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ABSTRACT: The rational design by the introduction of fluorine into a
compound has achieved success in the development of organic anticancer
drugs. However, the fluorine effect in metal-based anticancer complexes
has rarely been reported. In this contribution, we report the synthesis,
characterization, chemical reactivity, and biological activity of a series of
half-sandwich zwitterionic iridium(III) complexes containing different
substituents in the η5-CpR ring. The molecular structures for complexes
Ir1−Ir4 and Ir7 were determined by single-crystal X-ray crystallography
techniques. Notably, the asymmetrically substituted fluoro complexes Ir4
and Ir6 in solution show two conformational isomers. These complexes
have sufficient stability, exhibit fluorescence emission, and show potent
catalytic activity in converting NADH to NAD+. The effect of the
substituents in the η5-CpR ring for these zwitterionic complexes on their
anticancer activity was systematically investigated. Surprisingly, the
presence of fluorinated substituents gives rise to a significant increase in the anticancer activity. The lipophilicity and cellular
uptake levels of these complexes appeared to be the primary factors for their cytotoxicity in this system. A microscopic
mechanism study showed that the typical complex Ir4 entered A549 cancer cells through an energy-dependent pathway and was
mainly located in lysosomes. Furthermore, an increase in ROS level, apoptosis induction, and cell-cycle perturbation together
contribute to the anticancer potency of these zwitterionic complexes.

■ INTRODUCTION

The clinical success of cisplatin and its derivatives1,2 has
stimulated the exploration for other alternative metal-based
anticancer drugs.3−5 These novel metal-based anticancer drugs
could address the limitations of platinum-based drugs such as
toxic side effects and the progressive acquisition of drug
resistance. Very recently, half-sandwich ruthenium(II) and
iridium(III) anticancer complexes of the type (η6-arene)Ru-
(XY)Cl and [(η5-C5Me5)Ir(XY)Cl]

0/+, respectively, where XY
is a bidentate chelating ligand, have attracted much attention
due to their different mechanisms of action (MoAs) in
comparison to clinical platinum-based anticancer agents.6−9

Most of these studies have focused on the synthesis and
application of cationic and neutral complexes, in which a great
number of bidentate XY ligands have been explored.10−20 The
Sadler group showed that the replacement of a neutral
bipyridine ligand by the negatively charged anionic 2-
phenylpyridine ligand in iridium(III) complexes can switch
on biological activity (Scheme 1, I and II).21−23 In addition,
our group has also found the effect of the counteranion on the
biological activity for cationic half-sandwich iridium(III)
complexes containing a bipyridine ligand (Scheme 1, III).24

These studies suggest that the charge of the metal center, the

bidentate ligands, and the nature of the counteranions have an
important effect on their cytotoxicity. As a result, we
subsequently reported a series of half-sandwich zwitterionic
iridium(III) and ruthenium(II) complexes and compared their
biological activity with the corresponding cationic complexes
in an earlier communication (Scheme 1, IV and V).25 The
cationic complexes displayed promising activity toward cancer
cells, while the zwitterionic complexes were inactive. This
different biological behavior may be primarily due to the
different hydrophobicities between zwitterionic and cationic
complexes. Thus, this prompted us to increase the anticancer
activity of these zwitterionic complexes by further structural
modification.
Fluorine has been studied extensively in the rational design

of organic anticancer drugs.26−28 The introduction of fluorine
into a molecule can increase potency and affect target
selectivity by modulating the conformation and affecting the
pKa, lipophilicity, and hydrophobic interactions.29 However, to
the best of our knowledge, the strategic incorporation of
fluorine into transition-metal-based complexes to improve
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their potency has been rarely reported so far. A limited
example has demonstrated that trifluoromethylation is a useful
approach for influencing the pharmacological behavior of
ruthenium(II) anticancer complexes.30 Thus, we became
interested in improving the anticancer activity of the
aforementioned zwitterionic complexes through the strategy
of fluorine substitution. On the basis of these considerations,
we herein report the synthesis and characterization of a series
of zwitterionic η5-C5Me4R (CpR)-type iridium(III) complexes
and explore the ligand substituent (especially fluorine
substitution) effect on the anticancer activity of these
complexes. Further, the chemical properties of these
complexes, mechanisms of action, and molecular imaging in
live cells have been systematically investigated. This work
appears to be the first example of the fluorine effect in
iridium-based anticancer complexes.

