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ABSTRACT: The incorporation of an organelle-targeting moiety
into compounds has proven to be an effective strategy in the
development of targeted anticancer drugs. We herein report the
synthesis, characterization, and biological evaluation of novel
triphenylphosphine-modified half-sandwich iridiumIII, rhodiumIII,
and rutheniumII complexes. The primary goal was to enhance
anticancer selectivity through mitochondrial targeting. All these
triphenylphosphine-modified complexes exhibited promising cyto-
toxicity in the micromolar range (5.13−23.22) against A549 and
HeLa cancer cell lines, surpassing the activity of comparative
complexes that lack the triphenylphosphine moiety. Noteworthy is
their good selectivity toward cancer cells compared to normal
BEAS-2B cells, underscored by selectivity index ranging from 7.3 to
>19.5. Mechanistically, these complexes primarily target mitochondria rather than interacting with DNA. The targeting of
mitochondria and triggering mitochondrial dysfunction were confirmed using both confocal microscopy and flow cytometry. Their
ability to depolarize mitochondrial membrane potential (MMP) and enhance reactive oxygen species (ROS) was observed, thereby
leading to intrinsic apoptotic pathways. Moreover, these complexes lead to cell cycle arrest in the G2/M phase and demonstrated
antimigration effects, significantly inhibiting the migration of A549 cells in wound-healing assays.

1. INTRODUCTION
Cancer remains a leading cause of mortality and a significant
barrier to an increasing global life expectancy. Despite various
available treatments, chemotherapy continues to be a crucial
and indispensable option for cancer management. Platinum-
based medications, including cisplatin, carboplatin, and
oxaliplatin, are well-known for their efficacy in treating diverse
tumors.1,2 However, these anticancer agents often suffer from a
lack of selectivity, significant adverse effects, and the potential
for developing resistance.3−5 Consequently, identifying new
targets for anticancer drug action and developing novel
anticancer agents remain central research priorities in cancer
therapy.6−8 Organelle-targeted antitumor drugs can effectively
address these problems and have become one of the hotspots
in current antitumor drug research.9−16 Notably, considering
that numerous conditions, including cancer, diabetes, neuro-
degenerative diseases, and ischemia−reperfusion injury, are
linked to mitochondrial dysfunction, there has been an
increasing focus on targeting mitochondria in drug develop-
ment over the past two decades.17−19

Mitochondria are crucial organelles that are primarily
responsible for energy production within cells. Additionally,
they play roles in various other cellular processes, including

generating reactive oxygen species (ROS), disrupting mito-
chondrial membrane potential (MMP), storing calcium ions,
and facilitating apoptosis mediated by mitochondrial path-
ways.20,21 Mitochondrial targeting represents a strategic focus
on organelle-specific intervention.22 Triphenylphosphine is a
commonly used mitochondria-targeting lipophilic cation,
composed of a positively charged phosphonium ion and
three phenyl rings that enhance its lipophilicity.23 The phenyl
rings are spatially positioned to shield the phosphorus atom
from dissolution. Additionally, the positive charge on the
phosphorus atom is distributed across the three phenyl rings,
creating a delocalized positive charge that facilitates the
passage of triphenylphosphine through the lipid bilayer,
allowing it to specifically target the interior of mitochon-
dria.24−26 The first organic small molecule of its kind, methyl-
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triphenylphosphonium (TPP) cation, selectively accumulates
in mammalian cell mitochondria in response to higher
membrane potentials (Scheme 1, I).27,28 The delivery of
drugs to mitochondria was optimized by directly attaching
bioactive molecules to TPP using alkyl chains or other covalent
bonds, refining their application in mitochondrial biology
(Scheme 1, II).29−31

In particular, TPP and its derivatives have also been
employed, although remain scarce, as building blocks or
chelating ligands to develop metal-based agents for anticancer
or antimicrobial applications.31−34 For example, when cisplatin
is conjugated with TPP (Scheme 1, III and IV), it
preferentially targets mitochondria rather than nuclear DNA,
integrating into the mitochondrial genome to influence cellular
functions.33,34 This strategy also effectively overcame cisplatin
resistance.33 Generally, the mitochondrion-targeting system,
driven by triphenylphosphine and leveraging mitochondrial
membrane potential, is designed to direct drugs preferentially
to the mitochondria of cancer cells. The hyperpolarization of
both the cancer cell membrane and mitochondrial membranes
enables selective drug accumulation at these sites. This strategy
not only increases the direct cytotoxic effects on cancer cells
but also minimizes potential toxicity to normal cells.35

In recent years, half-sandwich organometallic complexes,
particularly those based on iridiumIII, rhodiumIII, rutheniumII

and osmiumII with the structural type [(η6-arene)/(η5-
Cp*)M(XY)Cl]0/+ (where Cp* represents C5(CH3)5 and XY
denotes bidentate chelating ligands), have garnered significant
interest in cancer research (Scheme 1, V).36−39

These complexes are celebrated for their modifiable
structure, which allows for a rich diversity of molecular
structures and biological activities. Unlike traditional platinum-
based drugs, these metal complexes follow distinct mechanisms
of action, potentially overcoming platinum resistance and
reducing toxicity. Notably, the rutheniumII complexes NAMI-A
and KP1019 have demonstrated promising outcomes in both

preclinical and clinical trials, positioning them as potential drug
candidates.40,41 However, most of these complexes continue to
suffer from unclear targets and mechanisms of actions (MoAs),
coupled with limited selectivity between normal and cancerous
cells.42,43 Our group is committed to advancing the develop-
ment of organometallic complexes of iridiumIII, rhodiumIII, and
rutheniumII with N^N chelating ligands.44−48 Notably, some of
the imine−pyridyl (Scheme 1, VI) and imine−amine (Scheme
1, VII and VIII) complexes have shown promising cytotoxic
effects and displayed anticancer selectivity against A549 cancer
cells relative to BEAS-2B normal cells, mediated by a ROS-
based redox mechanism.48−50 These encouraging results have
inspired us to explore new platinum group metal-based
anticancer complexes through the coupling with the
triphenylphosphonium (PPh3+) moiety, potentially combining
the advantages of mitochondria-targeting ability of
PPh3+moiety and specific properties of half-sandwich metal
complexes (Scheme 1). Herein, we synthesized a series of
triphenylphosphine-modified half-sandwich iridiumIII, rhodiu-
mIII, and rutheniumII complexes, specifically designed to target
mitochondria. This targeting ability appears to enhance the
generation of reactive oxygen species (ROS), disrupt
mitochondrial membrane potential (MMP), and trigger
apoptosis in cancer cells, leading to selective cytotoxic effects
on A549 cancer cells compared with normal BEAS-2B cells.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterizations. The chloro-

bridged bimetallic iridiumIII precursor D1 ([(η5-Cp*)IrCl2]2),
rhodiumIII precursor D2 ([(η5-Cp*)RhCl2]2), and rutheniumII

precursor D3 ([(η6-p-cymene)RuCl2]2) were synthesized
following established methods in the literature.51−53 The-
phenanthroline-based N^N chelating ligand L1 was synthesized
in a moderate yield by the reaction of (4-(4-formylphenoxy)-
butyl) triphenylphosphonium bromide with 1,10-phenanthro-
line-5,6-dione and the excess ammonium acetate using a

Scheme 1. Known Triphenylphosphine-containing Compounds, Half-Sandwich Complexes, and Our Current Work

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c03975
Inorg. Chem. 2024, 63, 24736−24753

