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1. Introduction

Mitochondria-targeted neutral and cationic iridium(in)
anticancer complexes chelating simple hybrid
sp?-N/sp>-N donor ligands+

Pengwei Li, Lihua Guo, &/ * Jiaxing Li, Zhihao Yang, Hanxiu Fu, Kangning Lai,
Hegian Dong, Chunyan Fan and Zhe Liu ‘= *

Most platinum group-based cyclometalated neutral and cationic anticancer complexes with the general
formula [(CAN),Ir(XY)]%’* (neutral complex: XY = bidentate anionic ligand; cationic complex: XY = biden-
tate neutral ligand) are notable owing to their intrinsic luminescence properties, good cell permeability,
interaction with some biomolecular targets and unique mechanisms of action (MoAs). We herein syn-
thesized a series of neutral and cationic amine—imine cyclometalated iridium(in) complexes using Schiff
base ligands with sp?-N/sp>-N NANH, chelating donors. The cyclometalated iridium(i) complexes were
identified by various techniques. They were stable in aqueous media, displayed moderate fluorescence
and exhibited affinity toward bovine serum albumin (BSA). The complexes demonstrated promising cyto-
toxicity against lung cancer A549 cells, cisplatin-resistant lung cancer A549/DDP cells, cervical carcinoma
Hela cells and human liver carcinoma HepG2 cells, with ICsq values ranging from 9.98 to 19.63 puM.
Unfortunately, these complexes had a low selectivity (selectivity index: 1.62-1.98) towards A549 cells and
BEAS-2B normal cells. The charge pattern of the metal center (neutral or cationic) and ligand substituents
showed little influence on the cytotoxicity and selectivity of these complexes. The study revealed that
these complexes could target mitochondria, cause depolarization of the mitochondrial membrane, and
trigger the production of intracellular ROS. Additionally, the complexes were observed to induce late
apoptosis and perturb the cell cycle in the G,/M or S phase in A549 cells. Based on these results, it
appears that the anticancer efficacy of these complexes was predominantly attributed to the redox
mechanism.

rhodium, ruthenium, osmium, etc. have been developed.z'5
Among these complexes, cyclometalated neutral and cationic

Cisplatin and its analogues such as carboplatin and oxaliplatin
are the most well-known anticancer drugs used for cancer
treatment.’ Nevertheless, the lack of selectivity, which leads to
many severe side effects, and drug resistance toward cancer
cells limit the use of these platinum-based anticancer drugs.
To overcome these drawbacks, many alternative non-platinum-
based organometallic anticancer complexes of iridium,
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iridium(m) complexes with the general formula [(C*N),Ir
(XY)]”" (neutral complex: XY = bidentate anionic ligand; cat-
ionic complex: XY = bidentate neutral ligand) were notable
owing to their intrinsic luminescence properties, good cell per-
meability, interaction with some biomolecular targets and
unique mechanisms of action (MoAs), which allowed for many
applications such as bio-probes, cellular imaging reagents and
highly active anticancer agents.*®*™> Most of these studies
have been focused on the synthesis and biological evaluation
of cyclometalated neutral and cationic complexes using
different bidentate XY ligands, which have mostly been chosen
as N~N donors (Scheme 1, I).

Mitochondria are essential organelles that are associated
with cellular energy production. They are also involved in
many other cellular activities such as the production of reactive
oxygen species (ROS), disruption of mitochondrial membrane
potential (MMP) and mitochondria-mediated apoptosis.’*™?
Mitochondria have been shown to be the main target for many
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Scheme 1 The reported organometallic N,N-chelating cyclometalated complexes and our current work.
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reported cyclometalated iridium(um) complexes.
example, coumarin-appended cyclometalated iridium(m) com-
plexes reported by the Mao group were able to target mito-
chondria specifically and exhibited anticancer activity by indu-
cing morphological changes in the organelle (Scheme 1, II).>
Cyclometalated iridium(m) complexes with a chloromethyl
group on the bipyridine (bpy) could also target mitochondria
via nucleophilic substitution with reactive thiols in mitochon-
drial proteins (Scheme 1, III).>> The co-localization experi-
ments using confocal microscopy showed that biimidazole-
based iridium(m) complexes are specifically localized in the
mitochondria of A549 cancer cells (Scheme 1, IV). The anti-
cancer efficacy of these complexes was associated with path-
ways involved in the depolarization of mitochondrial mem-
brane potential (MMP) and induction of oxidative stress.>* The
Chao group has reported several fluorinated N~N-chelating
iridium(m) complexes, which can penetrate cell membranes
rapidly, preferentially accumulating in mitochondria and indu-
cing cell apoptosis via the mitochondrial pathway (Scheme 1,
V).>* Basically, drugs that target the mitochondria possess two
primary features: high positive charge and strong lipophili-
city.”” Due to their higher mitochondrial membrane potential,
lipophilic cations tend to accumulate more in the mitochon-
dria of cancer cells compared to normal cells.*® Moreover, anti-
cancer complexes with strong lipophilic properties may
disrupt normal metabolic homeostasis and intracellular ROS
levels by increased binding to mitochondrial membranes.”*~>!
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Notably, the coordination mode of the above-mentioned
cyclometalated N,N-chelating iridium(m) complexes was sp>-N/
sp>-N imine-metal (C=N — metal, Scheme 1, II-V). In con-
trast, the reported cyclometalated diamine-based iridium(u)
complexes chelating sp*-N/sp>-N donor ligands (H,N — metal,
Scheme 1, VI) were found to be localized in the lysosomal com-
partments.®”> Thus, we became interested in investigating the
biological behavior of cyclometalated iridium(m) complexes
chelating the hybrid sp®>-N/sp>-N donor ligands. Herein, we
synthesized a series of neutral and cationic amine-imine cyclo-
metalated iridium(m) complexes using Schiff base ligands with
sp’>-N/sp*>-N N~NH, chelating donors (Scheme 2). It was sur-
prising that this simple Schiff base has not yet been utilized in
preparing cyclometalated platinum group-based complexes.
These novel neutral and cationic cyclometalated complexes
exhibited potent anticancer activity towards several cancer cell
lines and could overcome platinum resistance. In particular,
their possible MoAs such as mitochondria-targeting, ROS over-
production and cell apoptosis have also been studied.