■ RESULTS AND DISCUSSION

Synthesis, Characterization, and Spectroscopic Prop-
erties. A sulfonated iminopyridine ligand was prepared using
the literature procedure.25 As shown in Scheme 2, the
modified cyclopentadienyl-type ligands HCpR (CpR =
C5Me4R; R = Cy, 2-methylbenzene, 2-methoxybenzene, 2-
fluorobenzene, 4-fluorobenzene, 2,4-difluorobenzene, 3,5-bis-
(trifluoromethyl)benzene) were synthesized via the reaction of
RLi (formed in situ by the reaction of n-BuLi with the

respective bromides) or Grignard reagents and 2,3,4,5-
tetramethyl-2-cyclopentenone in anhydrous THF, followed
by elimination of water under acidic conditions. The chloro-
bridged iridium dimer complexes [(η5-CpR)IrCl2]2 were then
obtained by the microwave-assisted reaction of HCpR with
IrCl3(H2O)n. Subsequently, treatment of [(η5-CpR)IrCl2]2
(D1−D7) with a sulfonated iminopyridine ligand in methanol
at room temperature gave access to complexes Ir1−Ir7 in
moderate isolated yields (53.9−77.5%). These complexes
were fully characterized by NMR spectroscopy (Figures S1−
S18), elemental analysis, mass spectrometry (Figures S19−
S29), and X-ray crystallography.
Single-crystals of Ir1−Ir4 and Ir7 suitable for X-ray

diffraction analysis were obtained by slow diffusion of Et2O
into the iridium(III) complex solution in methanol or slow
evaporation of the methanol and CH2Cl2 solution mixture at
room temperature (Tables S1 and S2). The molecular
structures of Ir1−Ir4 and Ir7 are shown in Figure 1. These
complexes exhibit the expected “three-legged piano-stool”
pseudo-octahedral half-sandwich structure. The cationic
iridium center is connected covalently through the iminopyr-
idine ligand to a terminal negative sulfonate group. In
addition, intermolecular π−π stacking in the unit cell was
not observed in these crystal structures. In the solid state, Ir2
adopts a conformation with the methyl group (C30) above
the tetramethylcyclopentadienyl ring (far from the iridium

Scheme 1. Reported Half-Sandwich Iridium(III) Complexes and Our Current Work

Scheme 2. Synthesis of Complexes Ir1−Ir7
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center) while Ir3 and Ir4 adopt a conformation with the
methoxyl and fluorine groups below the tetramethylcyclopen-
tadienyl ring (close to the iridium center), respectively.
Interestingly, 19F NMR analysis clearly showed that the one
fluorine group of Ir4 and the two fluorine groups of Ir6 give
rise to two and four singlets (Figure 2), respectively,
indicating that the asymmetrically substituted fluoro com-
plexes Ir4 and Ir6 in the CD3OD solution exist as two

conformational isomers arising from C(cyclopentadienyl)−
C(aryl) rotation. It may be difficult for the small fluorine
groups to completely prohibit this rotation, allowing the
isomerization to occur on the NMR time scale. This
identification was further supported by the 19F NMR spectrum
of symmetrically substituted fluoro complexes Ir5 and Ir7,
where only one singlet was observed (Figure 2).
UV/vis absorption spectra of Ir1−Ir7 were obtained in

CH2Cl2 solution (final DMSO concentration, 1% v/v) (Figure
3a). Complexes Ir1−Ir7 exhibited one sharp band maximum
at ca. 285 nm (ε at the order of 103 M−1 cm−1) and two broad
and weak band maxima at ca. 380 and 480 nm, respectively.
The substitution pattern of the cyclopentadienyl ring seems to
have no notable effect on the absorption properties. Emission
wavelengths of Ir1−Ir7 were also determined at 25 °C in
CH2Cl2 solutions (Figure 3b). Upon excitation at 315 nm,
Ir1−Ir7 showed emission bands with emission maxima
between 406 and 425 nm. It seems that the ligand structure
has little influence on the emission wavelength of these
iridium(III) complexes. Notably, many advantages of the
fluorescent complexes are expected: information on the
accumulation, uptake, and distribution of the anticancer
agents in living cells could be more easily obtained using
fluorescence or confocal microscopy instrumentation.31,32

Thus, the fluorescent property of half-sandwich zwitterionic
iridium(III) complexes in this system represents a big
advantage and is capable of providing a tool to get further
insight into MoAs of these anticancer complexes.

