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ABSTRACT: Half-sandwich metal-based anticancer complexes suffer from
uncertain targets and mechanisms of action. Herein we report the observation
of the images of half-sandwich iridium and ruthenium complexes in cells
detected by confocal microscopy. The confocal microscopy images showed
that the cyclopentadienyl iridium complex 1 mainly accumulated in nuclei in
AS49 lung cancer cells, whereas the arene ruthenium complex 3 is located in
mitochondria and lysosomes, mostly in mitochondria, although both
complexes entered AS549 cells mainly through energy-dependent active
transport. The nuclear morphological changes caused by Ir complex 1 were
also detected by confocal microscopy. Ir complex 1 is more potent than
cisplatin toward AS549 and HeLa cells. DNA binding studies involved
interaction with the nucleobases 9-ethylguanine, 9-methyladenine, ctDNA,
and plasmid DNA. The determination of bovine serum albumin binding was
also performed. Hydrolysis, stability, nucleobase binding, and catalytic NAD"/
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NADH hydride transfer tests for complexes 1 and 3 were also carried out. Both complexes activated depolarization of
mitochondrial membrane potential and intracellular ROS overproduction and induced cell apoptosis. Complex 3 arrested the
cell cycle at the Gy/G, phase by inactivation of CDK 4/cyclin D1. This work paves the way to track and monitor half-sandwich
metal complexes in cells, shines a light on understanding their mechanism of action, and indicates their potential application as

theranostic agents.

Bl INTRODUCTION

Metal-mediated anticancer drugs have attracted enormous
current interest for cancer chemotherapy, since the remarkable
discovery of a few platinum-based anticancer drugs, such as
cisplatin, carboplatin, and oxaliplatin."” However, due to the
disadvantages of the platinum drugs, such as toxic side effects
and platinum drug resistance, the design and discovery of novel
non-platinum-based anticancer drugs have received much
attention for the therapeutic treatment of cancer.” '® Among
the transition metals, the two octahedral ruthenium (Ru)
complexes NAMI-A and KP1019 have been used for clinical
trials." '

Recently, half-sandwich organometallic low-spin d° metal
complexes have attracted great interest in chemotherapeutic
studies because of their chemical structure diversity and easy
control of the hydrophobic nature of the arene or the
cyclopentadienyl moiety.”>~"* In addition, the arene and
cyclopentadienyl rings displayed significant effects not only on
the cellular uptake but also on the function mode toward
biological targets and kinetic inertness of the complexes.'®
Sadler et al. established a relationship between the size of the
functionalized arene and cyclopentadienyl ligands and
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anticancer activity for Ru(II) and Ir(IlI) compounds. The
cytotoxicity follows the order tetrahydroanthracene > biphenyl
> p-cym > benzene > C;,H;CO,CH,CH; > CqH;CO,CH; for
n%-arene Ru complexes'” and Cp™®" > Cp* for Ir complexes.'®
Very recently, continuously increasing interest has focused on
the development of cyclopentadienyl organoiridium anticancer
complexes, which showed not only high potency against
various cancer cell lines including platinum drug resistant
cancer cell lines but also novel mechanism of action.'®™**
However, most of these complexes still suffer from uncertain
targets and mechanism of action.

Molecular imaging of metal complexes in cells plays a key
role in helping to understand their mechanism of action in
many important cellular processes. Cyclometalated iridium or
ruthenium complexes have found excellent use as biological
and chemical imaging agents and probes by virtue of their
intense emission, long emission lifetimes, large Stokes shifts,
and high photostability.”*~>” The design and development of

fluorescent anticancer complexes is of great significance. The
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luminescent properties of the complexes can help researchers
in tracking real-time drug intracellular transport and
distribution in cells and in monitoring the interactions between
the drug and the biological target molecule, thus providing an
important research tool for revealing the mechanism of action
of the anticancer drugs.

In this work, the nitrogen-donor imino-pyridyl ligand
(triphenylmethyl) (pyridin-2-ylmethylene)amine was chosen
specifically. First, in order to increase the intracellular imaging
capability and anticancer activity of half-sandwich metal
compounds, we introduced ligands with multiple benzene
rings. In general, the greater number of benzene rings of the
ligand, the greater the anticancer activity.”® Another reason we
selected these ligands is based on a previous report from the
Sadler group. They found that the anticancer activity of iridium
complexes increases dramatically with an increase in the
number of benzene rings on the Cp ring.”® In our study, we
used a bulky chelating ligand to investigate whether this rule
still exists. The third reason we selected the ligands is because
aryl-substituted iminopyridine metal complexes exhibited high
catalytic activity and high stereoselectivity.”” Herein a series of
half-sandwich Ir'" and Ru" complexes of the type [(1*-
Cp")Ir(N"N)CI]PF, and [(#°-arene)Ru(N"N)CI]PF,, where
Cp*is Cp* (1) of a biphenyl derivative (Cp*™®") (2), the arene
is benzene (bz) (3), p-cymene (p-cym) (4), 3-phenylpropan-1-
ol (bz-PA) (5), or 4-phenylbutan-1-ol (bz-BA) (6), and
(triphenylmethyl) (pyridin-2-ylmethylene)amine is the N”N-
chelating ligand, were synthesized and characterized (Chart 1).

Chart 1. Organometallic Ir'"" Cyclopentadienyl [(7*-

Cp*)Ir(N"N)CI]PF4 and Ru" Arene [(n°-
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We reported the observation of half-sandwich iridium and
ruthenium complexes in living cells by confocal microscopy,
which will open a new window to shine light on the
mechanism of action of half-sandwich types of metal anticancer
complexes. We studied the cancer cell toxicity of these
complexes and cellular distribution and uptake with the help of
confocal microscopy and ICP-MS. We also investigated their
hydrolysis, stability, nucleobase binding, DNA interactions,
BSA interactions, catalytic hydride transfer analysis, nuclear
morphological changes, cell cycle and cycling, ROS, apoptosis,
and mitochondrial membrane potential changes and tried to
understand their mechanism of action. The results indicated
that these types of metal complexes have a great potential in
cancer chemotherapy. The integration of the anticancer
potency and the luminescent properties of half-sandwich
iridium and ruthenium anticancer complexes offer an
opportunity for the construction of novel theranostic plat-
forms.