24737

https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03975?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03975?fig=sch1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c03975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


modified procedure (Scheme 2a). L2, which did not contain
triphenylphosphine moiety, was also prepared following
literature method.32 The triphenylphosphine-modified com-
plexes Ir1, Rh1, and Ru1 were synthesized in 59−71% yields
by reacting the metal precursors D1, D2, or D3 with the
corresponding ligands in a solution of CH2Cl2 and CH3OH
(v/v = 1:1) (Scheme 2b). For comparison, complexes Ir2,
Rh2, and Ru2, which lack the triphenylphosphine moiety, were
similarly prepared (Scheme 2b). The formation of these
complexes were fully confirmed by 1H, 13C, and 31P NMR
(Figures S4−S21), elemental analysis and mass spectroscopy
(positive mode: Figures S22−S27 and negative mode: Figures
S28−S30). In the 1H NMR spectra of these complexes, molar
equivalents of bound Cp*/arene per mole of ligand were
detected, indicating coordination between the ligands and the
metal ions. 31P NMR analysis distinctly shows that in the
complexes Ir1, Rh1, and Ru1 the triphenylphosphine (PPh3+)

moiety and the PF6− counteranion produce a singlet and a
septet at approximately δ20 and −140 ppm, respectively
(Figure 1). Conversely, only a septet, corresponding to the
PF6− counteranion, was observed in complexes Ir2, Rh2, and
Ru2 without triphenylphosphine moiety (Figures S9, S14, and
S21). This result further validates the successful synthesis of
the targeted complexes. Particularly, the variation of the metal
center (Ir1 vs Rh1 vs Ru1) has minimal impact on the
chemical shifts in the 31P NMR spectra. Unfortunately, despite
numerous attempts, we have been unable to successfully
crystallize these metal complexes into single crystals.

2.2. Absorption and Emission Spectroscopy. UV−
visible (UV−vis) absorption spectra for these iridiumIII,
rhodiumIII, and rutheniumII complexes were recorded in
methanol at 37 °C (Figure 2a). A prominent absorption
peak was noted between 270 and 298 nm across these
complexes. Further, broader and less intense absorption peaks

Scheme 2. Synthesis of Ligands L1 (a), Synthesis of Half-Sandwich IridiumIII, RhodiumIII, and RutheniumII Complexes (b),
and the Detailed Structures of Ir1, Ir2, Rh1, Rh2, Ru1, and Ru2 (c)
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around approximately 310 and 410 nm were also detected. The
peaks observed below 300 nm are indicative of ligand-centered
π−π* transitions, while those between 300 and 450 nm are
typically associated with metal-to-ligand charge transfer or d−d
transitions, which is consistent with those reported in other
half-sandwich iridiumIII, rhodiumIII, and rutheniumII com-
plexes.54−56 The absorption spectra for these complexes show
comparable features, indicating that changes in the metal ion
and ligand substitution have little effect on their spectral
absorption bands.
When excited at λex = 286−290 nm, the complexes Ir1, Ir2,

Rh1, Rh2, Ru1, and Ru2 exhibited emission peaks (λem)

between 511 and 513 nm (Ir1: 512 nm, Ir2: 513 nm, Rh1: 512
nm, Rh2: 511 nm, Ru1: 512 nm, and Ru2: 513 nm) at 37 °C
in methanol (Figure 2b). Consistent emission patterns across
these spectra also suggest a minimal influence of the metal
center and ligand variations on the emission bands. The
emission quantum yields of Ir1, Rh1, and Ru1 are notably low
in methanol solutions (Ir1: 0.12%, Rh1: 0.27%, and Ru1:
0.24%), with fluorescein used as the reference standard.
Additionally, the average lifetimes of Ir1, Rh1, and Ru1 were
recorded at 5.14, 5.50, and 4.75 ns respectively (Figure S31),
indicating their fluorescent properties. Notably, this weak
photoluminescence is consistent with observations in other

Figure 1. 31P NMR spectrum of phosphorus complexes Ir1, Rh1, and Ru1.

Figure 2. (a) UV−visible absorbance spectra of Ir1, Ir2, Rh1, Rh2, Ru1, and Ru2 (20 μM) in MeOH solutions at 37 °C. (b) Normalized emission
spectra of Ir1, Ir2, Rh1, Rh2, Ru1, and Ru2 (20 μM) in MeOH at 37 °C.
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reported half-sandwich iridiumIII, rhodiumIII, and rutheniumII

complexes.46,56,57 However, the photoluminescent character-
istics of these complexes provide a potential method for
observing their cellular localization and accumulation, which
could offer detailed insights into their MoAs.

2.3. Solution Stability. To evaluate the stability of Ir1,
Ir2, Rh1, Rh2, Ru1, and Ru2 in aqueous solutions, hydrolysis
experiments were conducted in a solution of 80% DMSO-d6/
20% PBS (pH ≈ 7.4, made with D2O) (v/v) at 37 °C, using
1H NMR analysis. Given their limited solubility at high water
content, a higher proportion of DMSO-d6 was used to
maintain a sufficient complex concentration for reliable
spectroscopic measurement. Over a 24 h period, no additional
peaks were detected in the 1H NMR spectra, and the proton
assignments remained consistent with their established
molecular structures (Figures S32−37). This indicates that
the complexes did not undergo decomposition or ligand
dissociation, demonstrating their stability under the tested low-
water content conditions.
The stability of the complexes Ir1, Ir2, Rh1, Rh2, Ru1, and

Ru2 was also evaluated at 37 °C in a solution of 10% DMSO/
90% PBS (v/v, pH ≈ 7.4, prepared with H2O, high water
content solution) using UV−vis spectroscopy across various
time intervals over a 24-h period. While no significant shifts in
the absorption bands were noted, there were changes in the
absorption intensity of these complexes (Figure S38). This
behavior suggests hydrolysis of the metal-Cl bond (Cl−/H2O
exchange), aligning with observations from other reported half-
sandwich iridiumIII, rhodiumIII, and rutheniumII complexes that
feature monodentate labile chloride ligands.48,58 This outcome
through UV−vis analysis appears to be inconsistent with the
NMR results. However, in line with the trends noted in earlier
studies of half-sandwich metal complexes,59,60 these complexes
are likely to undergo Cl−/H2O exchange more readily in
diluted solutions with high water content, akin to typical cell
culture conditions. Significantly, the hydrolysis of the metal−
Cl bond often acts as an activation step for many anticancer
complexes.59 The half-lives (t1/2) and hydrolysis rate constants
(k) were calculated for these complexes by fitting the changes
in absorption to pseudo-first-order kinetics (Table 1). Overall,

these complexes underwent relatively slow hydrolysis, with
half-lives ranging from 116.1 to 200.3 min, demonstrating a
slower rate of hydrolysis compared to some reported half-
sandwich iridiumIII, rhodiumIII, and rutheniumII complexes
with N,N-donor ligands.48,61 The hydrolysis rates for these
complexes follow a decreasing order: Ir2 > Ir1, Rh2 > Rh1,
and Ru2 > Ru1, indicating that the introduction of the
triphenylphosphine moiety into these complexes effectively
reduces chloride loss. Additionally, to assess the stability of the

complexes in the acidic environment characteristic of cancer
cells, we prepared a buffered solution using 10% DMSO/90%
PBS (v/v), adjusting the pH to approximately 5.5 with an
acetic acid/sodium acetate buffer, and conducted stability tests.
The results showed that this pH adjustment did not
significantly impact the hydrolysis rate of the complexes
(Figure S39, Table 1). Overall, the potential stability of these
complexes for further investigation of their anticancer activity
under aqueous conditions has been confirmed.