Stability in Solution. The stability of the complexes
under aqueous and physiological conditions plays a key role in
the development of drugs. The stability of the complexes Ir4−
Ir7 in 80% DMSO-d6/20% phosphate-buffered saline (PBS)
(pH ∼7.2, PBS is prepared from D2O) was monitored by 1H
NMR at 37 °C. The presence of DMSO can enhance the

Figure 1. X-ray crystal structures with atom-numbering schemes for (a) complex Ir1, (b) complex Ir2, (c) complex Ir3, (d) complex Ir4, and (e)
complex Ir7 with thermal ellipsoids drawn at the 50% probability level. The hydrogen atoms have been omitted for clarity.

Figure 2. 19F NMR spectrum of the fluoro complexes Ir4−Ir7.
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solubility of these complexes. The 1H NMR spectra of Ir4−
Ir7 showed no change over a period of 24 h, and the
assignment of the peaks was fully consistent with their
structures (Figures S30−S33), indicating that Ir4−Ir7 did not
suffer from decomposition or ligand dissociation under these
conditions. Previous studies showed that some cationic and
neutral iridium(III) or ruthenium(II) complexes may be
unstable in solutions with a higher relative content of
water.20,33,34 Thus, complexes Ir1-Ir7 were also evaluated
over 8 h by UV−visible spectroscopy in a 10% DMSO/90%
PBS (v/v) buffer mixture to further investigate the stability of
these complexes in dilute solutions (Figure S34). The spectra
of Ir1−Ir7 exhibited only little or no change with time,
thereby indicating their sufficient stability when a high content
of water was employed. Overall, these results clearly indicated
that the zwitterionic complexes in this system are stable for
further investigation of chemical reactivity and biological
activity.
In Vitro Cytotoxicity. The ability of all complexes Ir1−

Ir7 and the control compound cisplatin to inhibit cell growth
was evaluated against three cancer cell lines, namely A549,
HeLa, and hepatoma cell lines, which are representatives of
the most common cancers. The cytotoxicity was determined
by an MTT assay after 48 h of exposure to the complexes.
The IC50 values (concentration at which 50% of the cell
growth is inhibited) are summarized in Table 1. Complexes
Ir1−Ir3 were inactive (IC50 > 100 μM) against all cell lines,
which reinforces our observations in an earlier communica-

tion.25 The presence of aliphatic ring substituents and phenyl
rings on the cyclopentadienyl ring did not increase the
cytotoxicity. Very interestingly, complexes Ir4−Ir7 exhibited
cytotoxic behaviors toward A549, HeLa, and hepatoma cells

Figure 3. (a) UV/vis spectra of complexes Ir1−Ir7 (20 μM) in CH2Cl2 at 25 °C. (b) Normalized emission spectra of complexes Ir1−Ir7 (20
μM) in CH2Cl2 at 25 °C (λex = 315 nm). The inset represents the locally enlarged spectra for clarity.

Table 1. IC50 Values of Complexes Ir1−Ir7 Tested toward
Cancer and Normal Cell Lines and Comparison with
Cisplatin

IC50 (μM)

complex A549 HeLa HepG2 BEAS-2B

Ir1 167.0 ± 2.7 164.0 ± 3.0 183.2 ± 2.1
Ir2 182.5 ± 3.1 177.5 ± 3.5 175.0 ± 2.8
Ir3 193.4 ± 2.5 173.5 ± 2.7 179.3 ± 3.2
Ir4 38.6 ± 0.5 35.6 ± 1.8 34.6 ± 1.1 58.8 ± 1.7
Ir5 50.5 ± 0.7 32.6 ± 1.4 35.7 ± 0.9 82.1 ± 2.0
Ir6 50.3 ± 1.2 41.1 ± 1.7 46.9 ± 1.3 82.6 ± 1.5
Ir7 51.0 ± 0.8 33.1 ± 1.0 34.8 ± 0.9 57.8 ± 0.9
cisplatin 21.3 ± 1.7 7.5 ± 0.2 22.7 ± 1.1 42.0 ± 2.3