2. Results and discussion
2.1. Synthesis and characterization

Ligands L1-L3 can be easily prepared from a single-step acid-
catalyzed reaction.**** This kind of simple ligand offers a ver-
satile and cost-effective platform for developing new cyclome-

This journal is © The Royal Society of Chemistry 2024
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L1: R, = t-Bu
L2: Ry = OMe
Ry R2 L3: Ry = Me

Neutral complex

[ B Rq=tBu, R, =H, Rz=H
Ir2: Ry=t-Bu, Ry= OMe, R3= H
Ir3: Ry=t-Bu, R,=Me, R3=H
Ir4: Ry1=tBu, Ry =F, R3=F

Ir5: Rq=t-Bu, Ry= CF3 Ry=H
Ir6: R1 Me, R2—H R3—

Scheme 2 Synthesis of cyclometalated iridium(in) complexes.

talated platinum group metal complexes chelating hybrid sp*-
N/sp>-N donors. The cyclometalated iridium(m) precursors D1~
D5 were prepared using the reported procedures.”® Treatment
of D1-D5 with sp®>-N/sp®-N ligands L1-L3 and a slight excess of
the deprotonating agent NaOAc in CH3;OH/CH,Cl, (v/v, ca.
1:1) at room temperature afforded neutral complexes Ir1-Ir6
in 52-57% isolated yields. Meanwhile, the cationic complexes
Ir7-Ir12 as the PF4s~ salts were successfully generated in
53-56% isolated yields by the reaction of D1 and D2 with
ligands L1-L3 and an excess of NH,PFg. All of these new com-
plexes were stable and highly soluble in common solvents like
DMSO, DCM and MeOH, but poorly soluble in aqueous solu-
tion. Therefore, nontoxic amounts of DMSO were used to
assist dissolution in subsequent biological experiments.
Spectroscopic analysis ("H, "*C{'"H} NMR, *'P{'"H} NMR and
mass spectrometry) (Fig. S1-S42+1) and CHN elemental analysis
were used to determine the purity of these complexes. The 'H
NMR spectra of cyclometalated complexes Ir1-Ir12 showed a
characteristic peak corresponding to the CH=N group (neutral
complexes Irl-Ir6, chemical shift: 8.00-8.06 ppm; cationic
complexes Ir7-Ir12, chemical shift: 8.15-8.32 ppm). In the *C
{"H} NMR spectra, the characteristic peak of Ir1-Ir12 was at
166.31-169.76 ppm, which was assigned to the imine carbon
of the CH=N group. The characteristic peaks of complexes
Ir7-Ir12 with the PFs~ counteranion were found in the *'P
NMR spectra (Fig. S15, S18, S21, S24, S27 and S30%),
suggesting the cationic structure of these complexes.
Unfortunately, multiple attempts to obtain single crystals of
these neutral and cationic complexes have failed.

2.2. Absorption and emission spectroscopy

The UV-vis absorption spectra of Ir1-Ir12 in MeOH solutions
at 37 °C are shown in Fig. 1a. All of these cyclometalated
iridium(m) complexes exhibit strong absorption bands at
<300 nm, which were associated with spin-allowed n-n* elec-
tronic ligand-centered (LC) transitions. The broad bands in
the range of 300-360 nm were attributed to amine-imine n-mn*
ligand-centered charge transfer (LCCT) and metal-to-ligand

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) The UV-visible absorbance spectra of Irl-Ir12 (20 pM) in
MeOH solutions at 37 °C. (b) Normalized emission spectra of Irl-1r12
(20 pM) in MeOH at 37 °C (Ir1-Ir12: 1o, = 388 nm).

charge transfer (MLCT) transitions. Furthermore, the broad
and less intense bands at >360 nm were attributed to singlet
and triplet MLCT transitions. The absorption behavior of
these complexes was similar to that of previously reported
cyclometalated iridium(ir) complexes.®>>>°

Upon excitation at Aex = 388 nm, Ir1-Ir12 exhibited emission
maxima (Aen) ranging from 450 to 485 nm in MeOH at 37 °C
(Ir1: 463 nm, Ir2: 485 nm, Ir3: 461 nm, Ir4: 456 nm, Ir5:
452 nm, Ir6: 473 nm, Ir7: 459 nm, Ir8: 463 nm, Ir9: 455 nm,
Ir10: 450 nm, Ir11l: 474 nm, Ir12: 475 nm). These emission
spectra showed strong similarity among the complexes, indi-
cating that the charge pattern of the metal center (neutral or
cationic) and ligand substitution had little effect. The relative
emission quantum yields (&) of these complexes in EtOH solu-
tions were measured using fluorescein as the standard (Ir1:
0.243, Ir2: 0.156, Ir3: 0.160, Ird: 0.156, Ir5: 0.214, Ir6: 0.167,
Ir7: 0.140, Ir8: 0.099, Ir9: 0.144, Ir10: 0.159, Ir11: 0.096, Ir12:
0.115). Moreover, the average fluorescence lifetime of these
complexes ranged from 1.02 to 2.47 ns (Fig. S4371) (Irl: 2.08 ns,
Ir2: 2.34 ns, Ir3: 2.47 ns, Ir4: 1.19 ns, Ir5: 1.06 ns, Ir6: 2.19 ns,
Ir7: 1.06 ns, Ir8: 1.59 ns, Ir9: 1.02 ns, Ir10: 1.03 ns, Ir11: 1.67
ns, Ir12: 1.60 ns), indicating that these complexes were fluo-
rescent. Similar fluorescence behavior has been observed in
many other cyclometalated iridium(m) complexes.’?>*® The
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photoluminescence characteristic of these complexes can
facilitate the exploration of MoAs by bio-imaging analysis.

2.3. Solution stability

The stability of Ir1-Ir12 in 10% DMSO and 90% PBS (pH =
7.4, prepared from H,0) was monitored by UV-vis spectroscopy
at 37 °C over 24 hours. No change or only minor changes in
the absorption spectra of Ir1-Ir12 were observed, which con-
firmed their stability in diluted solutions with a high content
of water (Fig. S471). We also measured the stability of Irl, Ir8
and Ir9 using '"H NMR at 37 °C in 75% DMSO-ds and 25% PBS
(pH =~ 7.4, prepared from D,0) for 24 hours. No additional
peaks were found in the '"H NMR spectra (Fig. S44-S467). This
result further indicated that the complexes were stable and no
decomposition occurred under these conditions. Overall, these
complexes were found to be relatively stable, which was similar
to the reported N,N-chelating cyclometalated iridium(m) com-
plexes.® Thus, the complexes in this system were suitable for
further investigation of anticancer activities under aqueous
conditions.