B RESULTS AND DISCUSSION

Syntheses. The dinuclear dichloro-bridged precursor [ (77*-
Cp*)IrClL], (dimer 1) and [(7°-Cp®*™)IrClL,], (dimer 2)
were synthesized by microwave- aSSlSted heating of IrCl; and
relative cyclopentadlenyl ligand.** Dimeric p-chloro-bridged

complexes [(17°-bz)RuCl,], (dimer 3), [(#°-p-cym)RuCl,],
(dimer 4), [(7°bz-PA)RuCl,], (dimer §), and [(#%bz-
BA)RuClL], (dimer 6) were formed upon conversion of

cyclohexa-1,4-diene, a-terpinene, 3’-(2,5-dihydrophenyl)-
propanol, and 4’-(2,5-dihydrophenyl)butanol, respectively,
with RuCl; under reflux in absolute ethanol.’’** The N”N-
chelating ligand*® was introduced into the complexes to give
increasing hydrophobicity and therefore cellular uptake of the
complexes. The six Ir/Ru complexes 1—6 were synthesized by
reactions between the N”N-chelating ligand
(triphenylmethyl) (pyridin-2-ylmethylene)amine and the dinu-
clear iridium/ruthenium precursors dimers in methanol at
ambient temperature (Scheme 1). All complexes were newly
synthesized and were fully characterized by NMR and mass
spectroscopy, as well as elemental analysis. All complexes were
isolated as PF4™ salts.

X-ray Crystal Structures. Single crystals were obtained
from the slow diffusion of hexane into a concentrated solution
of [(n>-Cp®"M)Ir(N*N)CI]PF4 (2), [(17°-bz)Ru(N"N)CI]PFq
(3), and [(7%p-cym)Ru(N"N)CI]PFs (4) in CH,Cl,. The
three X-ray crystal structures were determined, and their
molecular structures are shown in Figure 1. Crystallographic
data as well as some selected relevant bond parameters are
given in Tables S1 and S2. Each complex adopts the expected
pseudo-octahedral “three-legged piano-stool” geometry. The

Scheme 1. Synthesis of the N"N-Chelating Ligand and Respective Half-Sandwich Ir'™ and Ru" Complexes
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(B)

Figure 1. X-ray crystal structures with atom-numbering schemes for (A) [(1°-Cp™*")Ir(N*N)CI]PF, (2), (B) [(1°-bz)Ru(N*N)CI]PF, (3), and
(C) [(n®p-cym)Ru(N*N)CI]PF4 (4) with thermal ellipsoids drawn at 50% probability. The hydrogen atoms and PF4~ counterions have been

omitted for clarity.

distance between the iridium center and the centroid of the Cp
derivative ring is 1.804 A, while the distances between the
ruthenium center and the centroid of the nSarene for
complexes 3 and 4 are 1.6826 and 1.7018 A, respectively.
The three complexes have similar metal—Cl and metal-N
bond distances. However, slight differences between metal—N;
and metal-N, bond lengths were observed in all three
complexes, shown in Table S2. The Ir—N, bond length
(2.181(4) A) in complex 2 is significantly longer than that
(2.091(5) A) in the N*N complex [(#°-Cp*)Ir(bpy)CI]PF,,
probably due to the steric hindrance effect of the (Ph),C
moiety.

Cytotoxicity. The cytotoxic activities of complexes 1—6
against HeLa (human cervical cell cancer) and A549 (nonsmall
cell lung cancer) cell lines was evaluated. The ICq, values
(concentration where 50% of the cell growth is inhibited) after
24 h of exposure to complexes 1—6 and cisplatin (control) are
given in Table 1. Excitingly, all of the six newly synthesized

Table 1. Inhibition of Growth of A549 and HeLa Cancer
Cells by Complexes 1—6 and Comparison with Cisplatin
Recorded over a Period of 24 h

ICs (4M)
complex A549 HeLa
[(n*>-Cp*)Ir(N"N)CI]PF; (1) 51+03 6.5 + 0.6
[(7>-Cp™PM) Ir(N*N) C1]PF; (2) 257 + 2.5 287 + 1.2
[(7°bz)Ru(N"N)CI]PF; (3) 292 + 1.6 320 £ 12
[ (-p-cym)Ru(N"N)CI]PF4 (4) 61.3 + 32 547 + 74
[(#°bz-PA)Ru(N"N)CI]PFq (5) 34.6 22 24.1 + 33
[(#%bz-BA)Ru(N"N)CI]PE, (6) 774 + 2.4 551+ 1.3
cisplatin 213 £ 1.7 7.5 02

metal complexes displayed medium to potent cell growth
inhibitory activity. The iridium Cp* complex 1 showed the
highest anticancer activity, ca. 4.2-fold greater than that of
cisplatin toward the AS49 cell line. In this work, the iridium
complexes showed higher anticancer activity in comparison
with ruthenium complexes against A549 cells.

We investigated the effect of Cp* and its biphenyl
substituent of the iridium complexes 1 and 2 and bz, p-
cymene, 3-phenylpropan-1-ol, and 4-phenylbutan-1-ol sub-

stituents of the functionalized ligands of the ruthenium
complexes 3—6 on cytotoxicity. Complex 1 containing a Cp*
ligand exhibited much higher antiproliferative activity in
comparison to the Cp™P" analogue 2. This result is
inconsistent with our previous conclusions which showed
that anticancer activity improved significantly with an increase
in the number of phenyl rings on the Cp* ring.'® Sadler and
co-workers previously reported that Ir'" Cp* complexes [(17>-
Cp*)Ir(phen)CI]C, [(7>-Cp*)Ir(bpy)CI]Cl, and [(7°-Cp*)-
Ir(en)Cl]PF4 bearing the N”N-chelating ligands phenanthro-
line, 2,2'-bipyridine, and ethylenediamine, respectively, were
inactive toward A2780 human ovarian cancer cells. This result
demonstrates that the N”N-chelating ligand
(triphenylmethyl) (pyridin-2-ylmethylene)amine in Cp* Ir
complex 1 plays an important role in contributing to the
potential anticancer activity. Solubility in aqueous solutions is
crucial for the bioavailability of metal-based anticancer drugs.
It is still a big challenge to preserve anticancer activity while
increasing the water solubility of the drug. In comparison with
complex 3, complex S displayed similar anticancer activity
against A549 cells; however, complex § displayed much better
water solubility than 3 by introduction of a propanol group on
the benzene ring. The longer pendant (butanol) on the arene
ligand in complex 6 led to a decrease in anticancer activity.
Iridium complex 1 and ruthenium complex 3 were the two
most potent complexes in comparison to their analogues and
therefore were chosen to perform all the next experiments to
further investigate mechanisms of action. Since the complexes
in this work showed more potent toxicity against AS49 cells
than against HeLa cells, all subsequent experiments were
therefore carried out on A549 cells.

Partition Coefficients (log P). Cellular uptake levels and
cytotoxic potencies of drugs may often be correlated to their
lipophilicity. In general, the lipophilicity was consistent with
their antiproliferative activity. The log P (partition coefficient
in oil/water) values for 1—6 were determined and ranged from
1.2 to 3.5 (Table 2). The lipophilicity of Ir complexes was
higher than that of the Ru complexes.