2.4. Cytotoxicity. Using cisplatin as a reference, the
cytotoxicity of complexes Ir1, Ir2, Rh1, Rh2, Ru1, and Ru2
toward A549 lung cancer cells, cervical carcinoma HeLa cells,
and noncancerous BEAS-2B cells was assessed via MTT assay
(Table 2). The precursors D1−D3 and ligands L1−L2 showed

no obvious cytotoxicity toward A549 and HeLa cancer cells
(IC50 > 100 μM). In contrast, all tested complexes exhibited
effective cytotoxicity toward A549 and HeLa cancer cells, with
IC50 values in a range of 5.13−46.28 μM, surpassing or
matching the efficacy of cisplatin. Thus, this anticancer
effectiveness is ascribed to the chelation between the free
ligands and the iridiumIII, rhodiumIII, and rutheniumII ion. Ir1,
Rh1, and Ru1 featuring the triphenylphosphine moiety,
exhibited significantly enhanced potency (3 to 9 times greater)
against A549 cells compared to their counterparts Ir2, Rh2,
and Ru2 with IC50 values of 5.13−12.50 μM versus 33.85−
46.28 μM. A similar trend was also observed in Hela cells,
where, although the increase in cytotoxicity was less
pronounced than in A549 cells, the potency still reached 1.5
to 3 times higher (12.78−23.22 μM versus 28.34−32.29 μM).
Basically, under the same ligand conditions, variations in the
metal center had minimal impact on the cytotoxicity exhibited
by these complexes toward the same cancer cell lines,
suggesting that the ligand environment predominantly dictates
their anticancer activity. A distinctive feature of these
triphenylphosphine-modified complexes is their enhanced
selectivity between cancerous and normal cells. Ir1 was
inactive (IC50 > 100 μM) toward noncancerous BEAS-2B
cells and showed a selectivity index (SI) of >19.5 toward A549

Table 1. The Half-Life and Hydrolysis Rate of IridiumIII,
RhodiumIII, and RutheniumII in Different Solvent Systems

10% DMSO/90% PBS
pH ≈ 7.4

10% DMSO/90% PBS
pH ≈ 5.5

Complexes t1/2 (min) k (min−1) t1/2 (min) k (min−1)

Ir1 120.75 0.00574 149.06 0.00462
Ir2 116.10 0.00597 139.19 0.00498
Rh1 200.33 0.00346 276.15 0.00251
Rh2 133.55 0.00519 152.01 0.00456
Ru1 155.41 0.00446 141.17 0.00491
Ru2 117.08 0.00592 121.81 0.00569

Table 2. IC50 Values of Ligands, Precursors, and Complexes
Tested Toward Cancer and Normal Cell Lines and Their
Comparison with Cisplatin

IC50 (μM)

Complexes A549 HeLa BEAS-2B SIa

L1 >100 >100 >100 -
L2 >100 >100 >100 -
D1 >100 >100 >100 -
D2 >100 >100 >100 -
D3 >100 >100 >100 -
Ir1 5.13 ± 0.25 12.78 ± 0.12 >100 >19.5
Ir2 46.28 ± 0.24 28.34 ± 0.18 51.21 ± 0.14 1.1
Ru1 6.25 ± 0.18 12.79 ± 0.20 82.34 ± 0.22 13.2
Ru2 43.72 ± 0.19 31.89 ± 0.13 46.28 ± 0.11 1.1
Rh1 12.50 ± 0.23 23.22 ± 0.17 91.41 ± 0.09 7.3
Rh2 33.85 ± 0.17 32.29 ± 0.06 46.28 ± 0.24 1.4
Cisplatin 24.89 ± 0.21 8.39 ± 0.08 29.21 ± 0.22 1.2

aSI: The selectivity index represents the IC50 ratio of BEAS-2B
normal cells to A549 cancer cells. Data are quoted as mean ±
standard deviation (SD) of three replicates. Statistical analysis using t
test indicated a significant difference in IC50 values between A549 and
BEAS-2B cells for Ir1, Ir2, Ru1, Ru2, Rh1 and Rh2 (*p < 0.05).
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and BEAS-2B cells. Moreover, complexes Rh1 and Ru1
exhibited minimal cytotoxicity toward BEAS-2B cells, with
IC50 values that were 7.3 and 13.2 times higher, respectively,
than those observed in A549 cancer cells. Conversely, the
complexes Ir2, Rh2, and Ru2 without a triphenylphosphine
moiety showed no significant selectivity between cancer and
normal cells. Thus, it seemed that the introduction of the
triphenylphosphine moiety in this system led to both the
enhanced cytotoxicity and improved selectivity of these
complexes.
The highly lipophilic nature of triphenylphosphine led us to

explore whether the cytotoxicity of these complexes is
influenced by their lipophilicity. Consequently, the octanol/
water partition coefficients (log P) for these complexes were
measured by using the shake-flask method. The resulting log P
values displayed the following trend: Ir1 (1.55) > Ir2 (0.75),
Rh1 (0.97) > Rh2 (0.61), and Ru1 (1.28) > Ru2 (0.68). In
cancer cells, a consistent trend was observed, indicating that
the cytotoxicity of these complexes correlated to their
lipophilicity was observed. However, in normal BEAS-2B
cells, the cytotoxicity of Ir2, Rh2, and Ru2 was approximately

twice as high as that of Ir1, Rh1, and Ru1, indicating that
lipophilicity may not be the only factor influencing their
cytotoxicity and selectivity. This discrepancy points to the
potential role of redox-based mechanisms, as supported by our
observations in subsequent biological experiments (catalytic
oxidation of NADH to NAD+, mitochondria targeting,
mitochondrial dysfunction, and ROS generation).

2.5. DNA and Protein Binding Results. Given that the
cytotoxic effects of many anticancer complexes are related to
DNA binding, the capability of complexes Ir1, Rh1, and Ru1
to bind with the model nucleobase 9-methyladenine (9-MeA)
was initially assessed using 1H NMR spectroscopy in a solution
of 80% DMSO-d6/20% D2O. Over 24 h, no interactions were
detected between the complexes and 9-MeA under the
experimental conditions (Figures S40−S42). Additionally,
mass spectrometry analysis confirmed the absence of any
nucleobase adducts. The interactions of complexes Ir1, Rh1,
and Ru1 with CT-DNA were subsequently examined by using
UV−vis absorption spectroscopy (Figure S43). The experi-
ments involved adding increasing concentrations of CT-DNA
(0−43.6 μM) to solutions containing 60 μM of each complex.