Figure 4. Cellular uptake mechanisms of complex Ir4. Confocal
images of A549 cells after incubation with complex Ir4 (2 μM) under
different conditions: (top) cells were incubated with complex Ir4 at
37 °C for 1 h (this served as a control); (second from top) cells were
incubated with complex Ir4 at 4 °C for 1 h; (third from top) cells
were preincubated with the metabolic inhibitor CCCP (50 μM) at
37 °C for 1 h and then incubated with complex Ir4 at 37 °C for 1 h;
(bottom) cells were preincubated with chloroquine (50 μM) for 1 h
at 37 °C and then incubated with complex Ir4 at 37 °C for 1 h. λex =
405 nm and λem = 430−490 nm. Scale bar: 20 μm.
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with IC50 values of 38.6−51.0, 32.6−41.1, and 34.6−46.9 μM,
respectively. A comparison of IC50 values of Ir1−Ir3 and of
Ir4−Ir7 reveals the tendency that the presence of fluorinated
substituents in the η5-CpR ring for these complexes gives rise
to a significant increase (ca. 4 times) in the anticancer activity.
Notably, the IC50 values of the complexes were not sensitive
to the type of fluorinated substituent (Ir4−Ir6 vs Ir7) as well
as its number (Ir4 and Ir5 vs Ir6) and position (Ir4 vs Ir5).
However, the complexes in this system showed slightly lower
activity than the clinical drug cisplatin against these three
cancer cell lines. The cytotoxic activities of Ir4−Ir7 against
the normal cell line BEAS-2B (human bronchial epithelial
cells) were also further determined (Table 1). Unfortunately,
weak selectivity was observed for cancer cells versus normal
cells with these complexes.
Lipophilicity and Cellular Uptake. The hydrophobicity

of complexes is considered to be a key factor related to
cellular uptake and their anticancer activity. Hence, the

octanol/water partition coefficients (log P) for these
complexes was determined by the shake-flask method (Figures
S35−S41). The log P value revealed the following trend in
lipophilicity: Ir7 (1.43) > Ir6 (0.77) > Ir4 (0.74) > Ir5 (0.61)
> Ir1 (0.42) > Ir3 (0.35) ≈ Ir2 (0.34). Clearly, the
introduction of fluorinated substituents enhanced the lip-
ophilicity of these zwitterionic complexes (Ir4−Ir7 vs Ir1−
Ir3). Because lipophilicity has often correlated with cell
uptake and anticancer activity, the total cellular accumulation
of these complexes was also investigated by ICP-MS after 48 h
of exposure to these zwitterionic complexes (5 μM) (Figure
S42). The intracellular iridium contents were in the following
order: Ir7 (0.573 ng/μg protein) > Ir6 (0.566 ng/μg protein)
> Ir4 (0.548 ng/μg protein) > Ir5 (0.531 ng/μg protein) >
Ir3 (0.272 ng/μg protein) > Ir1 (0.235 ng/μg protein) > Ir2
(0.220 ng/μg protein). Basically, the lipophilicity of these
complexes was correlated with their cellular uptake level.
However,the four fluoro complexes exhibited comparable
cellular uptake efficiencies (0.531−0.573 ng/μg protein),
which was consistent with their similar cytotoxicities (38.6−
51.0, 32.6−41.1, and 34.6−46.9 μM). In addition, complexes
Ir4−Ir7 showed a ca. 2.5-fold higher cellular iridium
accumulation in comparison to complexes Ir1−Ir3. Overall,
thefluoro complexes Ir4−Ir7 gave rise to an increased
hydrophobicity in comparison to Ir1−Ir3, leading to a
significantly increased cell uptake and anticancer activity. As
a result, the lipophilicity and cellular uptake levels of these
complexes appeared to be the primary factors for their
cytotoxicity in this system.
Due to the luminescent properties of these complexes, we