Hydrolysis and Photophysical Studies. We tested the
hydrolysis of complexes 1 and 3 in 67% MeOD/33% D,O (v/
v) using 'H NMR at 310 K (Figure S1 in the Supporting
Information). Deuterated methanol was used to improve the

Table 2. log P for Complexes 1—6“

log P 3.5+ 0.6 3.0+ 02

“The results are the means of three independent experiments.
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solubility of the complex. The 'H NMR data show that
complexes 1 and 3 undergo hydrolysis to the extents of 90%
and 13%, respectively (Table 3). The hydrolysis of complexes

Table 3. Hydrolysis Data for Complexes 1 and 3

complex ligand  metal  extent (%)*  k” (min~!)  t,,,° (min)
1 Cp* Ir 90 0.0084 822
3 bz Ru 13 0.0233 29.8

“Monitored by NMR spectra at 310 K. “Monitored by UV—vis at 298
K.

1 and 3 in 50% MeOH/50% H,O (v/v) was monitored by
UV—vis at 298 K (Figure S2 in the Supporting Information),
and the hydrolysis rate constants and half-lives were
determined (Table 3). The half-life values for complexes 1
and 3 were 82.2 and 29.8 min, respectively. Sadler and co-
workers reported that hydrolysis that was too rapid (¢, < 1
min) may lead to the nontoxicity of Ir Cp* complexes.'® The
benzene ring surrounding the nitrogen atom in the chelating
ligand may effectively reduce the charge on the nitrogen atom,
thereby reducing the rate of hydrolysis.

UV—vis spectra of the imino-pyridyl ligand and complexes 1
and 3 have been acquired in PBS buffer solutions at 298 K
(Figure S3 in the Supporting Information). The absorption
strength of the ligand is weak in comparison to the complexes.
The intense absorption bands of these complexes are in the
approximate range 250—500 nm, which could be assigned to
mixed charge-transfer modes such as triplet metal to ligand
charge transfer ("MILCT and *MLCT), a mixed ligand—
centered transition, and ligand to ligand charge transfer.” ">

Interaction with GSH. Tripeptide glutathione (GSH)
often coordinates to the metal center of transition-metal
complexes and participates in the detoxification of many
anticancer metallodrugs. As a result, the stability of complexes
1 and 3 in the presence of GSH was investigated. The reaction
between GSH (10 mol equiv) and complex 1 or 3 (1 mM) in
67% MeOD/33% D,0 (v/v) was monitored by NMR

spectroscopy at 310 K under an N, atmosphere (Figure S4
in the Supporting Information). The peaks corresponding to
complex 3 in the NMR spectra decreased after addition of
GSH, while new peaks corresponding to GSH adducts of
complex 3 increased, indicating that 65% of 3 has reacted with
GSH within 2 h. However, complex 1 is much more stable
under the same conditions.

Cellular Localization. There is currently a growing
interest in the design and development of metallodrugs that
target organelles of cancer cells.** 3% At the beginning, we
tested the fluorescence of complexes 1 and 3 (10 uM) using a
fluorescence spectrophotometer, where only a weak fluores-
cence could be detected at 4., 365 nm. Confocal microscopy is
a powerful technique for generating high-resolution images and
3D reconstructions of a specimen with wide application in
medicinal and biological research. We then tried to detect
images of 1 and 3 in A549 cells. Very excitingly, clear confocal
microscopy images were observed for complexes 1 and 3 at 4,
405 nm. The blue emission by the complexes offered an
opportunity to investigate their cellular localization using
confocal microscopy images (Figure 2). The images clearly
demonstrated that complexes 1 and 3 can effectively penetrate
into the A549 cells and that substantial cellular uptake of these
complexes occurred within 0.5 h of treatment of AS49 cells,
suggesting their accretion inside the cells. Interestingly,
according to the dual staining of complexes 1 and 3 with the
mitochondria staining dye MTDR (MitoTracker Deep Red), a
medium Pearson’s colocalization coefficient (PCC) of 0.61 in
the merged image (overlay, Figure 2A) was obtained for
complex 3, indicating that complex 3 can localize in the
mitochondria to a certain extent; however, the intense blue
fluorescence in the nucleus (Figure 2A) showed that complex
1 effectively penetrated into nucleus after 30 min incubation.
We also probed the specificity of localization of complex 3 with
commercial LTDR (Lyso Tracker Deep Red). The confocal
images (Figure 2B) indicated that complex 3 is capable of
staining lysosome specifically in A549 cells. In comparison with
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Figure 2. (A) Determination of localization of 1 or 3 with MTDR by confocal microscopy. AS49 cells were incubated with 1 or 3 (10 M, 0.5 h)
and then stained with MTDR (100 nM, 0.5 h) at 37 °C. (B) Representative confocal images of AS49 cells exposed to 3 with LTDR. A549 cells

were incubated with 3 (10 uM, 0.5 h) and then stained with LTDR (100 nM, 0.5 h) at 37 °C. Rxcitation and emission bands: for complexes, 1

ex

405 nm, 4, 460 =+ 30 nm; for MTDR, 4, 644 nm, A, 700 + 30 nm; for LTDR, 4., 594 nm, 4, 630 + 30 nm. Scale bar: 20 ym. (C) Iridium/
ruthenium content of the cytoplasm, nucleus and cytoskeleton fractions (Ir/Ru ng/10° cells) of A549 cells after 24 h of exposure to 10 4M 1 or 3.
The results are the means of two independent experiments in triplicate and are expressed as means =+ SDs.
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localization with mitochondria, however, less overlap was
observed for complex 3 with LTDR with a PCC value of 0.49.

Hoechst33342 and DAPI are two representative examples of
small-molecule dyes that have been used as commercial
nuclear imaging agents. They intercalate with stacked base
pairs and bind to nucleic acids, resulting in a fluorescence
enhancement in the nuclear region. Complexes have a certain
binding ability to BSA and ctDNA, indicating that the complex
has the ability to bind proteins and DNA. Moreover, complex
1 has a strong lipophilicity. The reason that complex 1
selectively stained the nuclei of cells may be related to reaction
with histidine or histidine-rich proteins® and to intercalation
between the stacked base pairs of nucleic acids in the nuclear
region.

Complexes 1 and 3 contain the same N"N-chelating ligand
and overall charge; however, they displayed totally different
specificities of localization in cells, suggesting that the metals
and arene/cyclopentadienyl ligands play a key role in the
selection of cell organelle localization.

