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ABSTRACT: Due to several negative issues, market available drugs have been gradually losing their importance in the treatment of
cancer. With a view to discover suitable drugs capable of diagnosing as well as inhibiting the growth of cancer cells, we have aspired
to develop a group of theranostic metal complexes which will be (i) target specific, (ii) cytoselective, thus rendering the normal cell
unaffected, (iii) water-soluble, (iv) cancer cell permeable, and (v) luminescent, being beneficial for healing the cancer eternally.
Therefore, to reach our goal, we have prepared novel Ru(II)- and Ir(III)-based bimetallic and hetero bimetallic scaffolds using click-
derived pyridinyltriazolylmethylquinoxaline ligands followed by metal coordination. Most of the compounds have displayed
significant cytoselectivity against colorectal adenocarcinoma (Caco-2) and epithiloid cervical carcinoma (HeLa) cells with respect to
normal human embryonic kidney cells (HEK-293) compared to cisplatin [cis-diamminedichloroplatinum(II)] along with excellent
binding efficacy with DNA as well as serum albumin. Complex [(η6-p-cymene)(η5-Cp*)RuIIIrIIICl2(K

2-N,N-L)](PF6)2 [RuIrL]
exhibited the best cytoselectivity against all the human cancer cells and was identified as the most significant cancer theranostic agent
in terms of potency, selectivity, and fluorescence quantum yield. Investigation of the localization of complex [Ir2L] and [RuIrL] in
the more aggressive colorectal adenocarcinoma cell HT-29 indicates that mitochondria are the key cellular target for destroying
cancer cells. Mitochondrial dysfunction and G2/M phase cell cycle arrest in HT-29 cell were found to be involved in the apoptotic
cell death pathway induced by the test complexes [Ir2L] and [RuIrL]. These results validate the concept that these types of
complexes will be reasonably able to exert great potential for tumor diagnosis as well as therapy in the near future.

■ INTRODUCTION

The great menace of cancer as the second most lethal disease
in developing countries has created a perilous situation in the
living world where medical science is still incapable of finding
out appropriate medicines to abate its rampant proliferation.1,2

The urgent development of an efficient anticancer drug is,
therefore, long awaited, which could be accomplished by the
means of advanced technology and improved conception in
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cancer biology, the consequences of which led to the discovery
of cis-diamminedichloroplatinum(II) (cisplatin) by Rosenberg
in 1965, inaugurating the new era of anticancer research based
on metallopharmaceuticals.3 The major concerns with
cisplatin, aside from its restricted scope of action, are its high
toxicity as well as its proclivity in creating tumor resistance in
patients.4,5 Eventually, all these short comings compelled
researchers to think of a new way for designing an outstanding
drug alternative to cisplatin having lower toxicity and less
issues with tumor resistance along with a broader spectrum of
activity.6,7 In this regard, ruthenium(II) and iridium(III)
complexes are undeniably the most superb candidates among
potential anticancer metallodrugs other than platinum-based
complexes. Their inherent properties like activity against
cisplatin resistant various cell lines, lower side effects, less
toxicity to healthy cells for being highly selective toward cancer
cells,8 greater affinity to subcellular target (a particular
organelle), the ability of ruthenium to mimic iron in binding
to various biological molecules,8 redox accessible oxidation
states, water tolerance,9 and relatively low reduction
potential10 have wonderfully boosted their capability to act
as anticancer metallodrugs. Keen interest in designing
ruthenium-based anticancer drugs has been mounting rapidly
since KP1019 and after that its sodium salt, KP1339, have
effectively completed phase I clinical trials and are in the
process to enter phase-2 clinical trials in the near future.11−15

Other remarkable success were observed for Ru(II) metallo
therapeutics such as TLD1433, which has entered phase-1 and
phase-2a clinical trials with photodynamic therapy (PDT) for
nonmuscle invasive bladder cancer treatment.16 Many
researchers have successfully discovered various types of
novel Ru(II) scaffolds which have been investigated up to
preclinical studies. As an example, the Ru-PTA (1,3,5-triaza-7-
phosphaadamantane) complex RAPTA-C,17 along with
Erlotinib, has exhibited proficient anticancer activity. In

addition to this, more advancement on patents of ruthenium
complexes with various scaffolds has also been reported.18−25

RAED44, a ruthenium-based compound with a 1,2-ethylenedi-
amine ligand was reported to have the ability of binding to
DNA in vitro neoplastic cells26 and to form adducts with
guanine. DW1/227 is the first ruthenium based antitumor
agent targeting through a signal transduction pathway. In 2004,
a new class of RAPTAs bearing phosphoadamantane and arene
ligands were reported as anticancer agents. For example,
[Ru(η6-p-cymene)Cl(2)(pta)], (RAPTA-C)28 and Ru(η6-
C6H5Me)-(pta)Cl2 (RAPTA-T) are well-known.29 A group
of researchers have been able to develop a number of cationic
biscyclometaleted Ir(III)-based metal complexes as marvelous
cellular imaging agents which becomes possible only by the
means of some fantastic features of Ir(III) organometallic
compounds. These are (i) large Stokes shifts (>100 nm) to
avoid inner filter effects, (ii) rapid transmembrane activity
(short incubation time and less potential toxicity), (iii) long
luminescence lifetimes (100 ns) for time-resolved detection,
and (iv) enhanced photostabilities (less photobleaching) when
used in the imaging process. Moreover, a number of Ir(III)
complexes have recently been explored as anticancer as well as
cancer theranostic agents, and Ir(III) cyclometaleted com-
plexes have also appeared as effective photodynamic
therapeutic agents. Recently, Peter J. Sadler, an eminent
inventor of various organometallic compounds from the
University of Warwick,30 obtained patents on the application
of organometallic iridium-based anticancer complexes with the
aid of the most modern concepts in the field of metallodrugs.
The aforementioned complexes displayed dual properties of
killing cancer cells via DNA damage and simultaneously by
mitochondrial dysfunction by ROS production along with
detection of cancer cells in the human body. Mitochondria
have been deliberated as potential cellular O2 sensors and also
play a significant role in cellular metabolism by activating the

Figure 1. Design of pyridinyltriazolylmethylquinoxaline-based binuclear luminescent Ru(II) and Ir(III) complexes.
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extrinsic and intrinsic apoptotic pathways.31 Therefore,
mitochondria have been taken into consideration as a prime
target for cancer cell annihilation. The intrinsic phosphor-
escence property of Ir(III) complexes can be used to track
drug delivery in the body and monitor the accumulation of a
drug in subcellular organelles, which assists with the
optimization therapy and finding the mechanism of cell
death.32 In the extracellular medium, the metabolic pathways
take part in competition among the aquation, reduction, and
hydrolysis after binding to transport proteins and cell-surface
biomolecules and after that the ability of diffusion into the
cells. The extent to which each drug participates in these steps
along with the focused pathways is very crucial in determining
whether the drug is mainly antimetastatic or cytotoxic.
Quinoxaline derivatives have already been recognized for

their biological activities and are significant in the pharma-
ceutical industry having antimicrobial,33 antiviral,34 antituber-
culosis,35 anti-inflammatory,36,37 and anticancer activities.38

Furthermore, “click chemistry” is being used to have a
pronounced imprint in material science,39−41 especially in
building up the novel structures of polymers42,43 and
dendrimers.44 The unique template “triazole” has also been
concomitant with quinoxaline moieties being associated with
antifungal, antibacterial, antiviral, antitumor, antimicrobial,
antitubercular, anti-inflammatory, antimalarial, anti-HIV, car-
diovascular, and also CNS activities.45−48 Therefore, our prime
objective of this project is to synthesize a group of ligands
possessing bistriazole and quinoxaline moieties in a single
domain and their further exploration into multinuclear
complexes. Since both the ligand and the metal centers are
acquaintance with their selectivity as well as specificity in
anticancer action, the idea of developing significant cytose-
lectivity and targeting specific binuclear Ru(II) and Ir(III)

complexes were on our mind to bring forth novel anticancer
metallo drugs that will be competent in showing the combined
properties of two different metals in the same scaffold (Figure
1).

■ RESULTS AND DISCUSSION
Chemistry. Synthesis and Characterization. Syntheses of

ligands L and LBr and their respective complexes with Ru(II)
and Ir(III) [Ru2L], [Ru2LBr], [Ir2L], [Ir2LBr], [RuL], [IrL],
and [RuIrL] have been summarized in Schemes 1, 2, and 3. At
the outset, o-phenylenediamine derivatives and 1,4 dibromo-
2,3-butanedione were supported on silica and then irradiated
under microwave for 10 min at 100 °C (Scheme 1).49 After
completion of the reaction, silica gel was thoroughly washed
with ethanol followed by slow evaporation to get the gray
crystals of bis(bromomethyl)quinoxaline. The coversion of
bromide to azide was accomplished by the reaction of silica
supported mixture of bis(bromomethyl)quinoxaline and
sodium azide under microwave condition. Then ligands L
and LBr were prepared following the click chemistry protocol
briefly by the treatment of silica supported 2,3-bis-
(azidomethyl)quinoxaline with 2-ethenylpyridine for 10−20
min. The crude triazoles were further recrystallized with
hexane-ethyl acetate (1:1) mixture and brown crystalline
ligands (L or LBr) were obtained with high yields. The ligands
L and LBr were then analyzed by 1H and 13C NMR, IR, and
mass spectroscopy.49

In 1H NMR spectrum of 2,3-bis(bromomethyl)quinoxaline,
the most downfield two protons near to the nitrogen atoms
appeared as double doublet (dd) at δ 8.07 ppm. The other two
aromatic protons were observed at δ 7.79 ppm as a double
doublet and last four aliphatic CH2 protons were observed as
singlet peak at δ 4.93 ppm. In 13C NMR spectrum, the most

Scheme 1. Click-Derived Pyridinyltriazolylmethylquinoxaline ligand (L/LBr) Synthesis49
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characteristic peaks of CH2 were found at δ 30.49 ppm. There
were no significant differences observed in 1H NMR spectra of
azidomethylquinoxaline and bromomethyquinoxaline. In the
13C NMR spectra, most characteristic peaks of CH2 of
compounds 2,3-bis(azidomethyl)quinoxaline and 2,3-bis-
(azidomethyl)-6-bromoquinoxaline were observed at δ 52−
53 ppm because of the presence of the azide group. The
characteristic peaks of NNN stretching of these
compounds were displayed at 2083 and 2094 cm−1 in the IR
spectra. In the 1H NMR spectrum of compound L, the most
downfield two protons adjacent to the two nitrogen atoms of
pyridine appeared as a broad singlet at δ 8.56 ppm. The
characteristic singlet peak of aromatic proton present in
triazole was observed at δ 8.38 ppm. The remaining aromatic
protons of pyridine rings and quinoxaline ring were observed
in the range of δ 7.76−8.18 ppm. Lastly, the characteristic four
aliphatic CH2 protons were recorded as singlet at δ 6.16 ppm.
In ESI-MS, the characteristic molecular ion peak of compound
L was observed as [M + H]+, 447.4. The complexes [Ru2L],
[Ru2LBr] and [Ir2L], [Ir2LBr] were formed by chloro bridge
cleavage of [(η6-p-cymene)RuCl(μ-Cl)]2 and [(η5-Cp*)IrCl-
(μ-Cl)]2 respectively with the reaction of ligands L, LBr
(Scheme 2). Herein, the alcoholic solutions of metal

precursors were treated with ligands (L, LBr) under sonication
for 2 h at ambient temperature. The progress of the reactions
was monitored by TLC. In order to facilitate anion exchange,
solid NH4PF6 was added to the reaction mixture and again
sonicated for 2 h at ambient temperature. The solvent was
evaporated after completion of the reactions, and brown
powderlike crude products were obtained. Then the crude
products were washed thoroughly with hexane and recrystal-
lized from diethyl ether/methanol mixture to remove the
impurities. At last, brown needle-shaped crystals of Ru(II)
complexes [Ru2L], [Ru2LBr] and dark yellow fine crystals of
Ir(III)complexes [Ir2L], [Ir2LBr] were obtained with high
yields (90−95%). The structures of all these complexes were
analyzed by 1H, 13C, 19F, and 31P NMR, FT-IR, and HRMS.
In the 1H NMR spectrum, the protons of the ligand were

shifted to more downfield incase of Ru(II) binuclear complex,
[Ru2L]. For example, the peaks of L in the region of δ 7.26−
8.56 ppm were moved to δ 7.71−9.53 ppm in the complex,
[Ru2L]. The four aliphatic CH2 protons which were displayed
in L at δ 6.15 ppm as a singlet were changed to two doublets in
the region of 6.61−6.75 ppm in the complex. The two sets of
methyl protons of the p-cymene ring were observed in the
range of δ 1.00−1.09 ppm, as two distinct doublets. The six