also investigated the cellular uptake mechanism of Ir4 by
confocal microscopy. Clear confocal microscopy images were
observed for Ir4 at λex = 405 nm at 37 °C (Figure 4). The
punctate green fluorescence in the cytoplasm suggested that
Ir4 can effectively penetrate into A549 cells after 1 h of
incubation. Generally, small molecules can enter cells through
energy-independent (passive diffusion and facilitated diffu-
sion) or energy-dependent (active transport and endocytosis)
transport pathways. Incubation of A549 cells with Ir4 at 4 °C
or in the presence of the metabolic inhibitor carbonyl cyanide
3-chlorophenylhydrazone (CCCP) led to a significant
decrease in intracellular luminescence in comparison to the
control cells incubated at 37 °C. However, no obvious change

Figure 5. Determination of intercellular localization of Ir4 by confocal microscopy. A549 cells were incubated with Ir4 (2 μM) for 1 h at 37 °C
and then coincubated with MTDR (500 nM) and LTDR (75 nM) for 1 h, respectively. Ir4 was excited at 405 nm, and the emission was collected
at 430−580 nm. MTDR was excited at 644 nm ,and the emission was collected at 660−720 nm. LTDR was excited at 594 nm, and the emission
was collected at 600−660 nm. Scale bar: 20 μm.

Figure 6. Observation of lysosomal disruption in A549 cells loaded
with Ir4 for 12 h at 37 °C and then stained with AO (5 μM) at 37
°C for 15 min. AO green fluorescence: λex = 488 nm and λem = 510
± 20 nm. AO red fluorescence: λex= 488 nm and λem = 625 ± 20 nm.
Scale bar: 20 μm. The cells were treated with (a) only acridine
orange (AO), (b) acridine orange (AO) and Ir4 (1.0 × IC50), and
(c) acridine orange (AO) and Ir4 (2.0 × IC50).
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in the luminescent intensity in the chloroquine (endocytosis
inhibitor) group was detected in comparison to the control
groups. Thus, these zwitterionic complexes were transported
into A549 cells mainly through a well-known energy-
dependent pathway, e.g. via active transport, and endocytosis
was not responsible for their uptake, which followed the
behavior of our previously reported cationic iridium(III) and
ruthenium(II) complexes containing the iminopyridyl li-
gands.35

Cellular Localization. To determine which organelles
would be targeted by these zwitterionic complexes, the A549
cells were dual-stained with Ir4 and the organelle-specific
probe LysoTracker Deep Red (LTDR) or MitoTracker Deep
Red (MTDR), respectively. Subsequently, colocalization
analysis was performed by confocal microscopy. As shown
in Figure 5, the organelle-specific stain for lysosome displayed
good concordance between overlay images of Ir4 and LTDR
in A549 cancer cells. A Pearson correlation coefficient (PCC)
of 0.77 (LTDR) in the merged image was observed for Ir4.
However, negligible colocalization (PCC = −0.13) was
observed for Ir4 with the MTDR. These results suggested

that Ir4 can selectively localize in the lysosome and the
cytotoxicity of these zwitterionic complexes may arise from
lysosome-mediated cell death.

Lysosomal Damage. To further investigate lysosome-
mediated cell death, the lysosomal integrity of A549 cells was
also determined by acridine orange (AO) staining using
confocal microscopy. AO is an effective probe that is widely
used to investigate the integrity of the acidic organelles, since
it emits red fluorescence in lysosomes and green fluorescence
in cytosol or nuclei.36−38 As expected, A549 cancer cells
treated with AO exhibited red fluorescence in lysosomes.
Notably, the red fluorescence of AO significantly decreased
with the increased concentration of Ir4 (Figure 6), thereby
suggesting that lysosomal integrity was jeopardized upon Ir4
treatment. This result is consistent with the aforementioned
selective accumulation of Ir4 in the lysosome. Therefore, the
fluoro zwitterionic complexes in this system may induce cell
death via the disruption of lysosomes.