Cellular Uptake. The cellular uptake levels of 1 and 3 in
different subcellular compartments were also quantitatively
measured by ICP-MS. A549 cells were treated with 1 and 3 for
24 h, and the metal content of the isolated cytoplasm, nucleus,
and cytoskeleton fractions from the AS549 cells was determined
(Figure 2C and Table S3 in the Supporting Information). For
complex 1, the concentration of iridium in the nucleus was
around 2 times higher than that in the cytoplasm, while for
complex 3, more ruthenium passed into the cytoplasm than
into the nucleus. These results are consistent with the
observations of confocal microscopy images.

Then we studied the cellular uptake mechanisms of 1 and 3.
Small molecules can pass through cells through energy-
independent (facilitated diffusion and passive diffusion) or
energy-dependent (endocytosis and active transport) path-
ways. As shown in Figure 3, incubation of A549 cells with
complexes 1 and 3 at lower temperature (4 °C) or with the
treatment of the metabolic inhibitor CCCP (carbonyl cyanide
m-chlorophenyl hydrazone) results in a significantly reduced
cellular uptake efficiency (Figure 3 and Figure SS in the
Supporting Information). Pretreatment of the cells with

1 BF  Overlay

(A)

Chloroquine

Figure 3. Confocal microscopy images of A549 cells after incubation
with 1 under various conditions (4,, 405 nm, 1, 470 + 30 nm). (A)
Cells were preincubated with chloroquine (50 uM) for 1 h at 37 °C
and then incubated with 1 (10 gM) at 37 °C for 60 min. (B) Cells
were preincubated with CCCP (S0 uM) for 1 h at 37 °C and then
incubated with 1 (10 M) at 37 °C for 60 min. (C) Cells were
incubated with 1 (10 M) at 4 °C for 60 min. (D) Cells were
incubated with 1 (10 uM) at 37 °C for 10 min.

chloroquine, an endocytosis modulator which can inhibit the
acidification of endosomes, gave rise to little effect on the
cellular uptake levels of complexes 1 and 3. The results indicate
that complexes 1 and 3 were transported into AS49 cells
possibly through an energy-dependent pathway and do not rely
on endocytic pathways: e.g, via energy-dependent active
transport. The two complexes showed similar uptake
mechanisms, but higher uptake levels were observed for 1
than for 3, which suggested that Cp* iridium might be more
advantageous for cell penetration than the arene ruthenium
moiety.

Interaction with Nucleobases. As DNA is often an
important target for transition-metal-based anticancer drugs,
the binding of the model nucleobases 9-ethylguanine (9-EtG)
and 9-methyladenine (9-MeA) to complexes 1 and 3 was
studied. Nucleobase 9-MeA or 9-EtG (2 mol equiv) was added
to a solution of 1 or 3 (1.0 mM) in 67% MeOD/33% D,O (v/
v), and 'H NMR spectra were monitored at different time
intervals at 310 K (Figure S6 in the Supporting Information).
On the basis of 'H NMR peak integrals, the resulting
percentages of nucleobase adduct are given in Table S4 in
the Supporting Information. No reaction occurred for complex
1 with the two nucleobases. The 'H NMR data showed that
complex 3 bound to 9-ethylguanine (around 23% of 3 reacted)
but not 9-MeA. The weak nucleobase binding of these
complexes can probably be attributed to the sterically hindered
triphenyl group in the chelating ligand.

Interaction with Plasmid DNA. To gain insight into the
DNA cleavage ability of these complexes, plasmid pBR322
DNA (10 uM) was incubated with complexes 1 and 3 (0—25
uM) for 3 h and then was monitored using agarose gel
electrophoresis in a buffer (40 mM Tris-HCl/1 mM EDTA
(disodium salt) at pH 8.3. Previous study has shown that the
binding of unwinding agents to the closed circular DNA
resulted in a decreased migration rate of DNA in agarose gel."’
However, no DNA cleavage occurred upon the treatment of
these complexes, even at a high concentration of 100 M
(Figure S7 in the Supporting Information).

Interaction with ctDNA. The mitochondria and nucleus
accumulation of these complexes as mentioned above
prompted us to explore the interaction of these complexes
toward calf thymus DNA (ctDNA). UV—vis spectroscopy was
employed to investigate the possible binding modes to ctDNA
and determine their binding constants (K;). Complex binding
with DNA through intercalation usually leads to hypochrom-
ism and bathochromism.* Upon the addition of increasing
concentrations of ctDNA to the solution of complexes 1 and 3,
a hypochromic effect is observed at 221—224 nm in the UV—
vis spectra (Table 4 and Figure S8 in the Supporting
Information), which provides evidence for possible intercala-
tive binding to DNA.** The hypochromism is as high as 34.8
and 33.4%, respectively, and bands of both complexes 1 and 3

Table 4. Absorption Spectroscopic Properties of the Ir'"'/
Ru" Complexes on Binding to ctDNA

absorption
Amax (NM)
complex free bound”® Al  hypochromicity (%) K, (10° M™')
1 221 224 3 34.8 6.9
3 219 223 4 33.4 1.2

a[M] = 5 uM at [DNA]/[M] = 72.
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Figure 4. (A) UV—vis spectrum of BSA in S mM Tris-HCl/10 mM NaCl buffer solution (pH 7.2) upon addition of complex 3 (0—3.0 uM). The
arrows show the direction of changes in absorbance upon increasing the concentration of the complex. (B) Fluorescence spectra of BSA (0.5 uM;
Aex 280 nm; A, 343 nm) in the absence and presence of complex 3 (0—3.0 uM). The arrow shows the intensity changes with increasing

concentration of the Ru(II) complex.

showed red shifts. The binding constants K, were calculated.
The values of the binding constant of the investigated
complexes with DNA are similar. Interaction with ctDNA
plays an important role in cancer drug design and develop-
ment. Sheldrick and co-workers reported methyl-substituted
polypyridyl ligands of half-sandwich Ru(II) and Rh(III)
complexes, which forcefully bond to DNA and regulated
apoptosis.*’ Pandey et al. also investigated DNA binding and
topoisomerase II inhibitory activity of water-soluble Ru(II)
and Rh(III) arene complexes.”* DNA binding affinity seems to
enhance the anticancer activity of Ru(Il)-arene complexes.*

Study of BSA Interactions. Drug—protein interactions
might be crucial for drug transport, release, biodistribution,
and toxicity.*® Serum albumin (SA) is the main protein in
blood plasma. Research on anticancer metallodrugs and HSA
(human serum albumin) interactions is of great importance in
an understanding of drug pharmacokinetics and drug—protein
interactions.