Scheme 2. One Pot Synthesis of Binuclear Ru(II) and Ir(III) Pyridinyltriazolylmethylquinoxaline Complexes
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protons of another two methyl groups appeared as singlet at δ
2.17 ppm. Similarly, CH protons of the isopropyl groups were
found as multiplet in the region of δ 2.62−2.69 ppm. The eight
aromatic protons of p-cymene rings were appeared in the
region of δ 5.86−6.18 ppm. The characteristic phosphorus and
fluorine peaks in 31P and 19F NMR spectra were observed in
the region of δ −153.04 to −135.47 ppm and δ −71.01 ppm,
respectively. The P−F stretching at 829 cm−1, sp3 C−H
stretching at 2970 cm−1 and sp3 C−H bending at 1442 and
1404 cm−1 were observed in the IR spectrum which indicated
the existence of PF6 in Ru(II) complex. The HRMS peak at m/
z: 494.0699 [M − 2PF6]

2+ confirmed the formation of the
complex [Ru2L]. The Ir(III) binuclear complex [Ir2L] was
fully characterized by 1H, 13C, 19F, and 31P NMR, FT-IR, and
HRMS. Similarly, in complex [Ir2L], the splitting patterns of
all the protons of ligands were moved toward the downfield
region. The four aliphatic CH2 protons were displayed in L as a
singlet at δ 6.16 ppm changed to δ 6.69 ppm in the complex.
The ligand protons present in the complex were exhibited in
the range of δ 7.76−9.45 ppm. The most characteristic 30 Cp*
protons appeared as a singlet at δ 1.73 ppm. The characteristic
phosphorus and fluorine peaks of PF6 were observed in the
region of δ −153.00 to −135.44 ppm and −71.06 to −69.17
ppm, respectively. In the 13C NMR spectrum, the characteristic
methyl carbon peaks and singlet carbons of the Cp* moiety

were observed in the range of δ 8.7−9.0 ppm and 89.4−92.6
ppm, respectively. The appearance of P−F stretching at 827
cm−1, sp3 C−H stretching at 3037 cm−1, and sp3 C−H bending
at 1423 cm−1 in the IR spectrum indicated the existence of PF6
in Ir(III) complex. The HRMS peak at m/z: 586.1349 [M −
2PF6]

2+, confirmed the formation of complex [Ir2L].
The Ru(II) mononuclear complex [RuL] was prepared by

the treatment of [(η6-p-cymene)RuCl(μ-Cl)]2 in methanol
with the ligand L (1:2 equiv) under sonication for 2 h. After a
change in color from deep yellow to brown, 2.1 equiv of
NH4PF6 was added to the reaction medium and sonicated for
another 2 h. The Ir(III) mononuclear complex [IrL] was also
prepared in a similar fashion. Furthermore, the Ru(II) and
Ir(III) mixed metal complex [RuIrL] was prepared by treating
[(η5-Cp*)IrCl(μ-Cl)]2 with complex [RuL] in (1:2 equiv)
methanol under sonication for 2 h. After complete conversion
to the product, ligand exchange was performed with the
addition of NH4PF6 to the reaction medium in a similar
manner (Scheme 3). The complexes [RuL], [IrL], and
[RuIrL] were fully characterized by 1H and 13C NMR, IR,
and HRMS. The characteristic doublet peaks of two methyl
protons of p-cymene in complex [RuL] were observed at δ
1.01−1.09 ppm whereas other methyl protons appeared as a
singlet at δ 2.18 ppm. The characteristic multiplet peaks of CH
protons were observed in the range of δ 2.63−2.67 ppm.

Scheme 3. Synthesis of Ru(II) and Ir(III) Pyridinyltriazolylmethylquinoxaline Monometallic and Mixed Metallic Complexes
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Likewise, the characteristic 15 Cp* protons of complex [IrL]
were appeared as singlet at δ 1.73 ppm. The HRMS peaks of
complex [RuL] and complex [IrL] appeared at m/z: 717.1552
[M − PF6]

+ and 809.2205 [M − PF6]
+, respectively. In the

case of mixed metallic complex [RuIrL], the characteristic 15
Cp* protons were recorded as a singlet at δ 1.73 ppm, and the
methyl protons of p-cymene appeared as singlet at δ 2.18 ppm
and two doublets in the region of δ 1.00−1.09 ppm. The
characteristic CH protons of the isopropyl group were
observed as multiplet at δ 2.62−2.67 ppm. The HRMS peak
at m/z 540.1012 [M − 2PF6]

2+ confirmed the formation of the
complex [RuIrL].
Electronic Absorption (UV−Visible) and Fluorescence

Study. To emphasize the cellular imaging properties of the
synthesized complexes [Ru2L], [Ru2LBr], [Ir2L], [Ir2LBr],
and [RuIrL], UV and fluorescence studies were conducted in
(1:9, v/v) dimethyl sulfoxide (DMSO): water mixture (Figure
S1 and S2). These complexes exhibited strong absorption
peaks in the range of 260−300 nm due to characteristic
intraligand (N∧N ligands) transitions (LLCT) and lower
energy broad absorption bands in the range of 320−450 nm
due to metal to ligand charge transfer (MLCT).50,51 The
absorption peak at the lower wavelength region appeared due
to the charge transfer between the π-bonding molecular orbital
of ligand (HOMO) to the π*-antibonding molecular orbital
(LUMO), i.e., due to π−π* transition, and the appearance of a
less intense absorption band at a higher wavelength region was
due to charge transfer from the metal’s low lying filled d-orbital
(t2g) to the vacant higher energy antibonding π* molecular
orbitals of the ligands which was regarded as a MLCT
transition. The complexes showed emission in the range of
350−600 nm for MLCT by the electronic transition from
ligand π* molecular orbital to metal t2g orbital. The
corresponding quantum yields (Φf) of these complexes were
calculated from the emission spectral data, which could be
used for photocytotoxicity and cellular imaging purposes
(equation ii, Table 1). It was evident that all the compounds
were significantly fluorescent, and compound [RuIrL] showed
the highest quantum yield (Φf), about 0.46 in 10% DMSO
medium, among them.
Solubility, Lipophilicity, and Conductivity Study. The

tumor-inhibiting potential of metal complexes is strongly
dependent on the equilibrium between hydrophilicity and
lipophilicity. These bimetallic or mixed metallic complexes are
highly soluble in DMSO and DMF and had moderate to good
solublity in H2O, MeOH, EtOH, CH3CN and poor solubility

in hydrocarbon solvents. It is noteworthy to mention that these
complexes are soluble in the range of 5−8 mg per mL of
DMSO−10% DMEM medium (1:99 v/v, comparable to cell
media) at 25 °C. To know the lipophilic properties or drug-like
behavior of these complexes [Ru2L], [Ru2LBr], [Ir2L],
[Ir2LBr], and [RuIrL], we had estimated the n-octanol/
water partition coefficient (log Po/w, where Po/w = the octanol/
water partition coefficient), using the shake flask method
(Figure S3 and Table 1).52−54 The experimental log Po/w values
of these complexes were obtained in the range 0.11−0.96.
Complex, [RuIrL] exhibited highest order of log Po/w due to
the lipophilic character of p-cymene, Cp* and iridium metal
which supported the significant mitochondrial accumulation.
The bimetallic [Ru2L], [Ir2L], and heterobimetallic [RuIrL]
complexes displayed the molar conductance values of 132, 140,
and 136 S cm2 mol−1 respectively in pure DMSO suggesting
their 1:2 electrolytic nature.55 Agreeably, the molar con-
ductance of all these complexes were significantly increased in
10% aqueous DMSO (∼300−420 S cm2 mol−1,Table 1),
proposing their 1:4 electrolytic nature. Thus, the obtained
conductivity of these complexes attributed to the dissociation
of the M−Cl bond in the tested system and confirmed the
ionization of complexes in aqueous medium which ensured
significant binding properties of complexes with biomolecules.
Moreover, the conductance values of these complexes were
increased gradually with time up to 6 h after incubation in 10%
DMSO suggesting the easiness of departure of the labile −Cl
group from the complexes (Figure S4). On the other hand,
cisplatin exhibited poor conductance (ΛM = 34 S cm2 mol−1)
in DMSO and showed 1:2 electrolytic property (ΛM = 213 S
cm2 mol−1) in 10% DMSO.

Stability Study of the Complexes by UV−Vis Spec-
troscopy. The stability study of the three complexes, namely
[Ru2L], [Ir2L], and [RuIrL], was accomplished in two
mediums, 1% DMSO in water and GSH (1 mM) medium.
This study was needed to determine the stability of complexes
in the biological environment inside the cell so as to be a
potent therapeutic agent. A reasonable change in the UV−vis
spectral profile with the λmax value over 48 h in 1% DMSO was
observed for each complex, suggesting that M−Cl bond was
moderately stable in less water content (Figure S5). Such
change in absorption bands indicates that these complexes can
easily form aqua complexes in bulk water medium, which can
also be quantitatively justified by the observed molar
conductivity of the respective complexes in aqueous
DMSO.56 Moreover, the 1H NMR study in 10% DMSO/

Table 1. Photophysical Characterization, Solubility, Lipophilicity, and Conductivity Study of the Complexes [Ru2L],
[Ru2LBr], [Ir2L], [Ir2LBr], and [RuIrL]

ΛM
h (S cm2 mol‑1)

complexes λmax (nm)a λf (nm)b Stoke’s shift ODc ε (M−1 cm−1)d (φf)
e

solubility
(M)f log Pg DMSO

10%
DMSO

[Ru2L] 260, 300, 335 380, 450 60, 130 0.48 16000 0.28 0.032 0.20 ± 0.01 132 300
[Ru2LBr] 260, 300,335 378, 450 53, 125 0.51 17000 0.16 0.029 0.45 ± 0.03 − −
[Ir2L] 260, 300, 340 415, 450, 500 90, 125, 175 0.32 10667 0.43 0.030 0.27 ± 0.05 140 420
[Ir2LBr] 260, 300,345 384, 450, 496 54, 120, 166 0.56 18667 0.21 0.026 0.11 ± 0.01 − −
[RuIrL] 260, 290, 330 380, 515 55, 190 0.35 11667 0.46 0.019 0.96 ± 0.02 136 350
cisplatin 200, 300 − − 0.26 8667 − 0.017 − 34 213
quinine sulfate 350 452 102 0.08 2667 0.546 − − −
aAbsorption maxima. bMaximum emission wavelength (λexc 325−330 nm). cOptical density. dExtinction coefficient. eQuantum yield. fDMSO−
10% DMEM medium (1:99 v/v, comparable to cell media). gn-Octanol/water partition coefficients. hConductance in DMSO and 10% aqueous
DMSO (complex concentration 3 × 10−5 M).
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D2O mixture did not show any change in spectral pattern
suggesting no dissociation of the ligands from the complexes
(Figure S6). It is well-known that glutathione (GSH) is a
crucial detoxifying agent in the presence of glutathione S-
transferase (GST) in cells.57,58 Henceforth, to see the activity
of GSH on these complexes, [Ru2L], [Ir2L], and [RuIrL], the
stability study was performed in the presence of excess (10
equiv) glutathione by time dependent UV−vis spectroscopy
which displayed minor changes in absorbance with time
(Figure S7), i.e., complexes were not being deactivated by
GSH. Biomolecules can exhibit the binding affinity with the
metal complexes and therefore a competitive binding between
GSH and serum albumin with the complex may be started to
prevail when drug enters into the cell.56,59,60 But, in our case,
as GSH was incompetent to bind with these complexes,
binding with serum albumin will prevail when the drug will
enter into the cell, ruling out the probability of competitive
binding, which has been further justified from the binding
study with the serum albumin in the later section.
Electrochemical Properties. In order to get some insights

into the stability of the Ru(II) and Ir(III) state in these
complexes, the electrochemical behavior of the reported
complexes were studied with the aid of cyclic voltammetry at
a fixed scan rate. Figure 2 represents a cyclic voltammetric

response of various Ru and Ir complexes in 0.2 M Na2SO4
medium (10 mL) with 0.5 mL of ethanol at a scan rate, 20 mV
s−1. On the basis of the magnitude of anodic (ipa) and cathodic
peak (ipc) currents, it had been found that complex [Ir2LBr]
showed an irreversible electrochemical behavior (ipa ≪ ipc),
whereas, other complexes displayed well-defined reversible
redox peak (ipa≅ipc) with an apparent standard electrode
potential, Eo′ = 0.600 ± 0.50 V vs Ag/AgCl, which was closer
to the literature value, 0.55 V vs Ag/AgCl in neutral pH
solution.61 The detailed information for the Eo′ values of all the
complexes have been provided in Table S1. On the basis of
obtained electrode potential values, we can depict that the
possible redox-state of these metal complexes will be Ru(III)/
Ru(II) and Ir(III)/Ir(II). This observation nicely described the
electroactive functionality of the synthesized complexes in
aqueous medium.