Figure 3. (a) 1H NMR spectrum of complex Ir1 (1 mM) and NADH (5 mM) in CD3OD and D2O (v/v 4:1) at 37 °C after 15 min. Peaks labeled
(red solid triangle) and (black solid circle) correspond to the formed Ir−H complex and chlorido complex Ir1. (b) UV−vis spectra of the reaction
of NADH (100 μM) with Ir1, Rh1, and Ru1 and positive control (Cp*Ir(phpy)Cl) (1 μM) in 10% MeOH/90% H2O (v/v) at 25 °C for 8 h.
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This increase in CT-DNA concentration resulted in hyper-
chromism and a slight red shift at the absorption peak, typically
indicative of noncovalent electrostatic binding.62,63 Addition-
ally, the Benesi−Hildebrand equation was applied to
determine the intrinsic equilibrium binding constants (Kb) of
these complexes with CT-DNA. The determined Kb values
ranged from 5.88 × 103 to 1.60 × 104 M−1 (Ir1: Kb = 1.02 ×
104, Rh1: Kb = 1.60 × 104 M−1, Ru1: Kb = 5.88 × 103 M−1).
These values were notably lower than those of previously
reported half-sandwich complexes (Kb > 105 M−1),64−66

suggesting a relatively weak interaction with CT-DNA.
Furthermore, the binding affinity values (Kb) of Ir1, Rh1,
and Ru1 also did not correlate with their cytotoxicity toward
cancer cells, indicating that DNA binding might not be the
predominant mechanism of action for these half-sandwich
complexes. This speculation is further reinforced by the
observed low colocalization efficiency of these complexes
within the nucleus (see Section 2.7 below).
Bovine serum albumin (BSA) serves as an economical model

for investigating the interactions between anticancer agents
and blood plasma proteins due to its plentiful presence in
plasma, exceptional binding properties, and similarity to
human serum albumin (HSA).67 BSA is known to bind a
wide range of substrates, including hormones, metal cations,

and many therapeutic drugs.68 Consequently, exploring the
reactions of anticancer metallodrugs with proteins is essential
for understanding their toxicity, biodistribution, and mecha-
nisms of action within this novel class of anticancer agents. The
binding affinity of complexes Ir1, Rh1, and Ru1 with BSA was
assessed using UV−vis absorption and fluorescence spectros-
copy (Figures S44 and S46). To reduce self-absorption, both
the reference and sample cuvettes were treated with the
respective complexes. BSA’s fluorescence is primarily derived
from tyrosine (Tyr) and tryptophan (Trp), two aromatic
amino acids that are sensitive to environmental changes. When
small-molecule complexes interact with these residues, a
reduction in the fluorescence emission is typically observed.
As the concentrations of Ir1, Rh1, and Ru1 increased, a
decrease and red shift in the absorption peak at 233 nm were
observed (Figure S44a−c), likely due to α-helix disruptions
and the effects of polar solvents.69 Moreover, a consistent
increase with no shift was noted in BSA’s absorption peak at
279 nm for these complexes, indicating subtle changes in the
surrounding environment of the aromatic amino acid residues
in BSA (Tyr and Trp).70 Additionally, the fluorescence
intensity of BSA consistently decreased at 353 nm as the
concentration of the complexes increased (Figure S44d−f),

Figure 4. Determination of intercellular localization of Ir1 (a), Ir2 (b), Rh1 (c), Rh2 (d), Ru1 (e), Ru2 (f) by confocal microscopy. A549 cells
were incubated with Ir1, Rh1, and Ru1 (2 μM) for 1 h at 37 °C, then coincubated with DAPI (1 μg/mL), MTDR (500 nM) or LTDR (75 nM)
for 1 h, respectively. Scale bar: 20 μm. The green, red, and blue fluorescence represent Ir1, Rh1, and Ru1, mitochondria, lysosome, and nucleus,
respectively.
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suggesting that the interaction with BSA occurs through a
static quenching mechanism.71,72

Synchronous fluorescence spectrometry proves essential for
examining the conformational changes in BSA upon
interaction with the complexes. Maintaining a fixed wavelength
interval of either 15 or 60 nm enables the detection of specific
changes in the Trp or Tyr residues of BSA. Specifically, the
emission wavelength for Trp decreased at 273 nm (Δλ = 60
nm) with a 5 nm red shift, while the emission for Tyr showed a
decrease at 288 nm (Δλ = 15 nm) with a minor red shift of 2
nm (Figure S45). These results suggest that complexes Ir1,
Rh1, and Ru1 predominantly influence the conformation of
the Trp microregion when they interact with BSA.

2.6. Catalytic Hydride Transfer. Nicotinamide adenine
dinucleotide (NADH) and its oxidized counterpart, NAD+, are
crucial for cellular homeostasis. The NADH/NAD+ ratio and
NAD+ concentration are integral to various intracellular redox
processes. Cancer cells typically undergo oxidative stress due to
elevated levels of oxidizing species generated by their active
metabolism.73 Consequently, they are more sensitive to
fluctuations in the NADH/NAD+ ratio and NAD+ concen-
trations than normal cells. Manipulating the NADH/NAD+

balance with catalytic anticancer complexes could enhance
selectivity toward cancer cells over normal cells. The use of
hydride transfer catalysis in cancer drug design has been
extensively explored recently.74 In light of these considerations,
we examined the interactions of Ir1, Rh1, and Ru1 with
NADH via 1H NMR spectroscopy. NADH (5 equiv) was
added to the solutions of Ir1 (Figure 3a), Rh1 (Figure S46),
and Ru1 (Figure S47), each at a concentration of 1 mM, in a
mixture of CD3OD and D2O (4:1 v/v). This led to the
appearance of new NMR peaks at 9.0, 9.3, and 9.6 ppm,
corresponding to the oxidized form of NAD+ (Figure 3a).
However, after 12 h, no peaks associated with Ir−H, Rh−H,
and Ru−H hydrides were observed, likely due to the instability
of these hydride adducts.75 Subsequently, we assessed the
interaction of Ir1, Rh1, Ru1, and Cp*Ir(phpy)Cl (phpy =
phenylpyridine, as a positive control)76 with NADH at a 1:100
molar ratio in a solution of 10% MeOH/90% H2O (v/v) using
UV−vis spectroscopy (Figure 3b). Compared to the untreated
control group without metal complex catalysts, the presence of
Ir1, Rh1, Ru1, and Cp*Ir(phpy)Cl catalysts led to a noticeable
decrease in the intensity of the NADH absorption band at 339
nm over an 8 h period, confirming that the observed effects
were indeed attributable to catalytic action rather than external
factors. The turnover numbers (TON) were calculated as
40.07 for Ir1, 38.90 for Rh1, 28.30 for Ru1, and 14.15 for
Cp*Ir(phpy)Cl. The significantly higher TON values for Ir1,
Rh1, and Ru1 compared to those of Cp*Ir(phpy)Cl
demonstrate that the catalytic efficiency of these new
complexes exceeds that of Cp*Ir(phpy)Cl. Notably, previous
studies have demonstrated that the catalytic oxidation of
NADH to NAD+ increases ROS levels, thereby providing an
oxidative mechanism of action.77,78 Consequently, the ability
of these complexes to produce ROS in both cancer and normal
cells was further explored in follow-up experiments (Section
2.9).

2.7. Cellular Localization and Cellular Uptake Path-
way. Confocal microscopy was used for intracellular local-
ization analysis to determine the potential targets of these
complexes (Figure 4a−f). Probes, such as 4,6-diamino-2-
phenyl indole (DAPI) for the nucleus, Mito Tracker Red CM-
H2XRos (MTDR) for mitochondria, and Lyso Tracker Red