2.4. Cytotoxicity

The MTT assay was used to evaluate the effect of Ir1-Ir12 on
the viability of A549 lung cancer cells, A549/DPP cells (cispla-
tin-resistant), cervical carcinoma HeLa cells, human hepatocel-
lular liver carcinoma HepG2 cells and noncancerous BEAS-2B
cells with clinical cisplatin as the control. The cyclometalated
precursors and the free ligands showed very low cytotoxicity
against A549 and HeLa cells, with ICs, values above 100 pM
(Table S17). Surprisingly, Ir1-Ir12 exhibited significant cyto-
toxicity against A549 cells (13.58-16.32 pM), A549/DDP cells
(15.04-19.63 uM), HeLa cells (9.98-13.24 pM) and HepG2 cells
(14.29-19.21 pM), which were on par with or even better than
clinical cisplatin. In particular, Ir1-Ir12 were 1.4-1.7 times
more potent than cisplatin against A549 cancer cells
(13.58-16.32 puM vs. 23.06 pM). These complexes also exhibited
high cytotoxicity against cisplatin-resistant A549/DPP cells

View Article Online
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(15.04-19.63 uM), indicating a different mechanism of action
with cisplatin. However, the structure-activity relationship in
this system was not obvious. The charge pattern of the metal
center (neutral or cationic) and the type of ligand had little
effect on the cytotoxicity of these complexes. Unfortunately, all
of the iridium(m) complexes were still active towards BEAS-2B
cells and had low selectivity toward A549 cancer cells over
BEAS-2B normal cells with selectivity index (SI) values ranging
from 1.62 to 1.98 (Table 1).

2.5. Protein binding studies

To comprehend the function of anticancer complexes in cells,
it is crucial to analyze their interactions with proteins. Serum
albumin, the most abundant protein in blood, delivers hydro-
phobic complexes to cells. Herein, bovine serum albumin
(BSA) was used instead of human serum albumin (HSA) since
it has a similar structure and is readily available. The fluo-
rescence of BSA mainly originates from two protein residues:
tyrosine (Tyr) and tryptophan (Trp). The binding strengths of
Ir1 and Ir7 with BSA were evaluated using UV-vis absorption
and fluorescence spectra (Fig. S487). As the concentrations of
complexes Irl and Ir7 increased, the fluorescence intensity of
BSA decreased steadily at 353 nm, indicating that the com-
plexes interacted with BSA in a static quenching mode.
Synchronous fluorescence spectroscopy is a useful technique
for studying conformational changes in BSA upon the addition
of the complexes. The emission wavelength of Tyr decreased at
287 nm (A4 = 15 nm) with a slight red shift of 1 nm, while the
emission wavelength of Trp decreased at 276 nm (A4 = 60 nm)
with an obvious red shift of 4 nm (Fig. S49%). These results
suggested that Irl and Ir7 primarily affect the conformation of
the Trp microregion during the binding process with BSA.

2.6. Cellular uptake pathway

Due to the fluorescence properties of these cyclometalated
complexes, we also investigated the cellular uptake mechanism
of Ir1 and Ir7 by confocal microscopy. The uptake pathways of

Table 1 [Csq values of Ir1-Irl12 tested toward cancer and normal cell lines and comparison with cisplatin

IGCso (uM)

Complexes A549 A549/DDP HeLa HepG2 BEAS-2B SI¢

Irl 15.68 £ 0.11 17.05 £ 0.19 11.36 £ 0.17 17.14 £ 0.07 28.74 £ 0.09 1.83
Ir2 14.18 £ 0.24 16.09 £ 0.08 10.87 £0.27 16.73 £ 0.24 28.09 £ 0.14 1.98
Ir3 14.22 £ 0.18 16.23 £ 0.08 11.84 £ 0.30 16.05 £ 0.17 26.69 + 0.21 1.88
Ir4 13.97 £ 0.05 15.04 £ 0.09 10.16 £ 0.13 15.69 + 0.22 25.42 £ 0.16 1.82
Ir5 13.58 £ 0.17 16.04 £ 0.36 11.27 £0.03 14.29 £ 0.27 25.04 £0.21 1.84
Ir6 14.36 £ 0.39 17.31£0.19 10.26 £ 0.18 15.28 £ 0.19 23.26 £ 0.14 1.62
Ir7 16.32 £ 0.14 19.63 £ 0.14 11.45 £ 0.09 18.31 £ 0.13 29.62 + 0.36 1.79
Ir8 15.41 £ 0.26 17.48 £ 0.11 10.96 £ 0.18 18.26 £ 0.11 28.47 £0.22 1.85
Ir9 13.98 £ 0.16 17.56 £ 0.09 9.98 £ 0.03 17.48 £ 0.18 25.44 £ 0.17 1.82
Ir10 16.09 + 0.21 19.24 £ 0.24 13.24 £ 0.09 19.21 £ 0.20 28.15 £ 0.14 1.75
Ir11 14.28 £ 0.09 17.65 £ 0.07 10.24 £ 0.16 16.68 £ 0.33 25.18 £0.24 1.76
Ir12 15.69 £ 0.27 19.25 £ 0.09 11.36 £ 0.28 18.51£0.17 26.18 £0.23 1.67
Cisplatin 23.06 +0.18 >100 7.84 £0.19 22.58 £0.18 39.60 £ 0.38 1.72

4 SI: the selectivity index represents the ICs, ratio of BEAS-2B normal cells to A549 cancer cells.
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Fig. 2 Effects of temperatures (37 °C or 4 °C), CCCP (50 pM) and chlor-
oquine (50 pM) on cellular uptake of Irl (2 uM) (a) and Ir7 (2 uM) (b).
Scale bar: 20 pm, ey = 405 NnM, Aem = 430—-490 nm.

Irl and Ir7 were investigated using common inhibitors includ-
ing carbonyl cyanide 3-chloro-phenylhydrazone (CCCP, a meta-
bolic inhibitor) and chloroquine (an endocytosis inhibitor).
According to laser confocal microscopy images recorded at A
=405 nm and 37 °C, the punctate green fluorescence in the
cytoplasm suggested that Irl and Ir7 can effectively penetrate
into A549 cells after 1 h of incubation (Fig. 2). Small molecule
complexes can be transported into cells via energy-dependent
or energy-independent pathways.®” When compared to control
cells that were incubated at 37 °C, the fluorescence intensity of
A549 cells showed a significant decrease when treated with Ir1
and Ir7 at a low temperature (4 °C) or pretreated with CCCP
(Fig. 2). Thus, these cyclometalated complexes were trans-
ported into A549 cells mainly through an energy-dependent
pathway. Furthermore, the intracellular fluorescence intensity
did not show any difference between A549 cells treated
with chloroquine and the untreated group, indicating that
endocytosis was not responsible for the uptake pathway of Ir1
and Ir7.