Theoretical Study. Computational Study. The density
functional theory (DFT) method was applied to compute the
probable 3D structure of the metal complexes. All calculations
were performed in the gas phase by using the B3LYP
exchange-correlation functional and the basis sets LANL2DZ
for Ru and Ir atoms whereas 6-31G** for the remaining atoms.
The computational programs Gaussian 09W and Gauss View
were used for the calculations.62 The computed structures of
the Y-shaped half-sandwich organometallic complexes were
shown in Figure 3. The quinoxaline unit separated the two
metal centers forming the half-sandwich complex by a
methylene group that provided sufficient flexibility to form a
perfect Y-shaped organometallics. Each metal center in the
complexes formed a pseudo-octahedral coordination geometry,
where the metal atom (Ir or Ru) was coordinating to all six
carbon atoms of p-cymene ring in the case of Ru complexes
whereas all five carbon atoms of pentamethylcyclopentadiene
were coordinated in the case of Ir, along with a chloride ion
and the two nitrogen atoms of the pyridine-N and triazole-N.
The bond lengths and bond angles of the Ru complexes in
[Ru2L], [Ru2LBr] and [RuIrL] and Ir complexes in [Ir2L],
[Ir2LBr], and [RuIrL] are similar. Each metal center mimics
the well-known familiar “three leg piano-stool” structure, where
the seat is formed by the η5-/η6-arene and the three legs of the
stool are constituted by the pyridine-N and triazole-N atoms
and the chloride ion. In complex [RuIrL], the observed bond
angles for the triazole-N−Ru−Cl (83.79°) and pyridine-N−
Ru−Cl (84.33°) in the Ru center and the bond angles for the
triazole-N−Ir−Cl (84.31°) and pyridine-N−Ir−Cl (83.59°) in
the Ir center are close to 90° supporting the “piano-stool”
structure. The distance from the Ru center to the six carbons
of the arene has almost identical bond lengths (2.252−2.337
Å) with an average distance of 2.292 Å. The triazole-N and
pyridine-N atoms coordinated respectively to the Ru with the
bond distance of 2.077 and 2.139 Å, where the triazole-N is
coordinated more strongly than the pyridine-N. The calculated
Ru−Cl bond length was obtained as 2.423 Å. Similar to Ru
center, the distance from the Ir center to the five carbons of the
arene have almost similar bond length (2.199−2.238 Å) with
an average distance of 2.230 Å.
The triazole-N and pyridine-N atoms coordinated to the Ir

with the bond distance of 2.104 and 2.147 Å, respectively,
where the triazole-N is coordinated more strongly than the
pyridine-N. The Ir−Cl bond length was obtained as 2.438 Å.
Furthermore, to examine the changes in the electron densities
distribution, the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of L,
[Ru2L] and [Ir2L] were drawn and compared (Figure 4). In
case of L, the HOMO electron densities were distributed
mainly over the pyridinyl−triazolyl unit whereas the LUMO
electron densities were located over quinoxaline unit. Upon
complexation with the Ir/Ru atom, the HOMO electron
densities were mainly distributed around the metal center
whereas the LUMO was over the quinoxaline unit. The band
gap of L was decreased upon forming the complexes [Ru2L]
and [Ir2L]. These results indicate that internal charge transfer
occurred between the quinoxaline unit and the metal center.
Similar distributions were observed in other organometallics.

Molecular Docking Study. To identify possible binding
sites and mode of interactions of the complexes with the BSA
(bovine serum albumin) and DNA, molecular docking
experiments were performed to estimate the free energy of
binding using the Autodock 4.2 by applying the Lamarckian

Figure 2. Cyclic voltammetry response of the samples at the potential
window of −0.2 to −1.2 V vs Ag/AgCl in 0.2 M of sodium sulfate
solution at scan rate of 20 mV s−1.
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genetic algorithm (LGA) docking parameters.63 The BSA
crystal structure (PDB ID: 45FS) is modeled using the
Swissmodel online tool, whereas the DNA 3D structure is
retrieved from the Protein Data Bank with reference PDB ID
1BNA. The docking complexes were analyzed by using the
BIOVia discovery studio.
BSA consists of three major domains (I, II, and III), where

the most electrostatic surfaces are found in between the
domain-II residues. The complexes were docked randomly
with BSA by keeping the coordinates of central grid point of
maps to x = 8.376, y = 21.661, and z = 106.639. The best pose
of the complexes were located between the domain II and III
(Figure 5a). The complexes were bound firmly at the
hydrophobic cavity of BSA with the dock score ranging from
−3.73 to −6.97 kcal/mol (Table S2). Analyses of the [Ru2L]-
BSA docked structure indicated that the best pose is stabilized

by multiple noncovalent interactions of [Ru2L] with the amino
acid residues such as ILE297, LEU301, PRO303, LEU304,
ARG336, HIS337, and LYS377 (Figure 5c). The higher
binding affinity of [Ru2L] complex toward BSA resulted
smaller inhibition constant (Ki) of 7.73 μM. Similarly, other
complexes like [Ir2LBr] and [RuIrL] also showed effective
binding at the hydrophobic cavity of BSA with estimated
inhibition constants of 23.36 μM and 101.51 μM, respectively.
The docking of metal complexes with DNA were performed

by adjusting the coordinates of central grid point of maps to x
= 13.358, y = 20.325, and z = 10.766. The metal complexes
docking with the DNA dodecamer posed strong electrostatic
interactions and a poor hydrophobic cavity. As shown in
Figure 4b, the best posed of the complexes [Ru2L], [Ru2LBr],
[Ir2LBr], and [RuIrL] were stacked at one place via
interaction by binding to the major groove, whereas the

Figure 3. DFT (B3LYP/6-31G**, LANL2DZ) computed structure of the complexes (a) [Ru2L], (b) [Ru2LBr], (c) [Ir2L], (d) [Ir2LBr], and (e)
[RuIrL].
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complex [Ir2L] bound electrostatically to the outside edge of
the minor groove (Figure 5b). The binding energy of the
complexes with DNA was observed in the range of −5.53 to
−8.21 kcal/mol. Because of the higher affinity of the complexes
toward DNA, the inhibition constants are also smaller in
comparison to BSA. Complexes like [Ru2L], [RuIrL], and
[Ir2LBr] showed the higher binding affinity with the smaller
inhibition constant. With high dock score, the complex [Ru2L]
was binding to most favorable sites of DNA base pairs
consisting of an electrostatic surface (Figure 5d).
DNA Binding Studies. UV and Fluorescence Spectro-

scopic Method. DNA is the vital pharmacological target for
various FDA approved anticancer metallodrugs like cisplatin,

oxaliplatin, and carboplatin and organic drugs (doxorubicin,
gemcitabine, 5-fluorouracil, etc.).64,53 Therefore, the binding
efficacy of metal complexes with DNA is a modern approach
for designing effective chemotherapeutic drugs. To investigate
experimentally the binding affinity of these complexes with
DNA, the reliable electronic absorption titration tool was
employed.65 There are two different modes of binding of the
metal complexes with DNA, i.e., covalent and noncovalent
interactions (intercalation, groove binding, and electrostatic
interactions).65 The UV−vis spectral array of the metal
complexes can assuredly unveil the style of interaction of the
complexes with DNA. In order to evaluate the equilibrium
binding constant (Kb), binding site size (s), and binding mode,

Figure 4. DFT computed electron densities distributions of HOMOs and LUMOs in the ligand L (a) and the complexes [Ru2L] (b) and [Ir2L]
(c).

Figure 5. 3D views of the best poses of the [Ru2L], [Ru2LBr], [Ir2L], [Ir2LBr], and [RuIrL] complexes within the hydrophobic cavity of (a)BSA
and (b) DNA. Two views of the docked structures of [Ru2L] with (c) BSA and (d) DNA showing the important interactions with the residues.
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the complexes [Ru2L], [Ir2L], and [RuIrL] (concentration 5 ×
10−5 M) were titrated against increasing concentrations of ct-
DNA (5−60 μM). In all cases, we observed a hypochromism
(Δε ∼ 10 × 103 M−1 cm−1) at λabs ∼ 300 nm with respect to
an increase in DNA concentration (Figure 6). Bard’s equation
was employed based on the McGhee−von Hippel (MvH)
model to evaluate the equilibrium binding constant (Kb) values
and binding site sizes (s, per base pair).65g Kb and s for
complexes [Ru2L], [Ir2L], and [RuIrL] were calculated from
equation i, 0.46 ± 0.99 × 104 M−1, 0.11 ± 0.02 for [Ru2L];
0.75 ± 1.30 × 104 M−1, 0.21 ± 0.03 for [Ir2L]; and 0.44 ± 0.67
× 104 M‑1, 0.14 ± 0.06 for [RuIrL] in DMSO (Figure 6 and
Table 2).
Ethidium Bromide (EtBr) Binding Study. The values of

these binding constants are comparable to some reported
DNA intercalative Ru(II) complexes (1.1 × 104−4.8 × 104

M−1)66 and lower than the classical DNA intercalator, EtBr (7
× 105 M−1).67 Therefore, moderate binding constants with
binding site size (s) and significant hypochromism in
absorbance on addition of ct-DNA ensured the intercalative
mode of binding which had been further justified by an
ethidium bromide (EtBr) binding assay.
The competitive binding studies of complexes [Ru2L],

[Ir2L], and [RuIrL] with EtBr-ct-DNA showed a decrease in
fluorescence intensity (Figure S8). These complexes displaced
EtBr from ct-DNA grooves, and it got bound to the DNA base
pairs. Thus, the decrease in fluorescence intensity was observed
as EtBr appeared in its free form and thereby free EtBr
concentration started to increase gradually in solution. The
excitation wavelength used for EtBr-bound DNA and
complexes [Ru2L], [Ir2L], and [RuIrL] was fixed at 485 nm,
while the recorded emission wavelength was 600 nm. The

Figure 6. Absorption spectral traces for complexes (a) [Ru2L], (b) [Ir2L], and (c) [RuIrL] with increasing concentration of ct-DNA in DMSO
medium. (d) Plot associated with the titration of [Ru2L], [Ir2L], [RuIrL], and ct-DNA at 298 K to fit the model of Bard and Thorp.