Cell-Cycle and Apoptosis Studies. To further determine
the MoAs of these zwitterionic complexes, cell-cycle arrest
analysis for the typical Ir4 toward A549 cells was determined

Figure 7. Cell cycle analysis of A549 cells after 48 h of exposure to complexes Ir2 and Ir4 at 37 °C. The concentrations used were 0.25, 0.5, and
1 equipotent concentrations of IC50. Cell staining for flow cytometry was carried out using PI/RNase. (a) FL2 histogram for the negative control
(untreated cells), Ir2, and Ir4 with 0.25, 0.5, and 1 equipotent concentrations of IC50. (b) Cell populations in each cell-cycle phase for control,
Ir2, and Ir4. Data are quoted as mean ± SD of three replicates.
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by flow cytometry (Figure 7 and Tables S3 and S4).
Treatment of A549 cancer cells with Ir4 at 0.25, 0.5, and 1
equipotent concentrations of IC50 for 48 h led to G1 phase

arrest, where the percentages of cells increased by 25.8% at 1
× IC50 concentration in comparison to the untreated control
cells. These result suggested that complex Ir4 stopped the cell

Figure 8. (a) Apoptosis analysis of A549 cells after 48 h of exposure to complexes Ir2 and Ir4 at 37 °C determined by flow cytometry using
annexin V-FITC vs PI staining. (b) Histograms of apoptosis analysis for A549 cells after treatment with complexes Ir2 and Ir4. Data are quoted
as mean ± SD of three replicates.

Figure 9. (a) UV/vis spectra of the reaction of NADH (100 μM) with complex Ir4 (1 μM) in 20% DMSO/80% H2O (v/v) at 37 °C for 8 h. (b)
Turnover numbers (TONs) of complexes Ir1−Ir7. Data are quoted as mean ± SD of three replicates.
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cycle mainly at the G1 phase in a concentration-dependent
manner. In contrast, treatment of A549 cells with complex Ir2
at 0.25, 0.5, and 1 × IC50 concentration led to a negligible
change of the cell-cycle progression in comparison to
untreated cells.
To understand if the decrease in A549 cell viability in the

presence of the active complexes is due to the induction of
apoptosis, cells were exposed to Ir4 at concentrations of 1, 2,
and 3 equipotent concentrations of IC50 for 48 h and then
analyzed by flow cytometry (Figure 8 and Table S5). Clearly,
a concentration-dependent apoptosis population was observed
for Ir4 and most of the apoptotic cells were in the late
apoptosis stage. For example, at 3 × IC50 concentration, a
total of 66.9% of early apoptotic (3.3%) and late apoptotic
(63.6%) cells were undergoing increased apoptosis in
comparison to the untreated control (6.2%). On the other
hand, complex Ir2 without fluorine led to negligible changes
in the apoptosis against A549 cancer cells under the same test
conditions, which is in agreement with its relatively low
cytotoxicity (Table S6). Thus, these fluoro zwitterionic
complexes can induce cell death through the apoptotic
pathway.
Catalysis of NADH Oxidation. The coenzymes nicotina-

mide adenine dinucleotide (NADH) and NAD+ play an

important role in many biocatalyzed processes. Previous work
has shown that some neutral half-sandwich iridium(III)
anticancer complexes are capable of oxidizing NADH by
hydride transfer to the metal center and generate reactive
oxygen species (ROS) in the form of H2O2.

39,40 Thus, we also
investigated whether these zwitterionic complexes had the
same property. The transfer hydrogenation reactions between
NADH (100 μM) and Ir1−Ir7 (ca. 1 μM) in 20% DMSO/
80% H2O (v/v) were monitored by UV−vis spectroscopy
over a period of 8 h (Figure 9a and Figure S43). The
absorbance at 339 nm decreased while the absorbance at 260
nm increased. This is typical of the conversion of NADH to
NAD+. The turnover numbers (TONs) of Ir1 (10.9), Ir2
(4.3), Ir3 (6.2), Ir4 (10.8), Ir5 (12.5), Ir6 (12.2), and Ir7
(13.5) were calculated by measuring the absorption difference
at 339 nm (Figure 9b). The basic trend that the introduction
of the fluorinated substituents in the η5-CpR ring enhanced the
catalytic activity (Ir2 and Ir3 vs Ir4−Ir7) was observed.
However, the turnover numbers (TONs) are not fully
correlated with their cytotoxicity. It seemed that the catalytic
activity of NADH oxidation is due not only to electronic
effects of the substituents on the aryl ring (Ir2−Ir7), but also
conjugation effect (Ir1 vs Ir2−Ir7) in the molecular
structures. The catalytic transfer hydrogenation may provide