DND-99 (LTDR) for lysosomes, were used.79 A549 cells were
simultaneously stained with organelle-specific probes and the
corresponding complexes. Following a 1 h treatment, distinct
green fluorescence was observed in the cytoplasm, indicating
effective penetration of these complexes into A549 cells. All of
these complexes exhibited minimal colocalization with DAPI
and LTDR, evidenced by low Pearson correlation coefficient
(PCC) values (PCC = 0.01−0.03 for DAPI and PCC = 0.11−
0.34 for LTDR). Thus, these complexes did not localize
effectively within the nucleus or lysosomes. However, the
complexes Ir1, Rh1, and Ru1, which contain the triphenyl-
phosphine moiety, effectively accumulate in mitochondria, as
indicated by high PCC values (Figure 4a,c, and e, Ir1: PCC =
0.95; Rh1: PCC = 0.94; Ru1: PCC = 0.94). In contrast, Ir2,
Rh2, and Ru2, lacking the triphenylphosphine moiety, showed
a negligible degree of merging with mitochondria (Figure 4b, d
and f, Ir2: PCC = 0.23; Rh2: PCC = 0.24 Ru2: PCC = 0.23).
The comparison of colocalization coefficients reveal that
incorporating triphenylphosphine significantly enhances the
complexes’ targeting of mitochondria, suggesting that the
cytotoxicity of these complexes might be attributed to
mitochondria-mediated cell death. Given that cancer cells
possess more mitochondria than normal cells, they are more
susceptible to mitochondrial disruption. This differential
sensitivity may contribute to the anticancer selectivity of
these complexes with a triphenylphosphine moiety. Notably,
the complexes Ir1, Rh1, and Ru1 demonstrated significantly
higher positive zeta potentials�44.99 ± 0.19, 50.95 ± 0.22
and 20.56 ± 0.32 respectively (Figure S48), compared to the
negative zeta potentials of Ir2, Rh2, and Ru2�−6.27 ± 0.12,
−13.83 ± 0.21, and −6.61 ± 0.16 respectively (Figure S49).
This characteristic could enhance their targeting of mitochon-
dria, which possess negatively charged surfaces, upon entry
into the cytosol. The higher positive zeta potentials of Ir1,
Rh1, and Ru1 may facilitate their accumulation in the
mitochondria of cancer cells, which typically exhibit higher
mitochondrial membrane potentials than those of normal
cells,80 potentially improving their efficacy as targeted
anticancer agents. Moreover, as aforementioned, Ir1, Rh1,
and Ru1 showed much higher log P values than Ir2, Rh2, and
Ru2 which may improve their mitochondrial targeting ability.
Generally, anticancer complexes with high lipophilicity can
disrupt normal metabolic homeostasis and intracellular ROS
levels by increasing their interaction with mitochondrial
membranes.81

The biodistribution of Ir1 in different subcellular compart-
ments of A549 and BEAS-2B cells was quantitatively analyzed
using ICP-MS.82−84 After 48 h of exposure to Ir1, the iridium
content in the mitochondria, cytoplasm (without mitochon-
dria), and nucleus fractions isolated from A549 and BEAS-2B
cells was measured (Figure 5). The results revealed that the
majority of iridium was localized and accumulated in the
mitochondrial fraction of both A549 and BEAS-2B cells.
Furthermore, Ir1 showed a higher accumulation in the
mitochondria of A549 cells compared to normal cells. These
observations are consistent with the observations from the
aforementioned cellular localization experiments, further
elucidating the mitochondrial targeting behavior of these
complexes.
Laser confocal microscopy was also utilized to investigate

how complexes Ir1, Rh1, and Ru1 enter cells. Confocal
microscopy images captured at λex = 405 nm and 37 °C
revealed that after 1 h of incubation, Ir1, Rh1, and Ru1

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c03975
Inorg. Chem. 2024, 63, 24736−24753

24743

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c03975/suppl_file/ic4c03975_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c03975/suppl_file/ic4c03975_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c03975/suppl_file/ic4c03975_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c03975/suppl_file/ic4c03975_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c03975/suppl_file/ic4c03975_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c03975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


successfully penetrated A549 cells, as evidenced by speckled
green fluorescence within the cytoplasm (Figure 6). It is widely
recognized that small-molecule drugs can enter cells via either
energy-independent or energy-dependent pathways.81 Com-
pared to the control group maintained at 37 °C, the
fluorescence intensity in A549 cells incubated with Ir1, Rh1,
or Ru1 at a low temperature (4 °C) or pretreated with
carbonyl cyanide 3-chlorophenylhydrazone (CCCP, a meta-
bolic inhibitor) decreased significantly. This suggests that the
uptake of Ir1, Rh1, and Ru1 is energy-dependent. Additionally,
no significant differences were observed when comparing A549
cells treated with the endocytosis inhibitor chloroquine to
untreated cells, suggesting that endocytosis is not the primary
uptake pathway for these complexes.

2.8. Mitochondrial Membrane Depolarization. Due to
the selective accumulation of these complexes in mitochondria,
their potential effects on mitochondrial functionality were also
explored. The mitochondrial membrane potential (MMP,
Δψm) represents the electrical gradient essential for cellular
functions, with a voltage difference across the mitochondrial
membrane.85 Mitochondrial damage and the loss of this
membrane potential are key early events in the initiation of the
apoptotic cascade. These disruptions initiate a series of
biochemical changes within the mitochondrial membrane
that lead to apoptosis.86 We employed the JC-1 probe and
flow cytometry to assess changes in the MMP of A549 cells
and BEAS-2B cells incubated with complexes Ir1 and Ir2. JC-1

is a widely utilized fluorescent probe that is ideal for detecting
MMP due to its color-changing properties. In a high
membrane potential environment, JC-1 aggregates in the
mitochondrial matrix, forming J-aggregates that emit red
fluorescence. Conversely, when the membrane potential is
low, JC-1 exists as a monomer and emits green fluorescence,
allowing for the easy detection of decreases in membrane
potential through the shift from red to green fluorescence.87,88

The results are expressed as the red/green fluorescence
intensity ratio. In addition, we used CCCP (carbonyl cyanide
m-chlorophenyl hydrazone) as a positive control. CCCP is a
well-established mitochondrial uncoupler that disrupts MMP
by allowing protons to flow across the mitochondrial
membrane, thus, reducing the membrane potential. A549
cells were exposed to Ir1 and Ir2 at concentrations of 0.25, 0.5,
and 1.0 × IC50 (Figure 7). Ir1 caused a substantial decrease in
MMP in A549 cancer cells relative to untreated cells.
Specifically, as the concentration of Ir1 increased from 0.25
× IC50 to 1 × IC50, the percentage of cells with mitochondrial
membrane depolarization rose by 58.7%, from 26.4% to 85.1%
(Figure 7a). For comparison, treatment with Ir2 in A549 cells
and Ir1 in BEAS-2B normal cells resulted in only minor
changes in mitochondrial membrane depolarization, at 11.6%
and 17.9%, respectively (Figure 7b,c). These findings align
closely with the cytotoxicity and anticancer selectivity observed
in these complexes. Specifically, complex Ir1 demonstrated
higher cytotoxicity and selective toxicity toward A549 cancer
cells compared to BEAS-2B normal cells. Moreover, Ir1 also
exhibited greater cytotoxicity against both A549 and Hela
cancer cells compared to that of Ir2. Therefore, the
incorporation of the triphenylphosphine moiety in these
complexes may enhance their anticancer efficacy through the
mitochondrial pathway, specifically by targeting mitochondria
and disrupting their normal function.

2.9. Cellular ROS Determination. The generation of
intracellular ROS is closely linked to mitochondrial function.89

Numerous studies have demonstrated that impaired mitochon-
dria fail to regulate ROS production efficiently, leading to
increased oxidative stress in cancer cells.90 Since cancer cells
typically endure heightened oxidative stress compared to
normal cells, any additional increase in ROS levels induced by
anticancer complexes tends to have a less pronounced effect on
the redox balance in normal cells, potentially underpinning the
selectivity of these agents.91,92 Motivated by observations that

Figure 5. Subcellular distribution of iridium in A549 and BEAS-2B
cells after incubation with Ir1(10 mM) for 1 h. The amount of
iridium in mitochondrial, cytoplasmic, and nuclear fractions is
measured by ICP-MS. Data were collected at least 3 times
independently.