Table 2. Binding Parameters for Interaction of Complex [Ru2L], [Ir2L], and [RuIrL] with ct-DNA

complex Kb (M
‑1)a Sb KSV (M‑1)c Kapp (M

‑1)d hypochromism

[Ru2L] (0.46 ± 0.99) × 104 0.11 ± 0.02 0.0044 × 106 2.7 × 106 26
[Ir2L] (0.75 ± 1.30) × 104 0.21 ± 0.03 0.001 × 106 2.46 × 106 12
[RuIrL] (0.44 ± 0.67) × 104 0.14 ± 0.06 0.01 × 106 2.8 × 106 43

aKb, equilibrium DNA binding constant from UV−visible absorption titration followed by nonlinear curve fitting (MVH model, equation i.
bBinding site size (per base pair). cKSV, Stern−Volmer quenching constant. dKapp, apparent DNA binding constant from competitive displacement
from fluorescence spectroscopy.
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concentration of DNA and EtBr used was 120 μM and 8 μM
respectively.The Kapp values for the complexes [Ru2L], [Ir2L],
and [RuIrL] calculated from equation iii were 2.7 × 106 M−1,
2.46 × 106 M−1, and 2.8 × 106 M−1 respectively (Table 2). The
value of KEtBr found from literature is 1 × 107 M−1. The Stern−
Volmer quenching constant (KSV) calculated from equation iii
for the complexes [Ru2L], [Ir2L], and [RuIrL] were 0.0044 ×
106 M−1, 0.001 × 106 M−1, and 0.01 × 106 M−1 respectively
(Table 2). Complex [RuIrL] exhibited highest Kapp value
among all the complexes as the combined property of both
Ru(II) and Ir(III) metals were prevailed in heterobinuclear
metal complex rather than homobinuclear ruthenium [Ru2L]
and homobinuclear iridium [Ir2L] complexes.
Viscosity Measurement. In order to find out the binding

modes of these complexes with DNA, a hydrodynamic method
type viscosity study had been conducted. Binding via
intercalation causes the adjacent base pairs separation to
yield binding of drug molecules into the DNA double helix,
which leads to an increase of the length of DNA as well as their
viscosity. In the relative viscosity analysis, a faster increase in
the viscosity with the gradual increase in the ratio of drug to ct-
DNA in case of complex [RuIrL] was observed, which
indicated strong intercalative binding action (Figure S9).
BSA and HSA Binding Study. The fluorescence emission

spectra of BSA in the absence and presence of complexes
[Ru2L], [Ir2L], and [RuIrL] were recorded with excitation at
280 nm while the emission was obtained at 350 nm (Figure
S10)65e,f The concentrations of complexes used for emission
spectra were 0−100 μM in distilled water, and the BSA
concentration was fixed at 5 μM. The nonlinear and upward
curvature of the Stern−Volmer plot suggested that more than
one processes were involved in the overall quenching of BSA
(Figure S11). The binding affinity (K) of these complexes was
calculated from Scatchard plot analysis showing strong binding
propensity of the tested complexes with BSA, which was
required for transport of protein-bound complexes in biological
systems (equation v, Figure S12, Table 3).
In order to find out the applicability of these complexes in

the human body, we emphasized the binding study with
human serum albumin (HSA) following a similar fluorescence
quenching method like BSA (Figure S13). This study revealed
the strong binding affinity of the complexes with HSA, which
was supported by the Stern−Volmer quenching constant
(KHSA), quenching rate constant (Kq), and binding constant
(K) (equations iv and v, Figure S14, Figure S15, and Table 3).
The values of KHSA for all the complexes were observed in the
range of 0.05−0.14 × 106 M−1. Complex [RuIrL] showed the
highest binding constant (K) (0.75 × 104) among the others.
On the other hand, the biomolecular quenching rate constant
(Kq) for these complexes was obtained on the order of 1013.
This higher order of quenching rate constant surpassed the
maximum value for dynamic quenching (2 × 1010 L mol−1 s−1)
due to molecular collision, suggesting the successful
bimolecular quenching along with complex formation.65f As a

result, the nonlinearity of the Stern−Volmer plot for the
complexes with upward curvature can vividly demonstrate the
key role of both static and dynamic quenching in the overall
florescence quenching of HSA.

Biology. Cytotoxic Activity. The in vitro cytotoxicity of all
these complexes [Ru2L], [Ru2LBr], [Ir2L], [Ir2LBr], and
[RuIr L] was studied using standard 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay protocol
beside a panel of cancer cell lines, i.e., human epitheloid cervix
carcinoma (HeLa) and colorectal adenocarcinoma cells (Caco-
2), and one normal cell line, i.e., human embryonic kidney cells
(HEK-293) in triplicates. Cisplatin had been used as standard
positive control drug. All the complexes exhibited significant
cytotoxicity (5−23 μM) in the Caco-2 cell line, but in HeLa
cells, compounds [Ir2L] (IC50 = 23.4 ± 0.9 μM) and [RuIrL]
(IC50 = 14.2 ± 1.2 μM) showed considerable potency. Most of
the complexes represented higher cytoselectivity than cisplatin
against all the human cancer cell lines tested. Among them,
complex [RuIrL] displayed the highest potency and selectivity
in both the cell lines (HeLa, IC50 = 14.2 ± 1.2 μM, selectivity
>14; Caco-2, IC50 = 2.2 ± 0.4 μM, selectivity >90) over the
noncancerous HEK-293 cell line (Table 4) as it acquired the

highest lipophilicity, good solubility, and stability in the cancer
cell environment along with the synergistic effect of both
ruthenium(II) and iridium(III) metals.68

The in vitro cytotoxicity of the complexes [Ir2L] and
[RuIrL] was further determined by MTT assay with the most
aggressive colorectal carcinoma cell line, HT-29. The tumor
cells were incubated with the test compounds at different
concentrations (1−30 μM for [Ir2L] and 2.5−20 μM for
[RuIrL] for 48 h in vitro. It was found that both the complexes
exhibited cytotoxicity on the colon cancer cell line (HT29) in a
dose dependent manner. Morphologically, cell shrinkage and

Table 3. Binding Parameters for the Interaction of Complexes [Ru2L], [Ir2L], and [RuIrL] with BSA and HSA

complex K (M‑1)a nBSA
b KHSA (M‑1)c Kq

d K (M‑1)e nHSA
f

[Ru2L] 0.72 × 104 2.435 0.11 × 106 1.065 × 1013 0.62 × 104 1.37
[Ir2L] 1.4 × 104 2.508 0.14 × 106 1.38 × 1013 0.18 × 104 1.71
[RuIrL] 1.33 × 104 2.423 0.05 × 106 0.46 × 1013 0.75 × 104 1.27

aK, binding constant with BSA. bnBSA, number of binding sites (BSA). cKHSA, Stern−Volmer quenching constant. dKq, quenching rate constant
(HSA). eK, binding constant with HSA. fn, number of binding sites (HSA).

Table 4. Preliminary MTT Cytotoxicity Screening of
Synthesized Multinuclear Ru(II) and Ir(III) Complexes at
48 h of Drug Exposure

IC
50
(μM)a SFb

compound Caco-2 HeLa HEK 293 Caco-2 HeLa

[Ru2L] 5 ± 0.8 50.5 ± 1.1 >200 >40 >4
[Ru2LBr] 12 ± 1.1 >100 >200 >17 2
[Ir2L] 11 ± 1.0 23.4 ± 0.9 >200 >18 >9
[Ir2LBr] 23 ± 2.1 >100 >200 >9 2
[RuL] 17 ± 1.2 65.9 ± 1.0 >200 >12 >3
[IrL] 8 ± 0.8 70.5 ± 0.8 >200 >25 >3
[RuIrL] 2.2 ± 0.4 14.2 ± 1.2 >200 >90 >14
DMSO − − − − −
cisplatin 19.8 ± 1.2 14.5 ± 0.9 >50 >2.5 >3.4

aIC50 is the concentration of the synthesized complexes and cisplatin
at which 50% of cells undergo cytotoxic cell death under treatment.
bSF (selectivity factor) = ratio of IC50 for HEK-293 to IC50 for all the
cancer cell lines.
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stress granules were observed upon treatment with 10 and 25
μM of [Ir2L] and 10 and 15 μM of [RuIrL] complex (Figure
7). In HT-29 cells, the compound [Ir2L] showed an EC50
value of 2̃7 μM (Figure 7a) while [RuIrL] showed an EC50
value of 1̃8 μM (Figure 7c). Both complexes were localized in
the cytoplasm of the HT-29 cancer cell line upon treatment.
Since most of the morphological changes and cellular changes
were observed within a 10−25 μM range for [Ir2L] and a 10−
15 μM range for [RuIrL] complex, we chose the
aforementioned doses to proceed with further studies.

Morphological Analysis. To explore the action of these
complexes on the cancer cell morphology, we treated the
cancer cells with the test compounds at two different
concentrations ([Ir2L] at 10 and 25 μM and [RuIrL] at 10
and 15 μM) along with a control experiment. After 48 h of
treatment, costaining was performed with the live cell nuclear
stain Hoechst 33342.69 Significant cell damage including cell
shrinkage and stress granules was observed in the HT-29 cell
line (Figure 7, parts b and d), and the changes were compared
with the control cell. Cell damage had started to manifest at 10

Figure 7. MTT assay and EC50 value determination of HT-29 cells up on treatment with (a) [Ir2L] and (c) [RuIrL] drugs. (b and d) Dose
dependent morphological changes of the HT-29 cell line, upon treatment with various doses of drug [Ir2L] and [RuIrL]. Cells were costained with
Hoechst 33342 to visualize the nucleus. An arrow mark represents the cell damage. Scale bar 50 μm.

Figure 8. Co-localization of the drug [Ir2L] in colon cancer cell line HT-29. (a) Control, (b) 10 μM, and (c) 25 μM of [Ir2L] treatment for 48 h.
(d) Representative image of the drug localization of [Ir2L] in the highest dose (25 μM), merged with the phase contrast field. Scale bar 50 μm.
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μM of [Ir2L] treatment, and the damages were increased with
a complex concentration of 25 μM (Figure 7b). On the other
hand, complex [RuIrL] exhibited the effect from 10 to 15 μM
(Figure 7d). Maximum cell damages as compared to intact
control cells were observed at 25 μM and 15 μM for the
complexes [Ir2L] and [RuIrL] respectively (Figure 7, parts b
and d).
Cell Localization Study. To obtain the information on

subcellular localization of the complexes [Ir2L] and [RuIrL],
colocalization experiments were performed. As shown in
Figure 8, there is a good superposition of green fluorescence
emission by the compound [Ir2L] at 25 μM concentration
suggesting the penetration of the drug inside the cancer cell
membrane and then confirming the subcellular localization of
the complex in cytoplasm but not in nucleus. Congruently, the
complex [RuIrL] had also shown a green fluorescence with
lesser intensity than that for the complex [Ir2L] in spite of
being a potent compound for the HT-29 cell line (Figure 9).
Moreover, we had compared the penetration of both the
complexes by dint of measuring the mean fluorescence
intensity which suggested greater penetration of the complex
[Ir2L] in colon cancer cells in comparison to the [RuIrL]
complex (Figure 10). Therefore, this study helped us to
presume the subcellular localization of the complexes [Ir2L]
and [RuIrL] in cytoplasmic mitochondria, which were further
corroborated by advanced analysis.
Cell-Cycle Analysis. With reference to the results of the

MTT assay, where there was an inhibition of cell proliferation,
it was further validated by determination of the cellular
morphology and localization of the drug to cancer cells. So, we
went ahead to investigate the DNA content by flow cytometry.
As shown in the Figure 11, the colon cancer cells exhibited
high G0/G1 phase (∼50.82%) under control conditions, as
expected, and the S phase was ∼39.77% with ∼9.41% G2/M
phase (Figure 11d). The treatment of complex [Ir2L] resulted
in diminishing of the S phase to ∼27.58 in 25 μM in HT-29
colorectal carcinoma cells along with significant gradual
increment of the G2/M phase (from ∼9.41 to ∼31.36).

Likewise, the complex [RuIrL], delivered an effect on cell-
cycle in the HT-29 colorectal cancer cell line. As illustrated in
Figure 12, the colon cancer cells exhibited high G0/G1 phase
(∼46.45%) under control conditions and high S phase
(∼38.30%) with ∼25.25% G2/M phase (Figure 12d). The
treatment of [RuIrL] resulted in a decrease of the S phase to
∼26.38% in 25 μM in HT-29 colorectal carcinoma cells along
with a significant increment of the G2/M phase (from ∼15.26
to ∼32.04%). In summary, both the organometallic complexes
were potent for the colon cancer cell line HT-29 and were able
to cause G2/M phase cell cycle arrest. Excessive stalling of the
cells at G2/M was a prelude to either cellular damage or
apoptosis that demanded further validation (Figure 11 and
12).

Mitotracker RED CMX ROS Staining Assay and
Colocalization Assay. Cellular uptake and localization of

Figure 9. Co-localization of the drug [RuIrL] in colon cancer cell line HT-29. (a) Control, (b) 10 μM, and (c) 15 μM of [RuIrL] treatment for 48
h. (d) Representative image of the drug localization of [RuIrL] in the highest dose (15 μM), merged with the phase contrast field. Scale bar 50 μm.

