C11), 32.21 (C13), 32.38 (NH−CH3), 84.87
(C15), 85.73 (C18), 89.44 (C17), 89.84 (C16), 113.99 (C5), 118.60
(C8), 123.35 (C7), 124.96 (C6), 132.47 (C3), 155.05 (C1). HR-ESI-
MS: m/z found (calcd) 467.0191 (467.0843) {[M − 2Cl−]2+ =
[C42H50N8Ru2S2]

2+}.
Computational Details. The initial coordinates of complexes 1

and 2* were obtained directly from the X-ray crystal structures, while
1* and 2 were modeled. The ground state geometries of 1, 2, 1*, and
2* were fully optimized by density functional theory (DFT) with the
B3LYP77 functional and SDD basis set for Ru/6-311g(d,p) for other
atoms. Geometry optimizations were performed without any
symmetry constraints with methanol as solvent using the polarizable
continuum model (PCM).78 The optimized structures were confirmed
to be local minima through harmonic analysis. ΔG values were
calculated at the same level of approximation for T = 298.15 K and P =
1.0 atm. All calculations were performed using Gaussian 09 (G09).79
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