Figure 6. Effects of temperatures (37 or 4 °C), chloroquine (50 μM) and CCCP (50 μM) on cellular uptake of Ir1 (2 μM) (a), Ru1 (2 μM) (b),
and Rh1 (2 μM) (c). Scale bar: 20 μm.
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some half-sandwich complexes, which are capable of either
targeting mitochondria or promoting the oxidation of NADH

to NAD+, also elevate ROS levels in cancer cells,44 we
measured ROS levels in A549 cells and BEAS-2B cells exposed

Figure 7. (a,d) Changes in the mitochondrial membrane potential of A549 cancer cells induced by Ir1. (b,e) Changes in the mitochondrial
membrane potential of A549 cancer cells induced by Ir2. (c,f) Changes in the mitochondrial membrane potential of BEAS-2B cells induced by Ir1.
CCCP (carbonyl cyanide m-chlorophenyl hydrazone) was used as a positive control to induce mitochondrial membrane depolarization. Data are
quoted as mean ± SD of three replicates. p-Values were calculated after a test against the untreated control data, *p < 0.05, **p < 0.01.

Figure 8. Analysis of ROS levels by fluorescence microscope after A549 cells were treated with Ir1 (a,d) and Ir2 (b,e) for 24 h at 37 °C. Analysis of
ROS levels by fluorescence microscope after BESA-2B cells were treated with Ir1 (c,f) for 24 h at 37 °C. Stained with DCFH-DA. ROSup was used
as a positive control to induce reactive oxygen species (ROS) production. Data are quoted as mean ± SD of three replicates. p-Values were
calculated after a test against the untreated control data, *p < 0.05, **p < 0.01.
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to various concentrations of complexes Ir1 and Ir2 (Figure 8).
The measurements were performed by using a fluorescence
microscope with DCFH-DA as the probe. This assay assesses
overall oxidative stress rather than identifying specific ROS. In
comparison to the untreated control cells, there is a noticeable
concentration-dependent rise in fluorescence intensity. The
level of ROS (36.4%) at the concentration of 2 × IC50 was on
par with the positive control treated with ROSup, indicating
elevated ROS levels, was observed in A549 cells treated with
complex Ir1, suggesting that these complexes may disrupt the
intracellular redox through the generation of ROS. However,
the fluorescence intensity in A549 cells, indicative of ROS
levels, was lower for Ir2 compared to Ir1 at the same

concentrations, and no obvious concentration-dependent
increase was observed. Furthermore, only minimal changes in
ROS levels were detected in BEAS-2B cells despite increasing
concentrations of Ir1. These results are consistent with the
demonstrated cytotoxicity and anticancer selectivity of the
complexes in this system. Notably, several previously reported
half-sandwich complexes have been shown to generate ROS
through catalytic hydride transfer from NADH to O2.

61,76

Given that we have observed the catalytic transfer of NADH to
NAD+ with these complexes in this system, it is plausible that
the induction of ROS could also be related to the oxidation of
NADH to NAD+. However, since targeting mitochondria and
disrupting mitochondrial membrane potential (MMP) also

Figure 9. (a) Apoptosis analysis for A549 cells after treatment with complex Ir1 at the concentrations of 0.25 × IC50, 0.5 × IC50, and 1 × IC50 for
48 h. (b) Apoptosis analysis for BEAS-2B cells after treatment with complex Ir1 at the concentrations of 0.25 × IC50, 0.5 × IC50, and 1 × IC50 for
48 h. (c) Histograms of apoptosis analysis for A549 and BEAS-2B cells after treatment with complex Ir1 at the concentrations of 0.25 × IC50, 0.5 ×
IC50, and 1 × IC50 for 48 h. Positive control was treated with cisplatin (Figures S52 and S53). Data are quoted as the mean ± standard deviation
(SD) of three replicates. p-Values were calculated after a test against the untreated control data, *p < 0.05, **p < 0.01.

Figure 10. Flow cytometry data for cell cycle distribution of A549 cancer cells exposed to Ir1 (a), Rh1 (b), Ru1 (c), and cisplatin (d) for 24 h.
Concentrations used were 0.25 × IC50 and 0.5 × IC50. Cell staining for flow cytometry was carried out using PI/RNase. Data are quoted as mean ±
standard deviation (SD) of three replicates. p-Values were calculated after a test against the untreated control data, *p < 0.05, **p < 0.01.
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impairs the effective regulation of ROS production, mitochon-
dria-mediated ROS overproduction cannot be excluded.
Regardless, the elevated levels of ROS can be considered one
of MoAs for these complexes.

2.10. Apoptosis. Previous reports indicate that anticancer
complexes generating high ROS levels can disrupt cellular
redox balance, thereby inducing apoptosis and cellular
damage.93,94 The apoptosis-inducing mechanism of cell death
was investigated by using the annexin V/PI assay. A549 cells
were treated with Ir1, Rh1, Ru1, and cisplatin as a positive
control at concentrations of 0.25, 0.5, and 1 × IC50 for 48 h,
and analyzed via flow cytometry (Figure 9). A concentration-
dependent rise in early apoptotic cell populations was observed
for these complexes (Figures 9a,b, S50−S53). To validate the
assay’s reliability, cisplatin was used as a comparison, as it is
known to induce apoptosis in cancer cells. For example, when
A549 cells were treated with Ir1, Rh1, Ru1, and cisplatin at a
concentration of 1 × IC50, the percentages of cells undergoing
early apoptosis were 57.4%, 96.1%, 51.7%, and 16.1%,
respectively. Notably, cisplatin induces both early and late
apoptosis in A549 and BEAS-2B cells (Figures S52 and S53),
reflecting its dual-phase apoptotic effect. In contrast, the
complexes in this system primarily trigger early apoptosis,
suggesting a mechanistic difference. However, the results for
cisplatin confirmed the effectiveness of the experimental setup,
thereby strengthening the reliability of the observed apoptotic
effects induced by Ir1, Rh1, and Ru1. In contrast, when BEAS-
2B normal cells were treated with Ir1 under the same

conditions, only a marginal increase in early apoptotic cells was
observed, ranging from 3.9% to 5.4% (Figure 9b,c).
Specifically, at a 1 × IC50 concentration of Ir1, early apoptosis
occurred in just 5.4% of BEAS-2B cells, a minimal change from
that in the untreated group. This selective induction of
apoptosis aligns with the observed low cytotoxicity of Ir1
toward BEAS-2B normal cells, suggesting that these complexes
preferentially target cancer cells while sparing normal cells.
Active caspase-3 is a key effector in multiple apoptotic

pathways, making it an effective marker for detecting apoptotic
cells via flow cytometry.95 After treatment with Ir1 at 0.5×
IC50 and 1× IC50 concentrations for 24 h, 19.5% and 30.9% of
active caspase 3-positive A549 cells were determined,
respectively. These percentages were significantly higher than
the 9.77% observed in untreated cells (Figure S54), further
indicating that these complexes induce cell death primarily
through the apoptotic pathway.