Figure 10. Comparison of the level of penetration of two
organometallic complexes [RuIrL] and [Ir2L] in colon cancer cell
line HT-29 cells. Graph represents the mean fluorescence intensity
(MFI) of the drugs [Ir2L] and [RuIrL] at their highest
concentrations. The differences between two groups were measured
by an unpaired Student t test. The P values of >0.12 (ns), 0.033 (*),
0.002 (**), and <0.0002 (***) were considered as significant. Error
bar represents the ± standard error of mean (SEM).
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an anticancer agent is of major importance to enable it to
target key organelles of the cell. As mitochondria plays an
important role in detoxifying ROS in the cell, we performed
Mitotracker RED CMX ROS staining assay for validating the
effect of complexes [Ir2L] (concentrations 10 and 25 μM) and
[RuIrL] (concentrations 10 and 15 μM) on mitochondria
along with control experiment. We observed the complex
[RuIrL] was being localized in mitochondria causing the
mitochondrial damage (Figure 13). The complex [RuIrL]
increased the red fluorescence intensity indicated the
increasing mass of the mitochondria (Figure 13). Moreover,
Mitotracker colocalization assay also revealed the significant
mitochondrial localization of these complexes within 48 h of
incubation with good Pearson correlation coefficient (0.66−
0.67) (Figure 14).
Mitochondrial Dysfunction. Mitochondrial dysfunction

acts as a hallmark of cell apoptosis by releasing various
proapoptotic proteins. Mitochondrial membrane potential
(MMP, ΔΨm) has been recognized as a key indicator of
mitochondrial function.31 Consequently, JC-1, a MMP-
sensitive probe with red fluorescence in normal mitochondria
and green fluorescence in dysfunctional mitochondria was used
to identify the variation of MMP in HT-29 cells. CCCP
(carbonyl cyanide m-chlorophenylhydrazone) was used as a

positive control for this type of investigation. In Figures 15a
and 16a, it has been shown that the HT-29 cells exposed a
uniform red fluorescence without the treatment of complex
indicating the normal mitochondrial function. After the
treatment of [Ir2L] and [RuIrL] with HT-29 cells, bright
green fluorescence was observed indicating the loss of MMP
along with mitochondrial dysfunction which is comparable
with the result of CCCP (Figure 15 and 16). Complex [Ir2L]
reduced the mitochondrial membrane potential from 7 to 0.28
(Figure 15b) whereas complex [RuIrL] also decreased the
mitochondrial membrane potential to 0.3 (Figure 16b) after 48
h of treatment. Hence, both the potent complexes were
capable of affecting mitochondria and thereby their efficiency
can be considered as comparable with the positive control
CCCP (Figure 15 and 16). In summary, the complexes
[RuIrL] and [Ir2L] were competent to make the mitochon-
drial membrane “leaky”, leading to damage of mitochondria
which resulted in a cell apoptosis pathway.

Structure Activity Relationship Study (SAR). Struc-
ture−activity relationship (SAR) study revealed that the
potency of pyridinyltriazolylmethylquinoxaline-based Ru(II)
and Ir(III) complexes [Ru2L], [Ir2L], [Ru2LBr], [Ir2LBr],
[RuL], [IrL], and [RuIrL] in cancer cells varied with the
combination of the metals and substitution of bromine group

Figure 11. Cell cycle analysis of (a) control HT-29 cells, (b) 10 μM of drug [Ir2L] treatment, (c) 25 μM of [Ir2L] drug treatment. (d) Tabular and
(e) graphical representation of the different phases of the cell-cycle up on different treatment of the drug [Ir2L]. The P values of >0.12 (ns), 0.033
(*), 0.002 (**), <0.0002 (***) were considered as significant. Error bar represents the ± standard error of mean (SEM).
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in the quinoxaline ring. Monoruthenium(II) complex [RuL]
showed moderate potency in both the cancer cell lines.
However, diruthenium(II) complex [Ru2L] displayed much
better potency in both the cancer cell lines. The dipositive
charge of ruthenium triggered the reaction to follow

mitochondrial pathway by reducing the mitochondrial
membrane potential (MMP, ΔΨm), but the potency of the
complex was reduced significantly after the introduction of a
bromo group in the quinoxaline moiety. Similar trends were
also observed in case of iridium(III) complexes [IrL], [Ir2L],

Figure 12. Cell-cycle analysis of (a) control HT-29 cells, (b) 10 μM of drug [Ir2L] treatment, and (c) 15 μM of [RuIrL] drug treatment. (d)
Tabular and (e) graphical representation of the different phases of the cell-cycle up on different treatment of the drug [RuIrL]. The p values of
>0.12 (ns), 0.033 (*), 0.00 2(**), and <0.0002 (***) were considered as significant. The error bar represents the ± standard error of mean
(SEM).

Figure 13.Mitotracker staining assay in HT-29 cell line with the drug [RuIrL] for 48 h (a) untreated control, (b) treated with 10 μM [RuIrL], (c)
graphical representation of the increased MFI in treated colon cancer cells. The differences between the two groups were measured by an unpaired
Student t test. The p values of >0.12 (ns), 0.033 (*), 0.002 (**), and <0.0002 (***) were considered as significant. The error bar represents the ±
standard error of mean (SEM). Scale bar 100 μm.
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and [Ir2LBr]. Bis(iridium) complexes [Ir2L] and [Ir2LBr]
were more potent and selective than bis(ruthenium)
complexes [Ru2L] and [Ru2LBr] because of their good
subcellular (mitochondria) accumulation. The mixed metallic
complex [RuIrL] showed highest the cytoselectivity (Caco-2 >
90; HeLa > 14) among all these complexes owing to its high
lipophilicity and strong mitochondria targeting ability.
The overall results showed us that (i) hydrophobic p-

cymene and Cp* ring facilitated the passive diffusion of these

complexes inside the cell, (ii) labile chlorine attached to
ruthenium and iridium was essential for several biomolecular
interactions, (iii) Ru(II) and Ir(III) bicationic complexes
enhanced the compound solubility and accelerated the
mitochondrial targeting aptitude by reducing the MMP, (iv)
triazolylmethylquinoxaline ligand acted as a main protagonist
for the DNA intercalating agent, (v) the luminescent property
of these complexes helped in the bioimaging application, and
(vi) complex [RuIrL] reigned over all the complexes by

Figure 14. Mitotracker staining assay in HT-29 cell line with the colocalized drug [RuIrL] and [Ir2L] for 48 h (a) untreated control, (b) treated
with 15 μM RuIrL, and (c) treated with 25 μM [Ir2L] drug. The last image of every panel represents the Pearson correlation coefficient of
colocalization. R-values between −1, considered as a strong negative relationship, and +1, considered as a strong positive relationship are observed.
Scale bar 100 μm.

Figure 15. (a) JC-1 staining and the determination of the mitochondrial membrane potential in HT-29 cell line by the drug [Ir2L]. (b) Graph of
JC-1 staining in HT-29 cells upon treatment with drug [Ir2L] in different concentrations (10 and 25 μM) and positive control CCCP (5 μM). The
P values of >0.12 (ns), 0.033 (*), 0.002 (**), and <0.0002(***) were considered as significant. The error bar represents the ± standard error of
mean (SEM). Scale bar 100 μm.
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conveying remarkable cytotoselectivity because of it attaining
the highest lipophilicity, solubility, and stability along with
significant subcellular (mitochondria) accumulation reinforced
by the synergistic effect of both Ru(II) and Ir(II) metals
(Figure 17).

■ CONCLUSION

From these experiments, it can be nicely portrayed that we
have been able to develop mitochondria targeting novel
ruthenium- and iridium-based homo and hetero bimetallic
pyridinyltriazolylmethylquinoxaline complexes as successful
luminescent anticancer agents with appreciably high yields
and much greater stability to the biological environment. All
the prepared complexes displayed their efficiency toward HeLa
and Caco-2 cancer cell lines, rendering the normal cell
unaffected. However, the heterobimetallic complex [RuIrL]
had been able to leave an imprint of its superiority among all of
them by exposing its efficiency toward most aggressive
colorectal carcinoma cell line, HT-29. The exposition of their

apoptotic power on cancer cells can be demonstrated by their
keen targeting affinity toward mitochondria, the power house
of the cell triggering mitochondrial dysfunction associated with
the reduction of mitochondrial membrane potential making
the mitochondrial membrane “leaky” along with the cell cycle
arrest. Casting our vision to a DNA binding study also revealed
their good DNA intercalative inclination, and their high
binding proficiency to human serum albumin (HSA)
confirmed their facile transportation to the cellular medium
through the bloodstream. In addition to this, the higher
quantum yield values attributed the good luminescent nature
of the complexes, gifting them an opulent imaging quality.
From all the aspects our prepared scaffolds were most active as
well as selective in destroying the cancer cells through the
detection of cancer cells exploiting their luminescence nature.
In a nut shell, it can be depicted that complex [RuIrL]
achieved paramount importance over all the complexes on the
basis of its excellent potency in association with the highest
percent of selectivity to cancer cell along with its superb

Figure 16. (a) JC-1 staining and the determination of the mitochondrial membrane potential in HT-29 cell line by the drug [RuIrL]. (b) JC-1
staining in HT-29 cells upon treatment with drug LRuIr in different concentrations (10 and 25 μM) and positive control CCCP (5 μM). The P
values of >0.12 (ns), 0.033 (*), 0.002 (**), and <0.0002(***) were considered as significant. The error bar represents the ± standard error of
mean (SEM). Scale bar 100 μm.

Figure 17. SAR study of pyridinyltriazolylmethylquinoxaline-based Ru(II) and Ir(III) complexes [Ru2L], [Ir2L], [Ru2LBr], [Ir2LBr], [RuL],
[IrL], and [RuIrL].
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cellular imaging quality which will enable it to be explored as
an outstanding anticancer theranostic drug in the near future.

■ EXPERIMENTAL SECTION
Materials and Methods. The highest commercial quality

reagents and solvents were used. All analytical grade organic solvents
used for the chemical synthesis and chromatography were picked up
from E. Merck (India). Sodium ascorbate, copper sulfate, 1,4
dibromo-2,3-butanedione, sodium azide, 2-ethynyl pyridine, o-phenyl-
ene diamine, [(η6-p-cymene)RuCl(μ-Cl)]2 and [(η5-Cp*)IrCl(μ-
Cl)]2 were purchased from SPECTROCHEM and Sigma-Aldrich
Chemical Ltd., Merck. ct-DNA, bovine serum albumin (BSA), and
human serum albumin (HSA) were purchased from Sigma-Aldrich
Chemical Limited. HeLa, Caco-2, HT-29, and HEK-293 cell lines
were purchased from NCCS, Pune, and ATCC. DMEM medium, 1%
penicillin and streptomycin, and 1% Glutmax were purchased from
Gibco. Also, 10% fetal bovine serum and 0.25% trypsin−EDTA were
procured from Himidia and Thermo Fisher Scientific, USA
respectively. Hoechst 33342 and carbonyl cyanide m-chlorophenylhy-
drazone (CCCP) were purchased from Sigma-Aldrich Chemical
Limited. JC-1 stain was procured from Invitrogen. 1H NMR, 13C
NMR, 19F NMR, and 31P NMR spectra were recorded on a 400 MHz
Advance Bruker DPX spectrometer with tetramethylsilane (TMS) as
internal standard. The chemical shifts were reported in ppm units.
Abbreviations are as follows: s, singlet; d, doublet; dd, double doublet;
t, triplet; m, multiplet. The melting points of the complexes were
measured on an Elchem Microprocessor based DT apparatus using an
open capillary tubes. TLC was performed on silica gel 60 F254
precoated aluminum sheets (E. Merck, Germany) using the solvent
system hexane, ethyl acetate, and methanol, and solvents and spots
were visualized using a UV lamp. Infrared spectra (IR) were recorded
on a Shimadzu Affinity FT-IR spectrometer in the range 4000−400
cm−1. The mass spectra of the synthesized compounds were recorded
on Applied Biosystems (API-4000 ESI-mode), using methanol as
solvent. UV−visible spectra were recorded on a JASCO V-760
spectrometer using a 1 cm quartz cell and fluorescence spectra on a
Hitachi F7000 fluorescence spectrophotometer equipped with a
xenon lamp. Cyclic voltammetry study was performed by using an
electrochemical instrument, FRA2 μAutolab TypeIII, Potentiostat/
galvanostat, Metrohm/Autolab, Netherlands. Conductivity and
viscosity were measured using a TDS Conductometer and an
Ostwald Viscometer, respectively. For cytotoxicity (MTT assay),
Elisa reader and 96-well plate were used. Live cell morphology was
observed under an inverted microscope (Primovert, Zeiss), and the
live cell images were captured using Evos-M5000 fluorescent imager
(Invitrogen, Thermo Fisher Scientific).
Synthetic Procedures. Synthesis of 2,3-Bis(bromomethyl)-

quinoxaline series.49 First, 100 mg of o-phenylene diamine
derivatives were taken in 50 mL beakers followed by addition of
1,4-dibromobutane-2,3-dione (1.1 equiv). The reagents were
dissolved in 10 mL of ethanol followed by the addition of silica
(100−200 mesh) so as to obtain a slurry. After dryingthe silica in air,
the solid supported reaction mixture was kept in a microwave at 60 W
(100 °C) for 10 min. TLC was monitored after every 2 min interval to
observe the progress of the reaction using a 3:1 hexane/ethyl acetate
solvent system. After the reaction was completed, the solid silica was
washed with ethanol (3 times) and filtered off. The obtained filtrate
was then evaporated to dryness and recrystallized from hexane/ethyl
acetate. Gray crystals of 2, 3-bis(bromomethyl)quinoxaline and 6-
bromo-2,3-bis(bromomethyl)quinoxalinewere obtained with 95−98%
yield. These compounds were characterized by 1H and 13C NMR, IR,
and mass spectroscopy.
2,3-Bis(bromomethyl)quinoxaline. Yield: 95%. Mp: 150−155 °C.