2.7. Cellular localization

Intracellular localization analysis was performed using laser
confocal microscopy to evaluate the possible cellular target of
these complexes. In this study, three different probes were
used to investigate the localization of Irl and Ir7 in A549 cells
(Fig. 3). These probes were specific to the nucleus (DAPI), lyso-
somes (LTDR) and mitochondria (MTDR), respectively. After
treating the cells with the probes and the complexes, it was
observed that the complexes effectively penetrated the cells
and predominantly localized in the mitochondria. Specifically,
the PCC values for DAPI (PCC: 0) and LTDR (PCC: 0.17-0.21)
were low (Table 2), indicating that these complexes were not
effectively localized in the nucleus and lysosomes. However,
the observation of high PCC values (0.81-0.85) for MTDR
(Table 2) suggested that these complexes mainly accumulated
in the mitochondria and the cytotoxicity of these complexes
may be due to mitochondria-mediated cell death.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Determination of Intracellular localization of Irl (a) and Ir7 (b) by
confocal microscopy. A549 cells were incubated with Irl and Ir7 (2 uM)
for 1 h at 3 7 °C and then co-incubated with DAPI (1 pg mL™Y), LTDR (75
nM) or MTDR (500 nM) for 1 h, respectively. Irl and Ir7, 1o = 405 nm,
Aem = 460-520 nm; DAPI, ey = 345 NM, lem = 410—455 nm; LTDR, 1ex =
594 nm, lem = 600—660 nm; MTDR, dex = 644 NM, Aem = 660—720 nm.
Scale bar: 20 pm. The green, red and blue fluorescence represent Irl
and Ir7, lysosome or mitochondria, and nucleus, respectively.

Table 2 The PCC values for DAPI, LTDR and MTDR

Complexes DAPI LTDR MTDR
Ir1 0 0.21 0.81
Ir7 0 0.17 0.85

Due to the presence of more mitochondria in cancer cells
than in normal cells, cancer cells are more sensitive to mito-
chondrial disruption than normal cells. This may be related to
the low anticancer selectivity of these complexes (SI: 1.62-1.98)
in this system. It was observed that Irl1 and Ir7 have a high
positive zeta potential (Irl: 35.62 + 0.13, Ir7: 48.89 = 0.09)
(Fig. S50 and S51f), which can facilitate the complexes to
target the mitochondria that had negative charges on their
surface once they enter the cytosol. The distribution coefficient
(log P) values of Irl and Ir7 were determined using the shake-
flask method. These complexes exhibited high lipophilicity,
with log P values ranging from 1.07 to 1.21 (Ir1: 1.21, Ir7: 1.07).
The similar cytotoxicity of these complexes against cancer cells
was also consistent with a slight change in their lipophilicity.
Thus, the high lipophilicity of these complexes may also con-
tribute to their ability to target mitochondria. The total cellular
accumulation of complexes Irl and Ir7 was quantified in A549
cells treated with each complex (5 pM) for 48 h by ICP-MS to
determine if there was a correlation between cellular uptake
levels of the complexes and cytotoxicity. The values of the
intracellular metal accumulation in A549 cells for Ir1 (0.713 ng
pg~' protein) and Ir7 (0.658 ng pg~' protein) were similar,
which was also consistent with their slight change in cyto-
toxicity and log P.

2.8. Mitochondrial membrane depolarization

Since these complexes can selectively accumulate in mitochon-
dria, their potential impact on mitochondrial function was
also examined. The maintenance of mitochondrial membrane
potential (MMP, Ayy,) is crucial for the mitochondrial struc-
ture and energy production. A loss of MMP is often an early

Dalton Trans., 2024, 53,1977-1988 | 1981
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indication of the mitochondrion-mediated apoptosis
pathway.*®** In order to measure the Ay, A549 cells were
treated with Irl or Ir7 at concentrations ranging from 0.5 x
ICsp to 2 x IC50. The changes in MMP were detected through
JC-1 staining and flow cytometry. When there was a loss of
mitochondrial potential, the ratio of red/green fluorescence
intensity decreased. Compared to untreated cells, both Ir1 and
Ir7 could induce concentration-dependent mitochondrial dys-
function in A549 cells. Specifically, when the concentrations of
Irl and Ir7 were increased from 0.5 X ICs to 2 X ICs, the per-
centages of mitochondrial membrane depolarization in A549
cells exhibited a significant increase, from 17.78% and 14.35%
to 58.21% and 47.19%, respectively (Fig. 4). These results
support the speculation that Ir1 and Ir7 could exert their anti-
cancer actions by targeting mitochondria and inducing mito-
chondrial dysfunction.

2.9. Cellular ROS determination

Mitochondria are strongly associated with the production of
intracellular reactive oxygen species (ROS).**™** Various anti-
cancer drugs can generate excessive levels of ROS and thus
lead to oxidative stress and activate cell death processes.*®*’
Previous studies have shown that the generation of reactive
oxygen species (ROS) in cells is highly related to mitochondria.
Dysfunctional mitochondria cannot effectively regulate ROS

~—

Negative Control 0.5 % ICs0

JC-Aggregates (red fluorescence)

(b)
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production, which results in increased oxidative stress in
cancer cells.*®*® Therefore, we subsequently investigated the
impact of these complexes on intracellular ROS levels in both
A549 and A549/DPP cells. After staining with DCFH-DA, we
measured the total ROS levels induced by Irl and Ir7 at con-
centrations of 0.5, 1, and 2 x ICs, using fluorescence
microscopy (Fig. 5 and S52-S547). The cells treated with Irl
and Ir7 exhibited a concentration-dependent increase in intra-
cellular ROS levels when compared to the control cells, which
suggested that ROS generation was a key factor in causing cell
death for these complexes. Notably, the ROS levels in cisplatin-
resistant A549/DPP cells treated with Irl also increased in a
concentration-dependent manner. Moreover, the level of fluo-
rescence intensity observed in A549/DDP cells, which was
directly proportional to the levels of ROS, was found to be com-
parable to that in A549 cells upon exposure to Irl at the same
concentration. This result implied that the ability of these
complexes to overcome cisplatin resistance can be attributed
to the redox mechanism caused by the overproduction of ROS.

2.10. Apoptosis and cell cycle arrest

Apoptosis is a process of programmed cell death. Many tran-
sition metal-based anticancer complexes have been reported to
activate apoptosis and inhibit cell growth.”® The induction of
apoptosis is closely related to the disruption of redox balance.