2.11. Cell-Cycle Arrest. Cell cycle arrest, often triggered
by apoptotic signals, is closely linked to the acceleration of
apoptosis. Many anticancer complexes induce apoptosis by
impeding the cell cycle.96 The impact of Ir1, Rh1, and Ru1 on
cell cycle arrest in A549 cancer cells was investigated by using
flow cytometry. Treatment with these complexes at concen-
trations of 0.25 × IC50 and 0.5 × IC50 for 24 h resulted in a
concentration-dependent rise in the cell population at the G2/
M phase, along with a decrease in the S and G0/G1 phases
(Figures 10a−c and S55−S57). Specifically, at a concentration
of 0.5 × IC50, the proportion of A549 cells in the G2/M phase

Figure 11. (a) Wound-healing assay for A549 cells treated with Ir1 for 24 h. (b) Histograms analysis for A549 cells treated with Ir1 for 24 h;
typical images were taken at 0 and 24 h. (c) Wound-healing assay for A549 cells treated with cisplatin for 24 h. (d) Histograms analysis for A549
cells treated with cisplatin for 24 h; typical images were taken at 0 and 24 h. The widths of the wounds are indicated with lines (μm). Scale bar: 500
μm. Wound Closure Rate: (R0 − R1)/R0 × 100%. Data are quoted as mean ± standard deviation (SD) of three replicates. p-Values were calculated
after a test against the untreated control data, *p < 0.05, **p < 0.01.
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increased by 32.26%, 5.55%, and 2.39% for Ir1, Rh1, and Ru1,
respectively, compared to the untreated group. Cisplatin was
used as a comparison for cell cycle analysis, primarily causing
cell cycle arrest in the G0/G1 and S phases (Figures 10d and
S58). This arrest pattern differs from that induced by the
complexes in this system, indicating distinct mechanisms of
biological action between these two metal-based compounds.
Consequently, Ir1, Rh1, and Ru1 were able to induce cell cycle
perturbations, leading to arrest in the G2/M phase. Notably,
despite differences in the metal centers (iridiumIII, rhodiumIII,
and rutheniumII), all complexes consistently induced early
apoptosis, indicating that early apoptosis induction was not
influenced by the type of metal center.

2.12. Inhibition of Cell Migration. Tumor metastasis
represents a grave aspect of malignancy, and repeated cell
migration can lead to dire outcomes, often underlying the
intractability of tumors.97 Understanding how antitumor drugs
block metastasis is essential for developing new treatments that
enhance the body’s antimetastatic capabilities. Ir1 was selected
for further metastasis studies due to its high cytotoxicity and
superior selectivity. A wound-healing assay was conducted to
investigate the effects of Ir1 on inhibiting the migration of
A549 cancer cells (Figure 11a,b). The results showed a
significant reduction in the wound closure rate (WCR) for cells
treated with complex Ir1 at 0.5 × IC50, decreasing from
45.98% in the untreated control to 15.24%. For comparison,
the WCR of cells treated with cisplatin, used as a positive
control at 0.5 × IC50, decreased from 34.36% in the control
group to 18.53% (Figures 11c,d). Additionally, Ir1 demon-
strated a dose-dependent decrease in the WCR of A549 cancer
cells, indicating that complex Ir1 was effective at curtailing the
in vitro migration of A549 cancer cells.

3. CONCLUSIONS
In summary, this study successfully synthesized and charac-
terized novel triphenylphosphine-modified half-sandwich
iridiumIII, rhodiumIII, and rutheniumII complexes. These
complexes exhibit potent cytotoxicity against A549 and HeLa
cancer cell lines, notably surpassing that of comparative
complexes lacking a triphenylphosphine moiety. Most
importantly, they also demonstrate improved selectivity toward
cancer cells over normal BEAS-2B cells with high selectivity
index. The enhanced anticancer efficacy of these complexes is
attributed primarily to their ability to target mitochondria and
disrupt mitochondrial function, as confirmed through confocal
microscopy and flow cytometry. These complexes effectively
depolarize mitochondrial membrane potential, increase ROS
production, and trigger intrinsic apoptosis pathways. Addi-
tionally, they induce cell cycle arrest at the G2/M phase and
present significant potential to prevent metastasis. Overall, the
use of triphenylphosphine-modified complexes to target
mitochondria presents a potential approach for developing
anticancer agents with enhanced efficacy and reduced side
effects.

4. EXPERIMENTAL SECTION
L2 was synthesized following methods from the literature.98 D1−D3
were obtained using previously reported procedures51,53 General
considerations and detailed experimental procedures for biological
assays are provided in the Supporting Information.

4.1. Synthesis of Ligands. L1: (4-(4-formylphenyl)butyl)
triphenylphosphine bromide were synthesized by reference method.
A mixture of 1,10-phenanthroline-5,6-dione (0.210 g, 1.0 mmol), (4-

(4-formylphenyl)butyl) triphenylphosphine bromide (0.518 g, 1.0
mmol), ammonium acetate (1.734 g, 22.5 mmol), and ethanol (30
mL) was refluxed at 85 °C for 24 h. After reaction solution was
cooled, added KPF6 saturation solution to give a brown precipitate.
Filter, wash with water, and dry to obtain a brown powder. Yield,
0.318 g (45%). This compound is previously known. 1H NMR
(DMSO-d6, 500 MHz) δ 13.66 (s, 1H), 9.03 (d, J = 3.9 Hz, 2H), 8.96
(d, 1H), 8.91 (d, 1H), 8.24 (d, 2H), 7.92 (t, 3H), 7.87 (m, 14H), 7.13
(d, 2H), 4.16 (t, 2H, OCH2), 3.78 (m, 2H, CH2CH2), 2.03 (m, 2H,
CH2CH2), 1.82 (m, 2H, PCH2). 13C NMR (DMSO-d6, 126 MHz): δ
160.15 (C-O), 151.25 (C�N), 148.03, 135.43, 134.03, 130.77,
130.27, 128.28 (C-N), 123.86 (C-NH), 123.07, 119.30, 119.06,
118.62, 118.38), 115.42, 66.65 (OCH2), 29.58 (OCH2CH2), 20.03
(PCH2), 18.97 (PCH2CH2). 31P NMR (202 MHz, DMSO-d6): δ
24.08, −137.16, −140.67, −144.18, −147.70, −151.21.

4.2. Synthesis of Complexes. 4.2.1. General Procedures.
Synthesis of iridiumIII, rhodiumIII, and ruthenium II complexes: A
mixture of bimetallic precursors (D1−D3) (1 equiv), ligands (L1−
L2) (2 equiv), and NH4PF6 (2 equiv) in CH2Cl2/CH3OH (v/v,
approximately 1:1) was stirred at ambient temperature for 24 h.
Afterward, the solvents were evaporated by using a rotary evaporator.
The resulting solid was dissolved in CH2Cl2 and filtered. The filtrate
was subsequently concentrated, and the residue was recrystallized
from CH2Cl2 and hexane to yield a pale yellow powder.

Ir1: (69 mg, Yield 54%). 1H NMR (DMSO-d6, 500 MHz) δ 14.24
(s,1H, NH), 9.32 (s, 2H), 9.24 (d, 2H), 8.27 (d, 4H), 7.92 (t, 3H),
7.88 (m, 13H), 7.18 (d, 2H), 4.18 (t, 2H, OCH2), 3.70 (m, 2H
CH2CH2), 1.99 (m, 2H, CH2CH2), 1.78 (d, 2H, PCH2), 1.73 (s, 15H,
Cp*-CH3). 13C NMR (DMSO-d6, 126 MHz) δ 160.75 (C-O),
153.47, 150.36 (C�N), 144.32, 135.43 (P-Ph3), 134.07 (P-Ph3),
133.22, 130.77 (P-Ph3), 128.77 (C-N), 127.83 (C-NH), 122.34,
119.30, 118.62, 115.62, 89.62, 66.87 (OCH2), 29.58 (OCH2CH2),
20.11 (p-CH2), 18.95 (p-CH2CH2), 8.68 (Cp*-CH3). ESI-MS (m/z):
calcd for C51H48ClIrN4OP 991.2884, found 991.2811 [M−H−
2PF6]+. 31P NMR (202 MHz, DMSO-d6): δ 24.07, −133.65,
−137.17, −140.68, −144.19, −147.71, −151.22, −154.73. Elemental
analysis: calcd for C51H49ClIrN4OP3F12: C, 47.76; H, 3.85; N, 4.37,
found: C, 48.01; H, 3.67; N, 4.21.