The structure of bovine serum albumin (BSA) is similar to
that of HSA and is easily obtained. The UV—vis absorption
spectra of BSA in the absence and presence of the metal
complexes 1 and 3 are shown in Figure 4A and Figures S9 and
S10A in the Supporting Information. Upon addition of the
complexes, the absorption peaks shifted toward longer
wavelength and dramatically decreased at 218 nm. The
decrease is due to the induced perturbation of the a-helix of
BSA by the complexes.”” The red shift of the absorption
spectra can be attributed to the effect of the polar solvent
(water).** With addition of metal complexes to BSA, there was
no shift but a progressive decrease in the absorption peak of
BSA at 278 nm was observed for complexes 1 and 3. The
changes suggest that these two complexes can interact with
BSA molecules and the microenvironment of the three
aromatic acid residues in BSA (Trp, Tyr, and Phe) was altered
upon addition of metal complexes.*’

Fluorescence quenching studies were further performed to
investigate the binding ability of the metal complexes with BSA
in Figure 4B and Figure S10B in the Supporting Information.
The decrease in fluorescence of BSA is a consequence of the
reduced excitation power due to the increasing concentration
of the added complexes. Static quenching, which usually causes
perturbation of the absorption spectrum of the fluorophore,*’
are operative in this system. The values of K, Ky, and n for all
four complexes are shown in Table 5 and Figure S11 in the
Supporting Information.

Table 5. Values of K, Ky, and n for Complexes 1 and 3 at
298 K

complex K, (10° M) K, (10° M™) n
1 1.28 + 0.37 33 2.1
3 1.02 + 0.18 4.3 0.6

A plot of the double log graph of the fluorescence data was
shown in Figure S12 in the Supporting Information. The
magnitudes of K;, and K, of the two complexes are 10° and 10°
M}, respectively, indicating moderate binding abilities to BSA.
The Cp* Ir complex 1 showed a larger number of the binding
sites with an n value of 2.1, indicating about two binding sites
in BSA for 1.

The effect of 1 and 3 on BSA synchronous fluorescence
spectroscopy is shown in Figure S13 in the Supporting
Information. From these results it is concluded that the test
compounds affect the tryptophan microenvironment signifi-
cantly but do not affect the microenvironment of tyrosine
residues during the binding process.>!

Catalytic Oxidation of NADH. To a great extent, the
NADH/NAD" couple play significant roles as the cofactor in
numerous enzymatic reactions. Recently, Sadler and co-
workers have reported that Ir'" and Ru" cyclopentadienyl
complexes can catalytically convert the coenzyme NAD*/
NADH couple through transfer hydrogenation reactions and
can produce ROS H,0,, thus providing an effective pathway to
an oxidant mechanism of action.’’™>* Therefore, reactions
between metal complexes 1 and 3 and NADH were
investigated. First, the reaction was monitored by '"H NMR
in 50% DMSO-ds/50% D,O (v/v) at 310 K. Because of the
low aqueous solubility of the tested compounds, DMSO-d,; was
conducted to improve the solubility of metal complexes in
solution. When NADH (3.5 mol equiv) was added to a 2 mM
solution of complex 1, after 1S min, a sharp singlet at —11.87
ppm was observed in the 'H NMR spectrum which
corresponds to the hydride Ir—H (Figure S13 in the
Supporting Information). Additionally new peaks at 8.968,
9.347, and 9.528 ppm assignable to the hydrogen atoms at the
C4, C6, and C2 positions of the nicotinamide ring of NAD"
were observed, which indicates that NADH was converted into
its oxidized form NAD". The large downfield shift of this peak
in comparison to that (—8.74 ppm) for [(1°-Cp*)Ir(N"N)-
(H)]* (NN 2,6-diisopropyl-N-(pyridin-2-ylmethylene)-
aniline) is notable.'* Second, to evaluate the real catalytic
activity, we incubated 100 uM NADH in a solution of 50%
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MeOH/50% H,O (v/v) as a control (Figure S14A in the
Supporting Information). The catalytic ability of complexes 1
and 3 (ca. 1 uM) with NADH (100 M) in 50% MeOH/50%
H,0 (v/v) was monitored by UV—vis at 298 K (Figure
S14B,C in the Supporting Information). The conversion of
NADH to NAD" can be simply measured by the UV
absorption difference at 339 nm, as NADH has a UV
absorption at 339 nm while NAD* does not. The turnover
numbers (TONs) of complexes 1 (18.5) and 3 (12.2) were
calculated (Figure S14D in the Supporting Information). The
good catalytic behavior of converting NADH to NAD" may
provide an effective pathway to induce ROS and improve the
cytotoxic activity.53

Apoptosis Assay. Apoptosis is a process of programmed
cell death. Many complexes exert their cytotoxic activity in
tumor cells by inducing apoptosis. In order to gain insight into
whether the reduction in cell viability is arising from apoptosis,
AS549 lung cancer cells were treated with complexes 1 and 3 at
0.5, 1, and 2 equipotent concentrations of IC, for 24 h and
tested by flow cytometry. As shown in Figure 5 and Table S6
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Figure 5. Apoptosis analysis of A549 cells after 24 h of exposure to
complexes 1 and 3, at 310 K determined by flow cytometry using
annexin V vs PI staining: (A) populations for cells treated by 1 and 3;
(B) histogram for AS49 cells treated with different concentrations of
metal complexes 1 and 3 for 24 h.

in the Supporting Information, complex 1 at a concentration of
0.5 X ICyy led to 24.5% and 11.5% of AS549 cells in early
apoptotic and late apoptotic phases after 24 h, respectively.
With an increase in the concentrations of metal complexes, a
greater population of cells was in apoptosis. Finally, a 92.5%
total proportion of early apoptotic and late apoptotic cells were
undergoing apoptosis at 2 X ICs, of complex 1, whereas
untreated cells remained 97.8% viable. For complex 3, 78.3%
AS549 cells were in apoptotic phase at a concentration of 2 X
ICs.

To verify whether induction of apoptosis is the major
pathway for cytotoxicity of 1 and 3 toward AS49 cells, we
evaluated the cytotoxicity in the presence of different
inhibitors. The cells were treated with necroptosis inhibitor
necrostatin-1 (Nec-1), autophagy inhibitor 3-methyladenine
(3-MA), the protein synthesis inhibitor cycloheximide (CHX),

and the protease inhibitor leupeptin (LPT) (Table SS in the
Supporting Information. The data showed that the cytotoxic
effects of 1 and 3 did not change significantly, suggesting that
these inhibitors are not operative and apoptosis is the main
way to cause cytotoxicity.