Negative Control
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0,004 ‘ 0009 }

Positive Control
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Irl and Ir7 were selected to measure whether they can induce
cell apoptosis using the dual-staining annexin V/PI assay. A549
and A549/DPP cells were treated with Irl or Ir7 at the concen-
trations of 0.25, 0.5 and 1 x IC5, for 48 h and analyzed by flow
cytometry (Fig. 6). Compared to the control group, an increase
in the percentage of late apoptotic cells was observed for Irl
and Ir7. In particular, the late apoptotic cell populations
increased in an obvious concentration-dependent manner for
Irl. When the concentration of Irl and Ir7 was at 1 x ICs,
34.2% and 86.1% of A549 cells underwent late apoptosis. A
similar trend was also observed in the A549/DDP cells treated
with Irl (Fig. 6). However, the percentage of A549/DDP cells
that underwent late apoptosis was lower than that of A549
cells, with 27.6% of cells undergoing late apoptosis (1 x ICs).
These results indicated that the cyclometalated iridium(im)
complexes in this system can induce cell death via the apopto-
tic pathway.

Some anticancer complexes have been found to promote
apoptosis by arresting the cell cycle.”'*>' The cell cycle assay
was further performed to measure whether Irl and Ir7 could
induce cell cycle arrest. The effect of Irl and Ir7 on cell cycle
arrest in A549 cells was detected by flow cytometry (Fig. 7 and
S55, S561). When A549 cells were treated with Irl for 24 hours
at concentrations of 0.25 and 0.5 x ICs,, the proportion of cells
in the G,/M phase increased in a concentration-dependent
manner (control: 6.69% vs. 0.25 x ICsy: 15.10% vs. 0.5 X ICsq:
19.09%). When A549 cells were treated with Ir7 at the same
duration and concentration, the proportion of cells in the S
phase increased in a concentration-dependent manner
(control: 29.77% vs. 0.25 x IC5y: 31.89% vs. 0.5 x IC5y: 36.08%)

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Flow cytometry data for cell cycle distribution of A549 cancer
cells exposed to Irl (a) and Ir7 (b) for 24 h. The concentrations used
were 0.25 X ICsq and 0.5 X ICsq. Cell staining for flow cytometry was
carried out using PI/RNase. Data are quoted as mean + SD of three repli-
cates. p-Values were calculated after a test against the negative control
data, p < 0.05.

(Fig. 7 and S55, S5671). The different cell cycle perturbation
may depend on the activation of various cyclin/Cdk complexes
by compounds.®”

2.11. Lysosomal damage

Lysosomes are organelles surrounded by membranes that play
a crucial role in many physiological processes.>>* To assess
whether cell death was due to lysosomal damage, we used acri-
dine orange as a probe to evaluate lysosomal dysfunction.
Acridine orange is the most commonly used and commercially
available LysoTracker that emits red fluorescence in lysosomes
and green fluorescence in cytosol and nuclei.**® When only

A549 cells were treated with acridine orange (5 uM), red fluo-
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Fig. 8 Confocal luminescence imaging of acridine orange (5 pM)
stained A549 cells exposed to Irl (a) and Ir7 (b). Concentrations used
were 1 X ICsq and 2 X ICsp. dex: 488 nNm; Aem: 490-530 nm (green
channel); 605-645 nm (red channel).

rescence was observed in the lysosomes, indicating that the
lysosomes of A549 cells were intact. The treatment with com-
plexes Irl and Ir7 at the concentrations of 1 x ICs, and 2 x ICsq
only led to a slight change of AO red fluorescence compared to
the control, thereby indicating that the lysosomal integrity of
A549 cells was not disrupted under such conditions (Fig. 8).
This result was also consistent with the aforementioned low
accumulation efficiency of these complexes in lysosomes
(section 2.7).

2.12. Inhibition of cell migration

Preventing the spread of cancer cells is difficult for cancer
treatment. When the surface adhesion of malignant cells
decreases, they can move away from the original tumor site

View Article Online
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and travel to other organs.”’® To assess the inhibitory effect
of Ir1 and Ir7 on the migration of A549 cancer cells, a wound-
healing assay was conducted (Fig. 9). Compared to the control
group (42.89% and 38.38%), the wound closure rate (WCR) of
A549 cancer cells treated with Irl and Ir7 decreased to 13.49%
and 18.17%, respectively, at 0.5 x ICs, and presented a concen-
tration-dependent characteristic. These results suggest that
these cyclometalated complexes can impede the in vitro
migration of A549 cancer cells.

3. Conclusions

In conclusion, we synthesized a series of neutral and cationic
amine-imine cyclometalated iridium(m) complexes. These
complexes were stable in aqueous media. The moderate fluo-
rescence and the affinity towards BSA for these complexes were
also verified by spectroscopic studies. Ir1-Ir12 showed promis-
ing cytotoxicity against lung cancer A549 cells, cervical carci-
noma HelLa cells, and human liver carcinoma HepG2 cells. In
particular, the high cytotoxicity against cisplatin-resistant
A549/DDP cells was also observed for these complexes,
suggesting that they were not cross-resistant with cisplatin.
The charge pattern of the metal center (neutral or cationic)
and ligand substituents showed little influence on the cyto-
toxicity and selectivity of these complexes. The typical com-
plexes Irl and Ir7 were observed to enter the cells of A549
through an energy-dependent pathway. These complexes can
target mitochondria, lead to depolarization of the mitochon-
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Fig. 9 (a) Wound-healing assay and histogram analysis for A549 cells treated with Irl for 24 h. (b) Wound-healing assay and histogram analysis for
A549 cells treated with Ir7 for 24 h. Typical images were taken at 0 h and 24 h. The widths of the wounds are indicated with the lines (um). Scale bar:

100 pm. Wound closure rate = (Ro — R1)/Ro X 100%.
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drial membrane, and trigger the overproduction of intracellu-
lar ROS. Irl and Ir7 could induce late cell apoptosis and
disrupt the cell cycle in the G,/M or S phase. The migration
ability of A549 cells was also inhibited by these complexes.
These types of neutral and cationic cyclometalated amine-
imine complexes may serve as a potent platform for developing
redox-based anticancer agents.