Rf: 0.75 (1:3 ethyl acetate:hexane). 1H NMR (CDCl3, 400 MHz): δ
8.07 (dd, 2H, J1 = 6.4 Hz, J2 = 3.6 Hz, ArH, H-1, H-4), 7.79 (dd, 2H,
J1 = 6.4 Hz, J2 = 3.6 Hz, ArH, H-2, H-3), 4.93 (s, 4H, CH2, H-9, H-
10). 13C NMR (400 MHz, CDCl3): δ 30.5 (2 × CH2, C-9, C-10),
129.7 (2 × CH, C-7, C-8), 130.9 (2 × CH, C-5, C-6), 143.6 (2 × CH,
C-1, C-4), 150.9 (2 × CH, C-2, C-3). IR (KBr, cm−1): 3018 (sp3 C−

H stretching), 2962 (C−H Ar stretching), 1485 (C−H bending),
1425 (CH2 bending), 1209(C−N stretching), 765 (C−H stretching
of o-disubstituted group), 628 (C−Br stretching). ESI-MS (CH3OH):
m/z 317 [M + H]+.

6-Bromo-2,3-bis(bromomethyl)quinoxaline. 1H NMR (400
MHz, CDCl3): Yield: 98%. Mp: 165−168 °C. Rf: 0.79 (1:3 ethyl
acetate: hexane). 1H NMR (CDCl3, 400 MHz): δ 8.25 (s, 1H, H-4),
7.92 (d, J = 8.8 Hz, 1H, H-2), 7.85 (d, J = 8.8 Hz, 1H, H-1), 4.89 (s,
4H, CH2, H-9, H-10).

13C NMR (400 MHz, CDCl3): δ 151.8 (CH,
C-7), 151.2 (CH, C-8), 142.1 (CH, C-5), 140.3 (CH, C-6), 134.5
(CH, C-4), 131.40 (CH, C-1), 130.3 (CH, C-2), 125.1 (CH, C-3),
30.21 (CH2, C-9), 30.11 (CH2, C-10). IR (KBr, cm−1): 3028 (sp3 C−
H stretching), 2972 (C−H Ar stretching), 1595 (CC), 1473, 1415
(CH2 bending), 1209.37 (C−N stretching) 721.38 (C−H stretching
of o-disubstituted group). 634, 567 (C−Br stretching). ESI-MS
(CH3OH): m/z 395 [M + H]+.

Synthesis of the 2,3-Bis(azidomethyl)quinoxaline Series.49 A 50
mg sample of 2,3-bromomethyl quinoxalines and sodium azide was
dissolved in ethanol. Then silica was added to the solution and mixed
uniformly to obtain a slurry. After complete drying, the reaction
mixture was kept in a microwave for 10 min at 40 W (50 °C). TLC
was monitored in 3:1 hexane/ethyl acetate solvent system, after every
2 min interval, to observe the change in the reaction. As soon as the
reaction was completed, the product from the solid supported mixture
was extracted using ethanol. After evaporation of ethanol, blackish
crystals of azidomethylquinoxalines were obtained with high yield
(∼94%).

2,3-Bis(azidomethyl)quinoxaline. Yield: 95%. Mp: 145−148 °C.
Rf: 0.68 (1:3 ethyl acetate:hexane). 1H NMR (CDCl3, 400 MHz): δ
8.10 (dd, 2H, J1 = 6.4 Hz, J2 = 3.6 Hz, ArH, H-1, H-4), 7.78 (dd, 2H,
J1 = 6.4 Hz, J2 = 3.6 Hz, ArH, H-2, H-3), 4.70 (s, 4H, CH2, H-9, H-
10). 13C NMR (400 MHz, CDCl3): δ 148.3 (2 × CH, C-7, C-8),
140.9 (2 × CH, C-5, C-6), 130.3 (2 × CH, C-2, C-3), 128.7 (2 × CH,
C-1, C-4), 52.9(2 × CH2, C-9, C-10). IR(KBr, cm

−1): 3053 (sp3 C−
H stretching), 2129, 2083 (NNN stretching), 1566 (C−H
bending), 1452 (CH2 bending), 1240 (C−N stretching), 761 (C−H
stretching of o-disubstituted group). ESI-MS (CH3OH): m/z 241 [M
+ H]+.

2,3-Bis(azidomethyl)-6-bromoquinoxaline. Yield: 95%. Mp:
145−148 °C. Rf: 0.68 (1:3 ethyl acetate:hexane). 1H NMR (CDCl3,
400 MHz): δ 8.32 (s, 1H,ArH, H-4), 8.0 (d, 1H, J = 9.2 Hz, ArH, H-
2), 7.90 (d, 1H, J = 10.8 Hz,ArH, H-1), 4.71 (s, 4H, CH2).

13C NMR
(400 MHz, CDCl3): δ 150.4 (CH, C-7), 149.7 (CH, C-8), 141.9
(CH, C-5), 140.1 (CH, C-6), 134.3 (CH, C-1), 131.5 (CH, C-4),
130.4 (CH, C-2), 124.5 (CH, C-3), 53.3 (CH2, C-9), 53.2 (CH2, C-
10),IR(KBr, cm1): 3045 (sp3 C−H stretching), 2943 (C−H Ar
stretching), 2094, 2069 (NNN stretching), 1597 (C−H
bending), 1477 (CH2 bending), 1427 (CH2 bending), 1143 (C−N
stretching), 740 (C−H stretching of o-disubstituted group). ESI-MS
(CH3OH): m/z 319 [M + H]+.

Synthesis of the 2,3-Bis[{4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl}-
methyl]quinoxaline Series (L, LBr).49 First, 50 mg of 2,3-bis-
(azidomethyl) quinoxaline derivatives were taken in 50 mL beakers
followed by addition of 2.5 equiv of 2-ethynylpyridine and an aqueous
solution of 5 mol % of CuSO4 and 5 mol % of sodium ascorbate. All
the reagents were dissolved properly, and then the required amount of
silica was added gradually to make a slurry. After drying in air, the
solid supported mixture was kept under microwave at 60 W (100 °C)
for 20 min. TLC was monitored every 5 min interval to keep on
checking the progression of the reaction. After completion of the
reaction, the product was extracted by ethanol washing and then
filtered off. The solvent was evaporated to yield a crude triazole
product. The fine brown crystals of 2,3-bis[{4-(pyridin-2-yl)-1H-
1,2,3-triazol-1-yl}methyl]quinoxalines (L, LBr) were obtained from
hexane−ethyl acetate (1:1) with a high yield (∼95%).

2,3-Bis[{4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl}methyl]quinoxaline
(L). Yield: 95%. Mp: 172−177 °C. Rf: 0.26 (ethyl acetate). 1H NMR
(400 MHz, CDCl3): δ 8.56 (s, 2H, CH, H-19, H-24), 8.38 (s, 2H,
CH, H-12, H-14), 8.16 (d, 2H, J = 6.4 Hz, CH, H-16, H-21), 8.06−
8.09 (m, 2H, CH, H-17, H-22), 7.80−7.83 (m, 2H, CH, H-18, H-23),
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7.78 (d, 2H, J = 8.0 Hz, CH, H-1, H-4),7.32(brs, 2H, CH, H-2, H-3)
6.16 (s, 4H, CH). IR (cm−1, KBr): 3082 (sp3 C−H stretching), 2970
(C−H Ar stretching), 2833 (CH2 asymmetric stretching), 1598 (C
C), 1570 (C−H bending), 1450 (CH2 bending), 1290 (C−N
stretching), 783 (CH bending), 756 (C−H stretching of o-
disubstituted group). ESI-MS (CH3OH): m/z 447.1 [M + H]+.
6-Bromo-2,3-bis[{(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl}methyl]-

quinoxaline (LBr). Yield: 95%. Mp: 295−297 °C. Rf: 0.31 (ethyl
acetate). 1H NMR (400 MHz, DMSO-d6): δ 8.69−8.73 (m, 2H, CH,
H-17, H-23), 8.62 (brs, 2H, CH, H-19, H-24), 8.16 (brs, 1H, CH, H-
4), 8.09 (d, J = 8 Hz, 2H, CH, H-16, H-21), 7.86−7.94 (m, 3H, CH,
H-2, H-18, H-24), 7.37(brs, 3H, CH, H-1, H-12, H-14), 6.33 (s, 4H,
CH2, H-9, H-10). IR (KBr, cm−1): 3535 (N−H symmetric), 3361
(asymmetric stretching), 2956 (C−H Ar stretching), 1600 (CC
stretching), 1421 (CH2bending), 1228 (C−N stretching), 808 (C−H
bending), 617 (C−Br stretching). ESI-MS (CH3OH): m/z 524[M +
H]+, 526 [M + H]+.
Synthesis of [(η6-p-cymene)2Ru2

IICl2(K
2-N,N-L/LBr)](PF6)2([Ru2L],

[Ru2LBr]). First, 25 mg (0.0725 mmol) of [(η6-p-cymene)RuCl(μ-
Cl)]2 was dissolved in 5 mL of methanol and stirred for 10 min to
dissolve the compound completely in methanol. Then 1.1 equiv of
previously prepared ligand (L, LBr) was added to the reaction
mixture. The mixture was sonicated for 2 h at ambient temperature. A
change in color from deep yellow to deep brown was observed. Then
2.5 equiv of NH4PF6 was added to the reaction mixture, which was
stirred for another 2 h. The reaction was monitored by TLC using
100% methanol as solvent system. After the completion of the
reaction, methanol was evaporated to get the solid product. To
remove the impurities, crude product was washed thoroughly with
hexane followed by diethyl ether. The purified product was further
crystallized from methanol/diethyl ether system, and brown colored
fine crystals were obtained with 90−95% yield. The structures of
[Ru2L] and [Ru2LBr] were analyzed by 1H, 13C, 19F, and 31P NMR,
FT-IR, and ESI-MS. Purity of these complexes were determined by C,
H, N, and HRMS analysis.
[(η6-p-cymene)2Ru2

IICl2(K
2-N,N-L)](PF6)2([Ru2L]). Yield: 50.4 mg

(0.0394 mmol, 97%). Mr (C44H46N10Cl2F12P2Ru2) = 1277.88 g/mol.
Anal. Calcd for C44H46N10Cl2F12P2Ru2: C, 41.36; H, 3.63; N, 10.96.
Found: C, 41.05; H, 3.55; N, 10.46. Yield: 97%. Mp: 178−180 °C. Rf
(100% methanol): 0.30. 1H NMR (DMSO-d6, 400 MHz): δ 9.52 (d, J
= 5.2 Hz, 2H, H-19, H-24), 9.39 (s, 2H, H-12, H-14), 8.38 (d, J = 7.6
Hz, 2H, H-16, H-21), 8.27 (t, J = 7.6 Hz, 2H, H-17, H-22), 7.80−7.87
(m, 4H, H-2, H-3, H-18, H-23), 7.73 (t, J = 6.8 Hz, 2H, H-1, H-4),
6.62−6.76 (m, 4H, H-9, H-10), 6.14−6.18 (m, 4H, p-cymene H-3a,
H-4a, H-5a, H-6a), 6.03 (d, J = 6.0 Hz, 2H, p-cymene H-3b, H-4b),
5.87 (d, J = 5.6 Hz, 2H, p-cymene H-5b, H-6b), 2.62−2.69 (m, 2H,
CH, H-8a, H-8b), 2.18 (s, 6H, Me, H-1a, H-1b), 1.08 (d, J = 6.8 Hz,
6H, p-cymene, H-9a, H-9b), 1.01 (d, J = 6.8 Hz, 6H, p-cymene, H-
10a, H-10b).13C (DMSO-d6, 100 MHz): δ 156.3 (C, C-15), 154.0 (C,
C-20), 148.4 (2C, C-7, C-8), 146.6 (2CH, C-19, C-24), 140.6 (2C,
C-5, C-6), 138.5 (2C, C-11, C-13), 131.6 (2CH, C-17, C-22), 128.9
(CH, C-12), 127.90 (CH, C-14), 126.6 (CH, C-2), 125.9 (CH, C-3),
123.1 (CH, C-1), 122.2 (CH, C-4), 112.1 (2CH, C-16, C-21), 107.0
(2CH, C-18, C-23), 104.2 (p-cymene, C, C-2a, C-2b), 103.1 (p-
cymene, C, C-7a, C-7b), {86.1, 85.6, 83.9, 82.9} (p-cymene, 8CH, C-
3a, 3b, 4a, 4b, 5a, 5b, 6a, 6b), 54.2 (CH2, C-9, C-10), 30.9 (p-cymene,
CH, C-8a, C-8b), {22.3, 21.9} (p-cymene, isopropyl CH3, C-9a, C-
10a, C-9b, C-10b), 18.7 (p-cymene, CH3, C-1a, C-1b).