Figure 10. Analysis of ROS level by flow cytometry after A549 cells were treated with es Ir2 and Ir4 at the 0.25 and 0.5 equipotent
concentrations of IC50 for 48 h and stained with H2DCFDA. Data are quoted as mean ± SD of three replicates.
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a potential pathway to induce reactive oxygen species (ROS)
and enhance the killing of cancer cells in an oxidant
mechanism of action.40 However, the TONs of these
complexes cannot fully explain the difference in IC50 values
among these complexes.
Intracellular ROS Level Determination. The generation

of ROS, which often leads to many related protein expressions
and induces apoptosis, is a well-known MoA of anticancer
complexes.41−46 High concentrations of ROS often lead to
oxidative stress and damage to cancer cells.40,47 The oxidation
of NADH is one of the pathways to produce the ROS.40 Thus,
the effect of Ir2 and Ir4 on intracellular ROS levels in A549
cancer cells was determined by flow cytometry analysis.
Generally, a higher level of iridium accumulation would
enhance the catalysis of NADH oxidation in cancer cells and
could be the main factor to influence the ROS levels in cancer
cells. As expected, fluoro complex Ir4 with the higher iridium
accumulation showed higher ROS total levels in comparison
to Ir2 under the same test conditions (Figure 10). In addition,
Ir4 can induce ROS overproduction in a dose-dependent
manner. These results indicated that elevated levels of ROS
may be responsible for the cytotoxicity of these fluoro
zwitterionic iridium(III) complexes. It should be noted that
some neutral half-sandwich iridium(III) complexes bearing
C,N-chelated ligands could generate ROS by catalytic hydride
transfer from the coenzyme NADH to oxygen.40 Similarly, the
generation of ROS for these complexes may arise from the
catalytic conversion of NADH to NAD+, which was also
observed in this system. As a result, the increased ROS level
was also deemed as one of the MoAs for Ir4. It has been
shown that excessive ROS can activate the NF-κB channel.45

Thus, the NF-κBp65 protein count in the cells exposed to the
complex was determined by flow cytometry (Figure S44). In
comparison with the control group, the content of NF-κBp65
protein in the cells with Ir4 at 1 × IC50 concentration
increased significantly. Furthermore, the NF-κB activation
induced by Ir4 was repressed by the treatment of NAC (N-
acetylcysteine, a known antioxidant). These results suggested
that NF-κB activity was increased by ROS regulation, and
apoptosis through a ROS-NF-κB signaling pathway.

■ CONCLUSIONS
In conclusion, seven zwitterionic half-sandwich iridium(III)
complexes containing different substituents in the η5-CpR ring
have been synthesized and fully characterized. Two conforma-
tional isomers arising from C(cyclopentadienyl)−C(aryl)
rotation were observed in CD3OD solution for the asym-
metrically substituted fluoro complexes Ir4 and Ir6. These
complexes are very stable in aqueous solution and have a
detectable fluorescence. In addition, they can catalyze
oxidation of NADH to NAD+. Most interestingly, the
structure−activity relationships in this system are very
significant. The presence of the fluorinated substituents
resulted in an increased hydrophobicity, thus leading to a
significantly increased cellular accumulation and enhanced
anticancer activity. Subsequently, the MoAs of the active
zwitterionic complexes in this system were determined by
confocal microscopy imaging and flow cytometry. The typical
fluoro complex Ir4 can be effectively and quickly taken into
A549 cells through an energy-dependent pathway and was
mainly located in lysosomes. Further, complex Ir4 may induce
apoptosis through lysosomal damage. On the other hand,
complex Ir4 arrested the cell cycle at thr G1 phase, induced

cell apoptosis (late apoptosis stage predominates), and
promoted an increase in ROS level, which may provide a
basis for killing cancer cells. This work demonstrates that the
rational chemical design arising from the strategic incorpo-
ration of fluorine in drug agents can also be applied to
transition-metal-based anticancer complexes. This may
provide an alternative strategy for further development of a
new class of anticancer complexes.
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