4. Experimental section
4.1. General considerations

The chemicals and reagents used in the study were purchased
from commercial suppliers and were of analytical grade.
Human cells (A549 cells, A549/DDP cells, HeLa cells, HepG2
cells and BESA-2B cells) were obtained from the Shanghai
Institute of Biochemistry and Cell Biology. BSA was obtained
from Energy Chemical Company. Cell culture media were pur-
chased from Solebo Technology Limited company. The ligands
L1-L3 and the bimetallic precursors D1-D5 were prepared
using literature methods.”*>****3* The 'H, C{'H} NMR and
3'p{"H} NMR spectra were obtained in 5 mm NMR tubes at
25 °C unless otherwise stated on Bruker DPX 500 spec-
trometers. The "H NMR chemical shifts were internally refer-
enced to TMS (0 ppm) or solvents. All data processing was
carried out using XWIN-NMR version 3.6 (Bruker UK Ltd). The
TU-1901 UV-visible recording spectrophotometer was used to
determine absorption spectroscopy. The Thermo LTQ Orbitrap
XL spectrometer was used to record the MS of the novel com-
pounds. The Vario El cube was used to perform elemental ana-
lysis (C, H, N). A detailed description of biological experiments
is also shown in the ESL{

4.2. Synthesis of complexes

4.2.1. Synthesis of neutral iridium(m) complexes. A
CH,Cl,/CH;0H (v/v, ca. 1:1) mixture solution of bimetallic
metal precursors (1 eq.), ligands (2 eq.) and a slight excess of
the deprotonating agent NaOAc (5 eq.) were stirred at room
temperature for 6 h. The solvents were removed using a rotoe-
vaporator. The solid was dissolved in CH,Cl, and filtered.
Upon removal of the solvent, the residue was recrystallized
from CH,Cl, and n-hexane to yield a pale red powder.

Ir1: yield 69 mg (57%). 'H NMR (500 MHz, CDCl;) 6 8.98
(m, 2H), 8.06 (s, 1H, CH=N), 7.87 (d, 1H), 7.84 (m, 1H), 7.74
(m, 1H), 7.65 (m, 1H), 7.58 (d, 1H), 7.54 (m, 1H), 7.08 (d, 2H),
7.02 (m, 2H), 6.87 (m, 2H), 6.66 (m, 4H), 6.51 (m, 1H), 6.29 (m,
2H), 6.11 (m, 1H), 6.03 (m, 2H), 1.13 (s, 9H, C(CH,;);). "*C NMR
(126 MHz, DMSO-d) § 168.96 (CH—=N), 151.82, 150.71, 149.00,
144.78, 139.37, 137.17, 136.76, 135.97, 132.46, 131.80, 131.05,
128.46, 127.89, 123.71, 123.44, 123.31, 122.73, 122.31, 122.05,
121.81, 119.09, 118.45, 109.47, 33.57 (C(CHs);), 31.08
(C(CH3)3), 24.77 (C(CH3);). ESI-MS (m/z): caled for C3oH36IrN,
753.25692, found 753.25407, [M + H]'. Elemental analysis:
caled for C;oHj35IrN,: C, 62.29; H, 4.69; N, 7.45, found: C,
62.52; H, 4.41; N, 7.12.
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Ir2: yield 65 mg (55%). "H NMR (500 MHz, CDCl;) § 8.83
(m, 2H), 8.04 (s, 1H, CH=N), 7.72 (d, 1H), 7.63 (t, 1H), 7.57 (d,
1H), 7.51 (d, 1H), 7.38 (d, 1H), 7.01 (m, 5H), 6.69 (d, 2H), 6.43
(m, 1H), 6.26 (d, 1H), 6.10 (m, 1H), 6.04 (d, 2H), 5.93 (t, 1H),
5.84 (d, 1H), 5.68 (t, 1H), 3.51 (d, 6H, OCHj;), 1.14 (s, 9H,
C(CH3);). *C NMR (126 MHz, CDCl;) § 167.69 (CH=N),
160.04, 159.83, 149.65, 149.17, 147.19, 137.68, 136.33, 136.14,
134.60, 131.74, 128.58, 128.23, 127.65, 126.01, 125.17, 124.90,
123.94, 122.58, 121.91, 120.61, 120.50, 119.22, 118.61, 117.94,
117.52, 117.22, 116.96, 114.16, 106.94, 105.54, 65.66 (OCHz),
54.53 (OCHj), 34.05 (C(CH;);), 31.34 (C(CH;);), 29.72
(C(CH3)3). ESI-MS (m/z): caled for C,3H,0IrN,O, 813.27805,
found 813.27562, [M + H]". Elemental analysis: caled for
C41H30IrN,O,: C, 60.65; H, 4.84; N, 6.90, found: C, 60.98; H,
4.52; N, 6.54.

Ir3: yield 58 mg (52%). "H NMR (500 MHz, CDCl;) § 8.87
(m, 2H), 8.04 (s, 1H, CH=N), 7.81 (d, 1H), 7.67 (t, 1H), 7.60 (t,
1H), 7.49 (m, 2H), 7.03 (m, 2H), 6.98 (m, 3H), 6.65 (d, 3H), 6.28
(m, 2H), 6.11 (s, 1H), 6.00 (d, 2H), 5.93 (d, 2H), 2.04 (s, 3H,
CH;), 1.95 (s, 3H, CH;), 1.14 (s, 9H, C(CH;);). *C NMR
(126 MHz, CDCl3) § 169.76 (CH=N), 168.25, 160.64, 157.22,
153.78, 152.30, 150.63, 149.12, 148.91, 146.46, 142.17, 142.06,
138.76, 138.07, 135.98, 135.69, 134.21, 133.34, 130.99, 123.66,
123.34, 123.16, 122.81, 122.51, 121.84, 121.41, 120.88, 120.55,
118.28, 117.48, 115.84, 109.58, 33.93 (C(CH3);), 31.33
(C(CH3)3), 21.66 (CHj3), 21.61 (CHj). ESI-MS (m/z): caled for
Ca1HyoIrN, 781.28822, found 781.28875, [M + H]'. Elemental
analysis: caled for C,H3zoIrNy: C, 63.13; H, 5.04; N, 7.18,
found: C, 63.48; H, 4.71; N, 6.83.

Ir4: yield 55 mg (53%). 'H NMR (500 MHz, CDCl;) § 8.88
(m, 2H), 8.28 (d, 1H), 8.03 (s, 1H, CH=N), 7.92 (d, 1H), 7.77 (t,
1H), 7.71 (t, 1H), 7.14 (m, 2H), 7.00 (m, 2H), 6.75 (d, 2H), 6.36
(t, 1H), 6.31 (d, 1H), 6.05 (m, 4H), 5.73 (m, 1H), 5.57 (m, 1H),
1.17 (s, 9H, C(CHs);). *C NMR (126 MHz, CDCl;) § 166.31
(CH=N), 164.95, 157.76, 152.21, 150.19, 149.28, 149.15,
147.52, 137.16, 136.94, 135.77, 131.78, 123.99, 122.85, 122.59,
122.36, 122.20, 121.43, 115.39, 114.73, 114.39, 110.45, 97.17,
31.25 (C(CH3);), 14.12 (C(CHj)s). ESI-MS (m/z): caled for
C3oH3,F,IrN, 825.21923, found 825.22379, [M + H]'. Elemental
analysis: caled for Cs;oH3,F,IrN,: C, 56.85; H, 3.79; N, 6.80,
found: C, 57.14; H, 3.56; N, 6.49.