19F NMR
(DMSO-d6, 376 MHz): δ −71.01 (PF6), −69.12 (PF6).

31P NMR
(DMSO-d6, 162 MHz): δ −153.04 (PF6), −148.65 (PF6), −144.26
(PF6), −139.87 (PF6), −135.47 (PF6). IR (cm−1, KBr): 3122 (C−H
stretching), 2970 (sp3 C−H stretching), 1622 (CC), 1442 (CC
stretching), 1280 (C−N stretching), 829 (P−F stretching), 773 (C−
H bending). ESI-MS (MeOH): m/z 493.9 [M − 2PF6]

2+. HRMS
(MeOH): C44H46N10Cl2F12P2Ru2 (M) calculated m/z, 494.0686 [M
− 2PF6]

2+, 1301.0552 [M + Na]+; observed m/z, 494.0699 [M −
2PF6]

2+, 1301.0549 [M + Na]+.
[(η6-p-cymene)2Ru2

IICl2(K
2-N,N-LBr)](PF6)2 ([Ru2LBr]). Yield: 52.5

mg (0.0386 mmol, 95%). Mr (C44H45N10BrCl2F12P2Ru2) = 1356.77
g/mol. Anal. Calcd for C44H45N10BrCl2F12P2Ru2: C, 38.95; H, 3.34;

N, 10.32. Found: C, 38.46; H, 3.39; N, 10.02. Yield: 95%. Mp: 185−
187 °C. Rf (100% methanol): 0.34. 1H NMR (DMSO-d6, 400 MHz):
δ 9.49 (brs, 2H, H-19, H-24), 9.35 (brs, 2H, H-12, H-14), 8.33 (s,
2H, H-16, H-21), 8.25 (s, 2H, H-17, H-22), 7.97 (brs, 2H, H-1, H-4),
7.72 (brs, 3H, H-2, H-18, H-23), 6.66 (brs, 4H, H-9, H-10), 5.97−
6.00 (m, J = 5.60 Hz, 3H, p-cymene, H-3a, H-3b, H-4a), 5.83 (d, 2H,
J = 6.0 Hz, p-cymene, H-5a, H-6a), 5.78 (d, J = 6.0 Hz, 2H, p-cymene,
H-4b, H-5b), 5.74 (d, J = 6.0 Hz, 1H, p-cymene, H-6b), 2.74−2.85
(sept, 2H, p-cymene, H-8a, H-8b), 2.17 (s, 3H, p-cymene, H-1a), 2.16
(s, 3H, p-cymene, H-1b), 1.08 (d, J = 6.8 Hz, 6H, p-cymene, H-9a, H-
9b), 1.0 (d, J = 6.0 Hz, H-10a, H-10b). 13C(DMSO-d6, 100 MHz): δ
{156.9, 156.3} (2C, C-15, C-20), 149.5 (2C, C-7, C-8), 148.4 (CH,
C-19), 146.7 (CH, C-24), 141.4 (C, C-5), 140.7 (C, C-6), 139.4
(2CH, C-17, C-22), 134.7 (CH, C-4), 131.4 (2C, C-11, C-13), 130.7
(2CH, C-12, C-14), 128.1 (CH, C-1), 126.5 (CH, C-2), 124.4 (CH,
C-16, C-21), 123.1 (CH, C-18, C-23), 106.8 (C, C-3), 104.1 (p-
cymene, C, C-2a, C-2b), 100.6 (p-cymene, C, C-8a, C-8b), {86.8,
85.9, 85.6, 84.8} (p-cymene, Ar−CH, C-3a, 3b, 4a, 4b, 5a, 5b, 6a, 6b),
54.1 (CH2, C-9, C-10), {30.9, 30.4} (p-cymene, isopropyl-CH, C-8a,
C-8b), {22.4, 22.3, 21.9, 21.8} (p-cymene, isopropylCH3, C-9a, C-9b,
C-10a, C-10b), {18.7, 18.3} (p-cymene, CH3, C-1a, C-1b).

19F NMR
(DMSO-d6, 376 MHz): δ −71.02 (PF6), −69.13 (PF6).

31P NMR
(DMSO-d6, 162 MHz): δ −157.42 (PF6), −153.03 (PF6), −148.64
(PF6), −144.25 (PF6), −139.86 (PF6), −135.47 (PF6), −131.08
(PF6). IR (cm−1, KBr): 3622 (C−H stretching), 2966 (Sp3 C−H
stretching), 1624 (N−H bending), 1440 (arm CC stretching),
1278 (C−N stretching), 827 (P−F stretching). ESI-MS (MeOH): m/
z: 533.0 [M − 2PF6]

2+. HRMS (MeOH): m/z 533.4242. HRMS
(MeOH): C44H45N10BrCl2F12P2Ru2 (M) calculated m/z, 535.0233
[M − 2PF6]

2+, 1380.9657 [M + Na]+; observed m/z, 535.0247 [M −
2PF6]

2+, 1380.9643 [M + Na]+.
Synthesis of [(η5-Cp*)2Ir2IIICl2(K2-N,N-L/LBr)](PF6)2([Ir2L, Ir2LBr]).

First 25 mg (0.017 mmol) of [(η5-Cp*)IrCl(μ-Cl)]2 was dissolved in
5 mL of methanol and stirred for 10 min to dissolve the compound
completely in methanol. Then 1.1 equiv of the previously prepared
ligand (L/LBr) was added to the reaction mixture. The mixture was
sonicated for 2 h at ambient temperature. A change in color from
orange to light yellow was observed. Then 2.5 equiv of NH4PF6 was
added to the reaction mixture, which was stirred for another 2 h. The
reaction was monitored by TLC using 100% methanol as solvent
system. After the completion of the reaction, methanol was
evaporated to obtain the solid product. To remove the impurities,
crude product was washed thoroughly with hexane followed by
diethyl ether. The purified product was further crystallized from
methanol−dietheyl ether mixture to get yellow colored fine crystals
with 90−95% yield. The structures of [Ir2L] and [Ir2LBr] were
analyzed by 1H, 13C, 19F, and 31P NMR, FT-IR, and ESI-MS. Purity of
the complex was determined by C, H, N, and HRMS analysis.

[(η5-Cp*)2Ir2IIICl2(K2-N,N-L)](PF6)2 ([Ir2L]). Yield: 45 mg (0.031
mmol, 98%). Mr (C44H48N10Cl2F12P2Ir2) = 1462.19 g/mol. Anal.
Calcd for C44H48N10Cl2F12P2Ir2: C, 36.14; H, 3.31; N, 9.58. Found:
C, 36.73; H 3.67; N, 9.73. Yield: 98%. Mp: 178−180οC. Rf (100%
methanol): 0.30. 1H NMR (DMSO-d6, 400 MHz): δ 9.45 (s, 2H, H-
12, H-14), 8.99 (d, J = 5.6 Hz, 2H, H-19, H-24), 8.54 (s, 2H, H-16,
H-21), 8.31 (d, J = 4.8 Hz, 2H, H-17, H-22), 7.82 (s, 4H, H-2, H-3,
H-18, H-23), 7.78 (t, J = 6.4 Hz, 2H, H-1, H-4), 6.69 (s, 4H, H-9, H-
10), 1.73 (s, 30H, Cp*, H-6a, H-6b, H-7a, H-7b, H-8a, H-8b, H-9a,
H-9b, H-10a, H-10b). 13C NMR (DMSO-d6, 100 MHz): δ 157.2 (C,
C-15), 156.5 (C, C-20), 152.9 (2C, C-7, C-8), 149.5 (2CH, C-19, C-
24), 148.4 (2C, C-5, C-6), 147.9 (2CH, C-17, C-22), 141.2 (2C, C-
11, C-13), 140.9 (CH, C-12), 140.6 (CH, C-14), 131.2 (CH, C-2, C-
3), 129.1 (2CH, C-1, C-4), 128.9 (CH, C-16), 127.9 (CH, C-21),
122.9 (2CH, C-18, C-23),{91.8, 91.3, 89.8, 89.4} (Cp*, 10C, C-1a,
1b, 2a, 2b, 3a, 3b, 4a, 4b, 5a, 5b), 54.2 (CH2, C-9, C-10), (8.8, Cp*,
CH3, C-6a, 6b, 7a, 7b, 8a, 8b, 9a, 9b, 10a, 10b).

19F NMR (DMSO-d6,
400 MHz): δ −71.06 (PF6), −69.17 (PF6). 31P NMR (DMSO-d6, 400
MHz): δ −152.98 (PF6), −153.00 (PF6), −148.61 (PF6), −144.22
(PF6), −139.83 (PF6), −135.44 (PF6). IR (cm−1, KBr): 3319 (arm
C−H stretching), 3037 (Sp3 C−H stretching), 1423 (arm CC
stretching), 1282 (C−N stretching), 1124 (C−O stretching), 827
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(P−F stretching), 779 (C−H bending). ESI-MS (MeOH): m/z:
586.2 [M − 2PF6]

2+. HRMS (MeOH): C44H48N10Cl2F12P2Ir2 (M)
calculated m/z, 586.1349 [M − 2PF6]

2+, 1485.1880 [M + Na]+;
observed m/z, 586.1329 [M − 2PF6]

2+, 1485.1843 [M + Na]+.
[(η5-Cp*)2Ir2IIICl2(K2-N,N-LBr)](PF6)2 ([Ir2LBr]). Yield: 46.0 mg

(0.0298 mmol, 95%). Mr (C44H47N10BrCl2F12P2Ir2) = 1541.08 g/
mol. Anal. Calcd for C44H47N10BrCl2F12P2Ir2: C, 34.29; H, 3.07; N,
9.09. Found: C, 33.80; H, 3.25; N, 8.34. Yield: 95%. Mp: 175−177οC.
Rf (100% methanol): 0.46. 1H NMR (DMSO-d6, 400 MHz): δ 9.44
(s, 2H, H-12, H-14), 8.99 (d, J = 5.2 Hz, 2H, H-19, H-24), 8.56 (s,
2H, H-16, H-21), 8.33 (t, J = 7.2 Hz, 2H, H-17, H-22), 8.05 (s, 1H,
H-4), 7.96 (d, J = 8.4 Hz, 1H, H-2), 7.76−7.79 (m, 3H, H-1, H-18,
H-23), 6.70 (d, J = 9.2 Hz, 4H, H-9, H-10), 1.74 (s, 15H, Cp*, H-6a,
H-7a, H-8a, H-9a, H-10a). 1.73 (s, 15H, Cp*, H-6b, H-7b, H-8b, H-
9b, H-10b).13C NMR (DMSO-d6, 400 MHz): δ 152.9 (2C, C-15, C-
20), 148.4 (C, C-7), 147.8 (C, C-8), 145.1 (CH, C-19), 144.5 (CH,
C-24), 141.2 (2C, C-5, C-6), 139.4 (2CH, C-17, C-22), 135.7 (C, C-
11), 134.5 (C, C-13), 132.8 (CH, C-4), 131.0 (CH, C-1), 128.7 (CH,
C-2), 127.9 (CH, C-12), 123.1 (CH, C-14), 120.9 (CH, C-16), 120.2
(CH, C-21), 117.2 (CH, C-18), 112.5 (CH, C-23), 107.4 (C, C-3),
{92.6, 91.3, 89.8, 89.4} (Cp*, C, C-1a, 1b, 2a, 2b, 3a, 3b, 4a, 4b, 5a,
5b), 54.2 (CH2, C-9, C-10), {9.0, 8.9, 8.8, 8.7,8.1} (Cp*, CH3, C-6a,
6b, 7a, 7b, 8a, 8b, 9a, 9b, 10a, 10b).19F NMR (DMSO-d6, 376 MHz):
δ −71.05 (PF6), −69.16 (PF6).