Nuclear Morphological Changes. The confocal micros-
copy technique was employed to gain more insights into the
intracellular effects of complex 1 on cell morphological changes
during the course of apoptosis. After incubation of A549 cells
with complex 1 (10 #M) for the indicated times (1, S, 24 h) at
37 °C (Figure 6), irregular nuclear morphology, nuclear

Figure 6. Confocal microscopy images of nuclear condensation in
DAPI labeled or complex 1 treated A549 cells for the indicated times
at 37 °C. (A) DAPI (1 ng/mL) staining of the nuclei of AS49 cells
after 1 h. Images of complex 1 (10 uM) (B) after 1 h, (C) after S h,
and (D) after 24 h. For DAPI and complex 1: 4, 405 nm, A, 460 +
30 nm. Scale bar: 20 pm.

fragmentation, and chromatin condensation of the nucleus
were observed. Control cells were uniformly stained with DAPI
and presented round homogeneous nuclei. These results
indicated that complex 1 could effectively change nuclear
morphology and finally induce A549 cell apoptosis.
Mitochondrial Membrane Potential (Ay,,) Changes.
Impairment of mitochondrial functions plays a significant role
in both extrinsic and intrinsic apoptosis, such as loss of
mitochondrial membrane potential (MMP). The effects of
complexes 1 and 3 (at concentrations of 0.25, 0.5, 1, and 2 X
ICy,) on the MMP of AS549 cancer cells was monitored by
detecting the red/green fluorescence of JC-1 by flow cytometry
(Figure 7 and Table S7 in the Supporting Information). JC-1
can be aggregated in a MMP-dependent manner in
mitochondria, where green fluorescence indicates a decrease
in MMP and red fluorescence means high membrane
potentials. When cells were treated with complexes 1 and 3,
an increasing portion of cells lost their MMP. The two
complexes caused a marked decrease in MMP, as evidenced by
the fluorescence shift from red to green. After 24 h treatment,
the percentage of cells with mitochondrial membrane
depolarization increased from 6.9% to 82.0% and 62.0%,
respectively, for 1 and 3. A decrease in MMP is an early
manifestation of apoptosis. Once the mitochondrial membrane
potential is lost, the cells enter an irreversible phase of
apoptosis. As a result, these complexes may induce cancer cell
death through the dysfunction of the mitochondrial membrane
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Figure 8. Flow cytometry analysis on ROS induction in A549 cancer cells treated with complexes 1 and 3 at the indicated concentrations for 24 h.

potential. Complex 1 can penetrate the cell membrane, enter
cells, and target the nucleus. The nucleus is the largest
organelle in the cell and is also the control center of all
activities in the cell. It can regulate the function of
mitochondria, such as the mitochondrial membrane perme-
ability and cytochrome c release. To explore the relationship
between cytotoxicity and mitochondrial membrane potential,
cyclosporine A (CsA, a desensitizer of mitochondrial
permeability transition pore) was used (Figure S16 and
Table SS in the Supporting Information. The cell cytotoxicity
of complex 1 was decreased in the presence of CsA, indicating
that a decrease in MMP can increase cytotoxicity.

Induction of Intracellular Reactive Oxygen Species
(ROS). Reactive oxygen species are very important in
regulating cell proliferation, death, and signaling. The excessive
generation of ROS is usually an important MoA of anticancer
agents.”> The ROS generated in cancer cells were detected
using the fluorescent probe DCFH-DA, which could easily be
hydrolyzed and penetrate the cell membrane to form DCFH.
DCFH has no fluorescence and cannot pass through the cell
membrane. Since ROS produced in cells could oxidize DCFH
into fluorescent DCF, thus the fluorescence intensity of DCF
can indicate the level of intracellular ROS. To investigate the
efficacy of complexes 1 and 3 for inducing ROS generation, the
ROS levels in A549 cancer cells induced by the two complexes
at the indicated concentrations for 24 h were detected by flow
cytometry analysis (Figure 8 and Figure S17 in the Supporting
Information). The ROS level is represented by the relative
fluorescence intensity (percent of control). When AS49 cancer
cells were exposed to 1 and 3 for 24 h, significant increases of
ROS levels in cancer cells were observed. The level of ROS

induced by 1 and 3 was obviously elevated in a dose-
dependent manner. It has been reported that complexes can
catalytic hydride transfer from NADH to oxygen to produce
the ROS H,0, as a product.’® Therefore, we tested whether
H,0, is produced in the cells. The experimental results show
that the content of H,0, in 1 and 3 treated AS549 cancer cells
obviously increased at 0.25 X ICy, (Figure S17 in the
Supporting Information).

It has already been reported that the ability of drugs to
induce apoptosis in cancer cells depends upon the ability to
generate ROS.>” To probe the effects of ROS generated by 1
and 3 on the induced apoptosis and cytotoxicity, A549 cancer
cells were pretreated with the ROS scavenger NAC (N-acetyl-
L-cysteine) before the addition of 1 or 3. The higher cell
viability and lower cytotoxicity in NAC-treated cells indicated
that the presence of NAC obviously protected the cells from
the attack of 1 and 3 (Figure S18 and Tables S8 and S9 in the
Supporting Information), thus showing the critical function of
ROS in the induced apoptosis and cytotoxicity of 1 and 3.
From the available data, it was inferred that cells treated with
the complexes efficiently increase ROS generation in A549
cells and consequently induce apoptosis and cytotoxicity. The
increases in ROS levels may provide a pathway to kill cancer
cells.

Cell Cycle Analysis. Next we investigated whether the cell
cycle arrest was the result of inhibition of cancer cell
proliferation. The cell cycle progression of AS49 cancer cells
after exposure with 2 X ICs, of complexes 1 and 3 for 24 h was
analyzed by flow cytometry (Figure 9 and Table S10 in the
Supporting Information). Upon exposure of the cells to
complex 3, the percentage of cells in the G/G; phase of the
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Figure 9. Cell cycle analysis of AS49 cancer cells after 24 h of
exposure to complexes 1 and 3 at 2 X ICy, and pretreatment with the
general ROS scavenger NAC before exposure to complexes 1 or 3.
Cell staining for flow cytometry was carried out using PI. (A) Cell
populations in each cell cycle phase were determined for control and
complexes 1 and 3 at 2 X IC;; and cell pretreatment with 10 mM
NAC for 1 h and then treatment with complex 3 for 24 h. (B) The
changes in CDK 4/cyclin D1 level on exposure to complex 3 for 24 h
waswere measured by flow cytometry.

cell cycle increased to 10.4%, indicating that the complex
arrested the cell cycle at the Gy/G, phase; however, no
significant changes were observed for complex 1. As cells
prepare for DNA synthesis in the Gy/G; phase, complex 3
could probably prevent RNA synthesis to an extent by
interacting with nucleic acid base.

In order to investigate in what way the cycles are altered, we
examined the changes of cyclin after drug exposure. CDK 4
(cyclin-dependent kinase 4) is essential in the progression of
the G,/G, phase by forming CDK 4-cyclin D1 complexes.*®
Inactivation of CDK 4/cyclin D1 is related to the G,/G, phase
arrest. As shown in Figure 9B, a decrease in accumulation of
CDK 4 and cyclin D1 was detected, suggesting that complex 3
induced Gy/G, phase arrest by inactivation of CDK 4 and
cyclin D1.