Ir5: yield 64 mg (53%). 'H NMR (500 MHz, CDCl;) § 8.93
(m, 2H), 8.06 (s, 1H, CH=N), 7.95 (d, 1H), 7.85 (m, 1H), 7.78
(m, 1H), 7.63 (m, 2H), 7.22 (d, 3H), 7.09 (m, 3H), 6.98 (d, 2H),
6.75 (d, 1H), 6.66 (d, 2H), 6.46 (s, 1H), 6.30 (d, 1H), 5.96 (s,
2H), 1.11 (s, 9H, C(CHj;)3). **C NMR (126 MHz, CDCl;) § 168.19
(CH=N), 157.74, 152.17, 150.29, 149.48, 149.33, 148.27,
136.96, 136.66, 135.82, 128.28, 124.12, 123.37, 123.27, 122.85,
122.62, 122.45, 119.72, 118.89, 118.05, 116.94, 33.95 (C(CH3)3),
31.23 (C(CHj);). ESI-MS (m/z): caled for C43H34F6IrN,
889.23169, found 889.22894, [M + H]'. Elemental analysis:
caled for C41H33F,IrNy,: C, 55.46; H, 3.75; N, 6.31, found: C,
55.84; H, 3.54; N, 6.11.

Ir6: yield 59 mg (55%). 'H NMR (500 MHz, CDCl;) § 8.89
(m, 2H), 8.00 (s, 1H, CH=N), 7.86 (d, 1H), 7.68 (t, 1H), 7.62 (t,
1H), 7.57 (d, 1H), 7.52 (d, 1H), 7.07 (d, 3H), 6.97 (d, 1H), 6.95
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(m, 1H), 6.84 (t, 1H), 6.69 (t, 1H), 6.57 (m, 2H), 6.46 (d, 2H),
6.30 (d, 1H), 6.26 (d, 1H), 6.15 (d, 1H), 6.02 (d, 2H), 5.94 (t,
1H), 2.08 (s, 3H, CH;). >*C NMR (126 MHz, CDCl;) § 168.21
(CH=N), 157.63, 152.32, 151.44, 149.31, 149.07, 144.72,
144.53, 136.14, 135.87, 133.17, 132.48, 131.17, 128.99, 128.76,
127.57, 123.52, 123.34, 122.86, 122.00, 121.12, 120.70, 119.52,
118.71, 117.92, 115.87, 109.74, 31.62 (C(CHj);), 22.69
(C(CH3)3), 20.68 (C(CH3)3), 14.15 (CH3). ESI-MS (m/z): caled for
C;6H30IrN,, 711.20997, found 711.20743, [M + H]'. Elemental
analysis: caled for C;¢H,oIrN,: C, 60.91; H, 4.12; N, 7.89,
found: C, 61.25; H, 3.77; N, 7.68.

4.2.2. Synthesis of cationic iridium(m) complexes. A
CH,Cl,/CH;0H (v/v, ca. 1:1) mixture solution of bimetallic
metal precursors (1 eq.), ligands (2 eq.) and NH,PFs (5 eq.) was
stirred at room temperature for 6 h. The solvents were removed
using a rotoevaporator. The solid was dissolved in CH,Cl, and
filtered. Upon removal of the solvent, the residue was recrystal-
lized from CH,Cl, and n-hexane to yield a pale yellow powder.

Ir7: yield 61 mg (54%). "H NMR (500 MHz, CDCl;) § 8.72 (d,
1H), 8.18 (s, 1H, CH=N), 8.00 (d, 1H), 7.87 (m, 1H), 7.77 (d,
1H), 7.67 (m, 3H), 7.39 (m, 2H), 7.15 (m, 2H), 7.08 (d, 1H), 6.92
(t, 1H), 6.80 (m, 2H), 6.69 (d, 2H), 6.63 (t, 1H), 6.47 (d, 1H),
6.42 (d, 1H), 6.20 (d, 1H), 6.08 (d, 1H), 6.02 (d, 2H), 1.17 (s,
9H, C(CHj;);). *C NMR (126 MHz, CDCl;) § 167.48 (CH=N),
167.18, 166.22, 149.75, 149.28, 149.01, 148.65, 146.28, 146.12,
143.93, 139.37, 137.77, 137.73, 133.70, 133.49, 132.72, 131.23,
130.07, 129.32, 128.10, 126.23, 124.58, 124.50, 124.03, 123.28,
122.99, 122.01, 121.73, 121.44, 120.29, 118.91, 118.46, 34.18
(C(CH3);), 31.28 (C(CHj);). *'P NMR (202 MHz, CDCl;) &
—144.27 (septet, J = 712 Hz, PF¢). ESI-MS (m/z): caled for
C3oH;36IrN, 753.25692, found 753.25582, [M — PF6]+. Elemental
analysis: caled for C3oH3zcIrN,PFs: C, 52.17; H, 4.04; N, 6.24,
found: C, 52.58; H, 3.86; N, 6.10.

Ir8: yield 55 mg (56%). "H NMR (500 MHz, CDCl;) & 8.67 (s,
1H), 8.23 (s, 1H, CH=N), 7.93 (d, 1H), 7.61 (d, 1H), 7.53 (d,
1H), 7.45 (m, 2H), 7.23 (s, 1H), 7.16 (d, 2H), 7.04 (d, 2H), 6.73
(d, 2H), 6.63 (t, 2H), 6.52 (m, 1H), 6.45 (s, 1H), 6.36 (m, 1H),
6.11 (d, 2H), 5.71 (d, 1H), 5.61 (d, 1H), 3.54 (s, 3H, OCHj3), 3.51
(s, 3H, OCH3), 1.18 (s, 9H, C(CH;);). *C NMR (126 MHz,
CDCl;) 6 167.22 (CH=N), 166.16, 160.39, 159.97, 149.44,
149.10, 148.90, 139.71, 137.63, 136.88, 133.66, 132.57, 128.21,
126.03, 125.95, 125.53, 124.56, 124.53, 121.74, 121.62, 120.83,
120.26, 118.09, 117.75, 116.68, 108.61, 106.99, 54.79 (OCH3),
54.66 (OCHj), 34.19 (C(CHj);), 31.30 (C(CHj);). *'P NMR
(202 MHz, CDCl;) 6 —144.44 (septet, J = 711 Hz, PFg). ESI-MS
(m/2): caled for C44H,0IrN,O, 813.27805, found 813.27531, [M
— PF¢]". Elemental analysis: caled for C,;H,0IrN,O,PFs: C,
51.41; H, 4.21; N, 5.85, found: C, 51.74; H, 4.03; N, 5.56.