Ir2: (65 mg, Yield 70%). 1H NMR (DMSO-d6, 500 MHz) δ 14.23
(s, 1H, NH), 9.32 (s, 2H), 9.25 (s, 2H), 8.35 (m, 4H), 7.23 (d, 2H),
4.12 (t, 2H, OCH2), 1.78 (d, 2H, CH2CH2), 1.78 (m, 15H, Cp*−
CH3), 1.49 (m, 2H, CH2CH2), 0.98 (t, 3H, CH2CH3). 13C NMR
(DMSO-d6, 126 MHz) δ 161.10 (C-O), 153.67, 150.63 (C�N),
150.39, 145.45, 144.29, 133.78, 133.24, 128.83 (C-N), 127.80 (C-
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NH), 115.60, 89.60, 68.02 (OCH2), 31.16 (OCH2CH2), 19.20
(CH2CH3), 14.21 (CH2CH3), 8.70 (Cp*-CH3), 8.18 (Cp*-CH3).
ESI-MS (m/z): calcd for C33H35ClIrN4O 731.2129, found 731.2124
[M−PF6]+. Elemental analysis: calcd for:C33H35ClIrN4OPF6: C,
45.23; H, 4.03; N, 6.39, found: C, 45.52; H, 3.86; N, 6.12.

Rh1: (68 mg Yield 58%). 1H NMR (DMSO-d6, 500 MHz) δ 9.33
(m, 2H), 9.24 (d, 2H), 8.24 (m, 3H), 7.92 (m, 3H), 7.86 (m, 13H),
7.18 (d, 2H), 4.18 (t, 2H, OCH2), 3.71 (m, 2H, CH2CH2), 1.99 (m,
2H, CH2CH2), 1.83 (m, 2H, PCH2), 1.76 (d, 15H, Cp*-CH3). 13C
NMR (DMSO-d6, 126 MHz) δ 160.76 (C-O), 153.19 (C�N),
150.66, 143.12, 135.42, 134.07, 133.01, 130.75, 128.69, 127.43,
122.25, 119.30, 118.62, 115.64, 99.29, 97.44, 66.84 (OCH2), 29.73
(OCH2CH2), 20.53 (p-CH2CH2), 20.13 (P-CH2CH2), 8.99 (Cp*-
CH3). 31P NMR (202 MHz, DMSO-d6): δ 24.07, −137.17, −140.68,
−144.19, −147.71, −151.22. ESI-MS (m/z): calcd for
C51H48ClRhN4OP 901.2309, found 901.2297, [M−H−2PF6]+.
Elemental analysis: calcd for C51H49ClRhN4OP3F12: C, 51.34; H,
4.14; N, 4.70, found:C, 51.59; H, 3.92; N, 4.46

Rh2: (60 mg Yield 71%). 1H NMR (DMSO-d6, 500 MHz) δ 9.30
(d, 2H), 9.26 (d, 2H), 8.32 (m, 4H), 7.20 (d, 2H), 4.10 (t, 2H,
OCH2), 1.82 (m, 2H, CH2CH2), 1.77 (s, 15H, Cp*-CH3), 1.49 (m,
2H, CH2CH2), 0.98 (t, 3H, CH2CH3). 13C NMR (DMSO-d6, 126
MHz) δ 160.85 (C-O), 154.53, 148.28 (C�N), 129.22, 126.29 (C-
NH), 121.99, 114.86, 96.82, 67.85 (OCH2), 31.23 (CH2CH2CH2),
19.22 (CH2CH3), 13.85 (CH2CH3), 9.10 (Cp*-CH3). ESI-MS (m/z):
calcd for C33H35ClIrN4O 641.1788, found 605.1780 [M−PF6]+.
Elemental analysis: calcd for C33H35ClIrN4OPF6: C, 50.36; H, 4.48;
N, 7.12. found: C, 50.52; H, 4.26; N, 6.96.

Ru1: (56 mg Yield 48%). 1H NMR (DMSO-d6, 500 MHz) δ 14.16
(s, 1H, NH), 9.86 (d, 2H), 9.20 (d, 2H), 8.24 (d, 3H), 8.19 (s, 1H),
7.92 (t, 3H), 7.87 (m, 13H), 7.17 (d, 2H), 6.34 (d, 2H), 6.11 (d, 2H),
4.17 (t, 2H), 3.74 (m, 2H), 2.65 (m, 1H, CH(CH3)2), 2.21 (s, 3H,
CCH3), 2.02 (m, 2H), 1.77 (m, 2H), 0.90 (d, 6H, CH(CH3)2). 13C
NMR (DMSO-d6, 126 MHz) δ 160.74 (C-O), 154.16, 153.35 (C�
N), 143.46, 135.44 (P-Ph3), 134.03, 132.67, 130.78 (P-Ph3), 128.66,
126.68, 122.31 (C-NH), 119.31 (C-N), 118.62, 115.62, 104.44,
103.47, 86.76, 85.98, 84.46, 66.80 (OCH2), 30.89 (CH(CH3)2), 22.09
(CH(CH3)2), 20.51 (OCH2CH2), 20.10 (arene-CH3), 18.96 (p-
CH2CH2), 18.73 (P-CH2CH2). 31P NMR (202 MHz, DMSO-d6): δ
24.08, −133.65, −137.16, −140.68, −144.19, −147.70, −151.22. ESI-
MS(m/z):calcd for C51H48ClRuN4OP2F6 1045.1940, found
1045 .1916 , [M-PF6]+ . E lementa l ana lys i s : ca l cd for
C51H48ClRuN4OP3F12: C, 51.46; H, 4.06; N, 4.71, found: C, 51.59;
H, 3.91; N, 4.44.

Ru2: (57 mg Yield 68%). 1H NMR (DMSO-d6, 500 MHz) δ 14.25
(s, 1H, NH), 9.86 (d, 2H), 9.24 (d, 2H), 8.26 (d, 2H), 8.25 (d, 2H),
7.21 (d, 2H), 6.34 (d, 2H), 6.12 (d, 2H), 4.11 (t, 2H), 2.62 (m, 1H,
CH(CH3)2), 2.21 (s, 3H, CCH3), 1.76 (m, 2H), 1.49 (m, 2H), 0.98
(t, 3H, CH2CH3), 0.91 (d, 6H, CH(CH3)2). 13C NMR (DMSO-d6,
126 MHz) δ 160.99 (C-O), 154.04, 153.42 (C�N), 143.43, 132.68,
128.65, 126.64 (C-N), 122.09 (C-NH), 115.55, 104.42, 103.4, 86.83,
86.66, 85.97, 84.45, 67.97 (OCH2), 31.18 (CH(CH3)2), 30.89 (CH2),
22.31 (CH(CH3)2), 19.20 (arene-CH3), 18.72 (CH2CH3), 14.17
(CH2CH3).ESI-MS (m/z): calcd for C33H34ClRuN4O 639.1465,
found 639.1464, [M−PF6]+. Elemental analysis: calcd for
C33H34ClRuN4OPF6: C, 50.55; H, 4.37; N, 7.51. found: C, 50.76;
H, 4.21; N, 7.34.
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