We further investigated whether the changes in the cell cycle
correlate with ROS. We performed the cell cycle assay in the
presence of NAC. In comparison with the cell cycle result
without NAC, a negligible decrease in the proportion of the
Gy/G, phase was observed for cells pretreated with NAC, and
the changes in CDK 4/cyclin D1 level were also not obvious.
Therefore, ROS may not contribute to the changes in cell
cycle. For complex 1, the cell cycle arrest is not the main cause
of inhibition of cancer cell proliferation; it caused cell
apoptosis mainly via an ROS-dependent mitochondrial path-
way. However, these cell cycle disturbances may contribute to
the apoptosis induced by complex 3.

Bl CONCLUSION

In conclusion, this work has demonstrated the ready
intracellular observation of half-sandwich iridium and
ruthenium anticancer complexes using confocal microscopy.
Confocal microscopy provides insights into the microscopic
mechanisms including cellular uptake, distribution, and
interaction with biological targets, which are difficult to obtain
with other techniques.

A systematic study on the anticancer behavior of half-
sandwich Ir'" and Ru" complexes [(7°-Cp*)Ir(N"N)CI]PF4
and [(n%-arene)Ru(N"N)CI]PF was performed. These efforts
revealed that this class of compounds as potential anticancer
drugs exhibited potent in vitro anticancer activity. Ir Cp*
complex 1 was discovered as a new lead candidate, as it is more
potent than the established metal-based anticancer drug
cisplatin. Herein, we have studied the substituent effects of
the cyclopentadienyl and arene ligands and the metal center
effect on their chemical (hydrolysis, nucleobase binding, GSH
reactions) and anticancer activity. Excitingly, Ir complex 1 and
Ru complex 3 are trackable in cells by confocal microscopy,
which has been employed to determine biodistribution in cells
and will facilitate future in vivo studies. We showed that subtle
structural changes can have a large influence on both the
cytotoxicity and cellular localization. Complex 1 was shown to
accumulate in nuclei; however, 3 was mainly located in
mitochondria by using confocal microscopy and ICP-MS. The
two complexes entered the cancer cells mainly through energy-
dependent active transport. These Ir''/Ru" complexes showed
similar binding affinities to ctDNA and BSA. The fluorescence
quenching of BSA by the metal complexes is due to static
quenching. These types of complexes are effective catalysts for
oxidation of NADH to NAD" by robbing hydride from NADH
with the formation of detectable Ir—H species, which may
induce ROS in cancer cells. Indeed, complexes 1 and 3
increased ROS levels significantly in AS49 cells even at the
indicated concentrations after 24 h of drug exposure, which
resulted in the majority of cancer cells being influenced by the
generation of ROS. Complexes 1 and 3 caused a marked
decrease in MMP. Loss of mitochondrial membrane potential
(MMP) and excessive generation of ROS play significant roles
in intrinsic apoptosis. In addition, complex 3 inactivated CDK
4/cyclin D1 and arrested the cell cycle at the Gy/G; phase.
Moreover, obvious apoptosis was induced when AS49 cancer
cells were treated with different ICy, concentrations of
complexes 1 and 3. This work paves the way to track and
monitor half-sandwich metal complexes in cells, shines a light
on understanding their mechanism of actions, and indicates the
potential application of half-sandwich metal complexes as
theranostic agents.

B EXPERIMENTAL SCETION

Materials. The reagents IrClynH,O (>99% purity), hydrated
RuClynH,0 (>99% purity), 2,3,4,5-tetramethyl-2-cyclopentenone
(95%), 1,2,3,4,5-pentamethyl-cyclopentadiene (95%), butyllithium
solution (1.6 M in hexane), cyclohexa-1,4-diene, 4-phenylbutan-1-ol,
3-phenylpropan-1-ol, a-terpinene, picolinaldehyde, and triphenylme-
thanamine were purchased from Sigma-Aldrich. NH,PF, (Alfa Aesar),
cisplatin (Sigma-Aldrich), MTDR (Life Technologies), LTDR (Life
Technologies), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide, Sigma-Aldrich), N-acetyl-L-cysteine (Sigma-Aldrich),
Annexin V-FITC Apoptosis Detection Kit (Sigma-Aldrich), hydrogen
peroxide assay kit (Beyotime, Jiangshu, China), Cyclin D1 Rabbit
mAb (Cell Signaling), Goat anti-Rabbit 1gG H&L (abcam), Anti-
Cdk4 antibody [EPR4513-32-7] (abcam), JC-1 (Sigma-Aldrich), PBS
(Sangon Biotech), Pand I (Sigma-Aldrich) were all used as received.
Cp™P"H>® was prepared as described. For the biological experiments,
BSA, Supercoiled pBR322 DNA, and 6X loading buffer (0.05%
bromophenol blue, 0.035% xylene cyanol FF, 36% glycerol, and 30
mM EDTA) were purchased from TaKaRa Biotechnology (Dalian,
China). Calf thymus DNA (ctDNA), Tris, and DMEM medium were
obtained from Sigma-Aldrich. Testing compounds was dissolved in
DMSO and diluted with the tissue culture medium before use. During
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the cell experiment, the DMSO concentration was maintained at 1%
(v/v).

Syntheses. The 'H NMR (500 MHz) spectra of the ligand
(triphenylmethyl) (pyridin-2-ylmethylene)amine and complexes 1—6
are shown in Figures S19—-S25.

Synthesis of the Ligand. The ligand (triphenylmethyl)(pyridin-
2-ylmethylene)amine was synthesized according to a reported
procedure.®® A solution of picolinaldehyde (5 mM), triphenylmethan-
amine (S mM), and a catalytic amount of formic acid in methanol (15
mL) was stirred at room temperature for 12 h. The solvent was
evaporated to dryness on a rotary evaporator, and a crude product was
obtained, which was washed with water (5 mL) and dried over
anhydrous alumina at room temperature. The products were obtained
as a white powder. '"H NMR (500 MHz, DMSO): § 8.60 (d, J = 4.1
Hz, 1H), 8.34—8.31 (m, 1H), 7.97 (td, ] = 7.7, 1.6 Hz, 1H), 7.77 (s,
1H), 7.51 (ddd, ] = 7.5, 4.8, 1.2 Hz, 1H), 7.37 (t, ] = 7.4 Hz, 6H),
7.33—7.28 (m, 3H), 7.22 (dd, J = 5.3, 3.2 Hz, 6H).