Ir9: yield 62 mg (54%). 'H NMR (500 MHz, CDCls) & 8.77 (s,
1H), 8.17 (s, 1H, CH=N), 8.02 (d, 1H), 7.93 (m, 1H), 7.77 (d,
1H), 7.69 (d, 1H), 7.65 (m, 2H), 7.48 (m, 2H), 7.31 (s, 1H), 7.15
(t, 2H), 6.98 (m, 2H), 6.79 (m, 3H), 6.72 (d, 1H), 6.65 (d, 1H),
6.52 (d, 2H), 6.19 (d, 1H), 6.09 (d, 1H), 6.04 (s, 1H), 2.15 (s, 3H,
CH3). ®C NMR (126 MHz, CDCl;) § 166.59 (CH=N), 149.77,
137.96, 135.74, 133.67, 133.40, 132.82, 131.20, 129.37, 128.20,
126.19, 122.98, 121.48, 120.68, 118.93, 20.82 (CH;). *'P NMR
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(202 MHz, CDCl;) § —144.29 (septet, J = 713 Hz, PFs). ESI-MS
(m/2): caled for CzgH30IrN, 711.20997, found 711.20713, [M —
PF,]". Elemental analysis: caled for C36H30IrN,PFg: C, 50.52; H,
3.53; N, 6.55, found: C, 50.89; H, 3.28; N, 6.31.

Ir10: yield 57 mg (53%). '"H NMR (500 MHz, CDCl;) § 8.63
(s, 1H), 8.15 (s, 1H, CH=N), 7.93 (d, 2H), 7.80 (m, 2H), 7.61 (t,
3H), 7.41 (d, 2H), 7.13 (m, 4H), 6.62 (m, 3H), 6.53 (d, 3H), 6.35
(s, 1H), 6.10 (d, 1H), 5.69 (d, 1H), 5.61 (d, 1H), 3.52 (d, 6H,
OCH,), 2.14 (s, 3H, CH;). ">*C NMR (126 MHz, CDCl;) § 166.58
(CH=N), 160.45, 159.96, 149.56, 149.47, 148.97, 147.15,
144.02, 137.65, 137.25, 135.77, 133.72, 132.83, 128.28, 126.21,
126.00, 125.67, 121.93, 120.77, 120.71, 118.14, 117.95, 116.32,
108.88, 107.56, 106.88, 54.75 (OCH;), 54.65 (OCHj), 20.82
(CH3). *'P NMR (202 MHz, CDCl;) § —144.44 (septet, J = 711
Hz, PFs). ESI-MS (m/z): caled for CzgH3,IrN,O, 771.23110,
found 771.22917, [M — PF4]". Elemental analysis: caled for
C35H34IrN,O,PF: C, 49.83; H, 3.74; N, 6.12, found: C, 50.25;
H, 3.54; N, 5.87.

Ir11: yield 56 mg (55%). "H NMR (500 MHz, CDCl;) § 8.76
(d, 1H), 8.20 (s, 1H, CH=N), 8.01 (d, 1H), 7.97 (m, 1H), 7.77 (d,
1H), 7.69 (t, 1H), 7.65 (m, 2H), 7.47 (d, 1H), 7.42 (d, 1H), 7.29 (s,
1H), 7.21 (d, 1H), 7.15 (d, 1H), 6.94 (t, 1H), 6.79 (m, 2H), 6.72 (t,
1H), 6.65 (t, 1H), 6.57 (m, 1H), 6.44 (d, 1H), 6.25 (d, 2H), 6.19 (d,
1H), 6.11 (t, 2H), 3.65 (s, 3H, OCH3). *C NMR (126 MHz, CDCl;)
5 167.54 (CH=N), 167.13, 166.70, 157.67, 149.81, 149.20, 148.72,
146.11, 144.01, 142.78, 139.37, 137.89, 137.76, 133.44, 132.78,
130.03, 129.37, 128.20, 126.18, 124.48, 124.28, 123.00, 122.21,
122.05, 121.58, 118.90, 118.68, 112.91, 55.50 (OCHj;). *'P NMR
(202 MHz, CDCl;) § —144.25 (septet, J = 713 Hz, PFg). ESI-MS (m/
2): caled for C3¢H30IrN,O 727.20434, found 727.20152, [M — PFg]".
Elemental analysis: caled for C3H30IrN,OPFg: C, 49.60; H, 3.47;
N, 6.43, found: C, 49.89; H, 3.31; N, 6.19.

Ir12: yield 62 mg (54%). "H NMR (500 MHz, CDCl;) 6§ 8.74
(d, 1H), 8.32 (s, 1H, CH=N), 7.95 (d, 1H), 7.85 (m, 2H), 7.66
(m, 2H), 7.56 (m, 2H), 7.44 (d, 1H), 7.34 (d, 1H), 7.16 (m, 2H),
6.63 (s, 1H), 6.51 (d, 2H), 6.39 (d, 1H), 6.30 (d, 2H), 6.23 (d,
2H), 5.71 (d, 1H), 5.65 (d, 1H), 3.65 (s, 3H, OCH3), 3.53 (s, 3H,
OCH3), 3.52 (s, 3H, OCH;). *C NMR (126 MHz, CDCl;) 6
166.85 (CH=N), 166.65, 160.45, 159.96, 149.50, 149.01, 137.60,
132.79, 125.98, 122.13, 121.97, 118.11, 112.95, 55.50 (OCHz),
54.71 (OCH,3), 54.67 (OCH3). *'P NMR (202 MHz, CDCl;) §
—144.19 (septet, J = 713 Hz, PF¢). ESI-MS (m/z): caled for
C3sH3,IrN,O;  787.22546, found 787.22371, [M — PF4]"
Elemental analysis: caled for Cs;gH3,IrN,O3;PFs: C, 48.98; H,
3.68; N, 6.01, found: C, 49.24; H, 3.38; N, 5.77.
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