31P NMR (DMSO-d6, 162 MHz): δ
−157.38 (PF6), −152.99 (PF6), −148.60 (PF6), −144.21 (PF6),
−139.82 (PF6), −135.43 (PF6). IR (cm−1, KBr): 3327 (arm C−H
stretching), 1427 (arm CC stretching), 1222 (C−N stretching),
825 (P−F stretching), 777 (C−H bending). ESI-MS (MeOH): m/z:
626.8 [M − 2PF6]

2+. HRMS (MeOH): C44H47N10BrCl2F12P2Ir2 (M)
calculated m/z, 625.0902 [M − 2PF6]

2+, 1563.0985 [M + Na]+;
observed m/z, 625.0889 [M − 2PF6]

2+, 1563.0984 [M + Na]+.
Synthesis of [(η6-p-cymene)RuIICl(K2-N,N-L)]PF6 ([RuL]). A 25 mg

(0.041 mmol, 0.5 equiv) sample of [(η6-p-cymene)RuCl(μ-Cl)]2 was
dissolved in 5 mL of methanol and stirred for 10 min to dissolve the
compound completely in methanol. Then 38.2 mg (1.1 equiv) of
previously prepared ligand (L) was added to the reaction mixture.
The mixture was sonicated for 2 h at ambient temperature. As soon as
a change in color from deep yellow to deep brown was observed, 1.1
equiv of NH4PF6 was added to the reaction mixture which was stirred
for another 2 h. The reaction was monitored by TLC using 100%
methanol as solvent system. After the complete conversion, methanol
was evaporated in order to have the solid product. Then solid crude
product was washed thoroughly with 5 mL of hexane and dried to
expel the impurities. The purified product was crystallized from
methanol−diethyl ether mixture and pure brown colored fine crystals
were obtained with 90−95% yield. The structure of [RuL] was
examined by 1H, 19F, and 31P NMR, FT-IR. and ESI-MS. Purity of the
sample was determined by HRMS analysis.
[(η6-p-cymene)RuIICl(K2-N,N-L)]PF6 ([RuL]). Yield: 67 mg (0.078

mmol, 95%). Mr (C34H32N10ClF6PRu) = 862.17 g/mol. Anal. Calcd
for C34H32N10ClF6PRu: C, 47.36; H, 3.74; N, 16.25 . Found: C,
47.78; H, 3.32; N, 16.34.Yield: 97%. Mp: 174−176οC. Rf (100%
methanol): 0.36. 1H NMR (DMSO-d6, 400 MHz): δ 9.53 (d, J = 5.2
Hz, 1H, H-19), 9.42 (s, 1H, H-24), 8.75 (s, 1H, H-21), 8.40 (d, J =
5.6 Hz, 1H, H-12), 8.28 (t, J = 7.2 Hz, 2H, H-12, H16), 8.09 (s, 1H,
H-17), 7.92−7.94 (m, 2H, H-1, H-4), 7.87 (s, 2H, H-2, H-3), 7.79−
7.88 (m, 2H, H-23, H-14), 7.74 (t, J = 6.8 Hz, 1H, H-18), 6.63−6.77
(m, 2H, H-9), 6.33 (s, 2H, H-10), 6.15−6.19 (m, 2H, H-c, H-d), 6.05
(d, J = 5.6 Hz, 1H, H-e), 5.88 (d, J = 5.6 Hz, 1H, H-j), 2.64−2.67 (m,
1H, H-8), 2.18 (s, 3H, H-a), 1.08 (d, J = 6.8 Hz, 3H, H-i), 1.01 (d, J =
6.8 Hz, 3H, H-j). 19F NMR (DMSO-d6, 376 MHz): δ −71.04 (PF6),
−69.15 (PF6).

31P NMR (DMSO-d6, 162 MHz): δ −152.98 (PF6),
−153.00 (PF6), −148.61 (PF6), −144.22 (PF6), −139.83 (PF6),
−135.44 (PF6). IR (cm−1, KBr): 3082 (arm C−H stretching), 1450
(arm CC stretching), 1280 (C−N stretching), 837 (P−F
stretching), 781(C−H bending). ESI-MS (MeOH): m/z: 717.6
[M]+. HRMS (MeOH): C34H32N10ClF6PRu(M) calculated m/z,
717.1543[M − PF6]

+; observed m/z, 717.1552.
Synthesis of [(η5-Cp*)IrIIICl(K2-N,N-L)]PF6 ([IrL]). First, 25 mg

(0.031 mmol, 0.5 equiv) of [(η5-Cp*)IrCl(μ-Cl)]2 was dissolved in 5

mL of methanol and stirred for 10 min to dissolve the compound
completely in methanol. Then 1.1 equiv (29.4 mg) of previously
prepared ligand (L) was added to the reaction mixture. The mixture
was sonicated for 2 h at ambient temperature. When a change in color
from orange to light yellow was observed, 1.1 equiv of NH4PF6 was
added to the reaction mixture and stirred for another 2 h. The
reaction was monitored by TLC using 100% methanol as solvent
system. After the complete conversion, methanol was evaporated to
dryness in air. To remove the impurities, crude product was washed
thoroughly with 5 mL of hexane and dried. The purified product was
further crystallized from methanol/diethyl ether mixture. The brown
fine crystals were obtained with 90−95% yield. The structure of [IrL]
was confirmed by 1H, 19F, and 31P NMR, FT-IR, and ESI-MS. Purity
of the complex was determined by HRMS analysis.

[(η5-Cp*)IrIIICl(K2-N,N-L)]PF6 ([IrL]). Yield: 58 mg (0.060 mmol,
97%). Mr (C34H33N10ClF6PIr) = 954.33 g/mol. Anal. Calcd for
C34H33N10ClF6PIr: C, 42.79; H, 3.49; N, 14.68. Found: C, 42.97; H,
3.25; N, 14.34. Yield: 97%. Mp: 170−172οC. Rf (100% methanol):
0.30. 1H NMR (DMSO-d6, 400 MHz): δ 9.47 (d, J = 6.4 Hz, 1H, H-
19), 9.4 (d, J = 10.4 Hz, 1H, H-24), 8.97−9.01 (m, 2H, H-12, H-21),
8.56 (d, J = 7.6 Hz, 1H, H-22), 8.47 (d, J = 6.4 Hz, 1H, H-16), 8.27−
8.35 (m, 2H, H-1, H-17), 7.81 (brs, 4H, H-2, H-3, H-4, H-14), 7.73−
7.78 (m, 2H, H-18, H-23), 6.67−6.72 (m, 2H, H-9), 6.38 (s, 2H, H-
10), 1.73 (s, 15H, H-1′, H-2′, H-3′, H-4′, H-5′). 19F NMR (DMSO-
d6, 376 MHz): δ −71.05 (PF6), −69.16 (PF6).

31P NMR (DMSO-d6,
162 MHz): δ −152.98 (PF6), −152.99 (PF6), −148.60 (PF6),
−144.21 (PF6), −139.82 (PF6), −135.43 (PF6), −131.04 (PF6). IR
(cm−1, KBr): 3128 (arm C−H stretching), 1450 (arm CC
stretching), 1261 (C−N stretching), 835 (P−F stretching), 777(C−
H bending). ESI-MS (MeOH): m/z: 810.1 [M − PF6]

+. HRMS
(MeOH): C34H33N10ClF6PIr (M) calculated m/z, 809.2207 [M −
PF6]

+; observed m/z, 809.2205 [M]+.
Synthesis of [(η6-p-cymene)(η5-Cp*)RuIIIrIIICl2(K

2-N,N-L)](PF6)2
([RuIrL]). First 25 mg (0.031 mmol, 0.5 equiv) of [(η5-Cp*)IrCl(μ-
Cl)]2 was dissolved in 5 mL of methanol and stirred for 10 min to
dissolve the compound completely in methanol. Then 1.1 equiv of
previously prepared complex [RuL] was added to the reaction
mixture. The mixture was sonicated for 2 h at ambient temperature.
As soon as a change in color from orange to deep red was observed,
1.1 equiv of NH4PF6 was added to the reaction mixture and stirred for
another 2 h to complete the reaction. The reaction was monitored by
TLC using 100% methanol as solvent system. After the completion of
reaction, methanol was evaporated. The impurities were removed by
washing the crude product thoroughly with 5 mL of hexane followed
by diethyl ether. The purified product was further crystallized from
methanol/diethyl ether and the brown colored fine crystals of
compound [RuIrL] was obtained with 95%yield. The structure of
[RuIrL] were analyzed by 1H, 19F, 13C, and 31P NMR, FT-IR, and
ESI-MS. Purity of the complex was determined by C, H, N analysis
and HRMS.

[(η6-p-cymene)(η5-Cp*)RuIIIrIIICl2(K2-N,N-L)](PF6)2 [RuIrL]. Yield:
82 mg (0.059 mmol, 95%). Mr (C44H47N10Cl2F12P2IrRu) = 1370.03
g/mol. Anal. Calcd for C44H47N10Cl2F12P2IrRu: C, 38.57; H, 3.46; N,
10.22. Found: C, 38.16; H, 3.31; N, 9.89.Yield: 98%. Mp: 185−
187οC. Rf (100% methanol): 0.45. 1H NMR (DMSO-d6, 400 MHz):
δ 9.53 (d, J = 5.2 Hz, 1H, H-19), 9.41−9.45 (m, 2H, H-1, H-4), 9.01
(d, J = 5.6 Hz, 1H, H-24), 8.55 (brs, 1H, H-12), 8.39 (brs, 1H, H-14),
8.26−8.34 (m, 2H, H-18, H-23), 7.78−7.83 (m, 4H, H-16, H-17, H-
21, H-22), 7.72−7.76 (m, 2H, H-2, H-3), 6.70 (s, 4H, H-9, H-10),
6.15−6.19 (m, 2H, H-3, H-4), 6.04 (d, J = 6.0 Hz, 1H, H-5), 5.87 (d,
J = 5.6 Hz, 1H, H-6), 2.62−2.67 (m, 1H, p-cymene, H-8), 2.18 (s,
3H, p-cymene, H-1), 1.73 (s, 15H, Cp*, H-6, H-7, H-8, H-9, H-10),
1.08 (d, J = 6.8 Hz, 3H p-cymene, H-9), 1.01 (d, J = 6.8 Hz, 3H, p-
cymene, H-10). 13C NMR (DMSO-d6, 100 MHz): δ168.5 (2C, C-7,
C-8), 162.9 (2C, C-15, C-20), 152.9 (2CH, C-19, C-24), 148.0 (2C,
C-5, C-6), 140.6 (2CH, C-17, C-22), 131.6 (2C, C-11, C-13), 129.0
(2CH, C-12, C-14), 128.2 (2CH, C-1, C-4), 120.4 (2CH, C-2, C-3),
119.3 (2CH, C-16, C-21), 112.2 (2CH, C-18, C-23), {98.6, 92.6}
(Cp*, 5C, C-1, C-2, C-3, C-4, C-5), {89.8, 89.4, 85.9, 81.3} (p-
cymene, Ar−CH, C-3, C-4, C-5, C-6), 65.4 (CH2, C-9, C-10), {22.9,
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20.9} (p-cymene, isopropyl-CH3, C-9, C-10), 19.2 (p-cymene, CH3,
C-1), {9.1, 8.8, 8.7} (Cp*, CH3, C-6, C-7, C-8, C-9, C-10).

19F NMR
(DMSO-d6, 376 MHz): δ −71.06 (PF6), −69.17 (PF6).

31P NMR
(DMSO-d6, 162 MHz): δ −152.98 (PF6), −153.00 (PF6), −148.61
(PF6), −144.22 (PF6), −139.83 (PF6), −135.44 (PF6). IR (cm−1,
KBr): 3151 (arm C−H stretching), 1409 (arm CC stretching), 833
(P−F stretching), 775.38 (C−H bending). ESI-MS (MeOH): m/z:
539.8 [M − 2PF6]

2+. HRMS (MeOH): C44H47N10Cl2F12P2IrRu (M)
calculated m/z, 540.1017 [M − 2PF6]

2+, 1371.1397 [M + H]+;
observed m/z, 540.1012[M − 2PF6]

2+, 1371.1398 [M + H]+.
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