Synthesis of Complexes 1-6: General Method. The ligand
(triphenylmethyl) (pyridin-2-ylmethylene)amine (0.10 mM) and
metal dimer [(1°-Cp*)IrCL], or [(1%-arene)RuCl,], (0.05 mM)
were dissolved in methanol in a dry round-bottom flask equipped with
a stirrer and placed under a nitrogen atmosphere. After constant
stirring for 4 h, NH,PF, (0.2 mM) was added at room temperature.
The reaction mixture was stirred for 20 h at room temperature, and
the progress o the f reaction was monitored by TLC. After complete
conversion, methanol was removed under reduced pressure and the
product was dissolved in dichloromethane, filtered through a Celite
filtration funnel, and recrystallized by slow diffusion of n-hexane in a
concentrated solution of the compound in dichloromethane to obtain
the corresponding complexes 1—6.

[67-Cp*)Ir(N*N)CIIPF4 (1). Yield: 52.48 mg, 61.3%. 'H NMR (500
MHz, DMSO): 6 8.61 (d, ] = 4.7 Hz, 1H), 8.33 (d, ] = 7.9 Hz, 1H),
7.98 (t, ] = 7.0 Hz, 1H), 7.77 (s, 1H), 7.51 (ddd, ] = 7.5, 4.8, 1.1 Hz,
1H), 7.37 (t, ] = 7.5 Hz, 6H), 7.31 (t, ] = 7.3 Hz, 3H), 7.24—7.21 (m,
6H), 1.75 (s, 15H). Anal. Caled For [(#°-Cp*)Ir(N"N)CI]PF
(856.3): C, 49.09; H, 4.12; N, 3.27. Found: C, 49.20; H, 4.02; N,
3.23. MS: m/z 711.34 [(i°-Cp*)Ir(N*N)CI]*.

[(*>-Co®PN)Ir(N"N)CIIPF 5 (2). Yield: 40.05 mg, 40.3%. 'H NMR
(500 MHz, DMSO): 6 13.59 (d, ] = 9.6 Hz, 2H), 9.54 (d, ] = 9.7 Hz,
3H), 8.80 (d, ] = 5.4 Hz, 2H), 8.57—8.13 (m, SH), 8.05—7.65 (m,
8H), 7.64—7.23 (m, 8H), 1.83 (dd, J = 33.5, 10.8 Hz, 12H). Anal.
Calcd For [(i°- Cp®"M)Ir(N"N) CI]PF4 (994.47): C, 55.56; H, 4.16;
N, 2.82. Found: C, 55.22; H, 4.32; N, 2.73. MS: m/z 849.7 [(n*-
Cp®)Ir(N*N)CI]".

[(75-b2)Ru(N"N)CIIPF4 (3). Yield: 45.43 mg, 61.3%. "H NMR (500
MHz, DMSO): § 9.63 (d, ] = 5.3 Hz, 1H), 8.78 (s, 1H), 8.32 (d, ] =
7.9 Hz, 1H), 8.26 (t, ] = 8.2 Hz, 1H), 7.89—7.86 (m, 1H), 7.45 (ddd,
J = 27.3, 194, 7.3 Hz, 15H), 5.61 (s, 6H). Anal. Calcd For [(n°-
bz)Ir(N"N)CI]PF, (708.04): C, 52.59; H, 3.70; N, 3.96. Found: C,
52.30; H, 3.62; N, 3.86. MS: m/z 527.93 [ (1% bz)Ir(N"N)]*.

[(n°-p-cym)Ru(N*N)CIIPF 4 (4). Yield: 55.31 mg, 72.4%. '"H NMR
(500 MHz, CDCl,): § 9.48 (s, 1H), 8.37 (s, 2H), 8.06 (s, 2H), 7.84
(d, ] = 61.2 Hz, 3H), 7.47 (dd, ] = 46.9, 7.3 Hz, 12H), 5.83 (s, 1H),
5.27 (s, 1H), 4.71 (s, 1H), 4.48 (s, 1H), 2.43 (s, 1H), 2.17 (s, 3H),
1.00-0.76 (m, 6H). Anal. Calcd For [(#%p-cym)Ir(N*N)CI]PFq
(764.15): C, 55.01; H, 4.48; N, 3.67. Found: C, 55.20; H, 4.52; N,
3.76. MS: m/z 584.75[ (11°-p-cym)Ir(N"N) + H]".

[(°-bz-PA)RU(N*N)CIIPF4 (5). Yield: 53.51 mg, 69.8%. 'H NMR
(500 MHz, DMSO): § 9.57 (d, J = 5.3 Hz, 1H), 8.76 (s, 1H), 8.35—
821 (m, 3H), 7.92—7.81 (m, 2H), 7.45 (ddd, J = 26.9, 15.6, 7.3 Hz,
13H), 5.71 (t, ] = 6.0 Hz, 1H), 5.66 (d, J = 6.3 Hz, 1H), 5.38 (t, ] =
5.6 Hz, 1H), 5.03—4.96 (m, 2H), 4.55 (t, J = 5.0 Hz, 1H), 2.45—2.38
(m, 2H), 1.65 (ddd, J = 12.9, 8.8, 5.4 Hz, 2H), 1.53 (ddd, J = 13.5,
11.1, 6.7 Hz, 2H). Anal. Calcd For [(55-bz-PA)Ir(N*N)CI]PF4
(766.12): C, 53.30; H, 4.21; N, 3.66. Found: C, 53.25; H, 4.32; N,
3.79. MS: m/z 586.72 [(1°-bz-PA)Ir(N"N) + H]".

[(°-bz-BA)RU(N"N)CIIPF4 (6). Yield: 50.72 mg, 65.0%. 'H NMR
(500 MHz, DMSO): § 9.56 (d, ] = 5.4 Hz, 1H), 8.76 (s, 1H), 8.31 (d,
J = 6.5 Hz, 1H), 8.26 (t, ] = 7.7 Hz, 1H), 7.88 (t, ] = 5.8 Hz, 1H),
7.45 (ddd, J = 26.8, 14.7, 7.3 Hz, 13H), 5.73 (dd, ] = 13.6, 7.7 Hz,

2H), 5.64 (d, J = 5.9 Hz, 1H), 5.40 (t, ] = 5.6 Hz, 1H), 5.02 (t, ] = 6.0
Hz, 1H), 4.96 (d, ] = 6.5 Hz, 1H), 2.38—2.29 (m, 2H), 1.64—1.27 (m,
6H). Anal. Calcd For [(7°-bz-BA)Ir(N*N)CI]PF, (780.14): C, 53.88;
H, 4.39; N, 3.59. Found: C, 53.72; H, 4.42; N, 3.79. MS: m/z 600.35
[(#5-bz-BA)Ir(N*N) + H]*.
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