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Abstract

A series of “half-sandwich” Schiff-base Ir(lll) oglexes were synthesized and
investigated for theiim vitro activities against the leukemia K562 cell line. 3eompounds
demonstrated antiproliferative activities againS6R cells with 1Gyvalues of 0.26 - 4.74M. In
particular, compoundOc showed cytotoxicity against five cancer cell lifseblines and stronger
activities than cisplatin in K562, K562/A02, MCFMCF-7/ADM, and A549 cells. Mechanism
studies illustrated that compoufficincreased the level of reactive oxygen speciesrathated
apoptosis of K562 cells. This compound effectividgreased the mitochondrial membrane
potential and the protein level of Bcl-2. It alsctieased the protein levels of Bax, caspase-3, and
caspase-9, and led to release of cytochrome c @2 KBlls, indicating that the apoptosis induced

by compoundlOcwas mediated by the intrinsic mitochondria apaptpathway.

Key Words: Schiff-base Ir(lll) complexes; antipfeliative activities; reactive oxygen species;

apoptosis.



1. Introduction

Because of their variations in coordination numpge®metries, and properties of the
metal ion and ligands, transition metals providghhy versatile scaffolds for drug design. [1-3]
Not surprisingly, the discovery of cisplatin ane thther two platinum-based drugs, carboplatin
and oxaliplatin, represented the most successarhgies in the field of medicinal inorganic
chemistry. Cisplatin and its analogues functioamticancer drugs mainly by forming platinum-
DNA adducts that interfere with DNA replication afutther lead to cell death.[4, 5] Although
these platinum-based drugs are among the mostywideld anticancer therapeutics, they
produce undesirable side effects and easily aadjdineg resistance.[6, 7] The success and
limitations of these platinum-based drugs stimaldatemendous research efforts into the
discovery of other transition metal-based anticadcegs. It is expected that transition metal-
based anticancer drugs with mechanisms of actiberelnt from those of the platinum-based
drugs would demonstrate diminished side effectsasily developed drug resistance, and/or a
broader spectrum of anticancer activities.[8, 9]

Recently, in addition to other transition metal gdexes including Ru-, Rh-, Re-, Os-,
and Au-based compounds, anticancer Ir(Ill) com@eeeeived significant attentions.[1, 2, 9-11]
Interestingly, complexes of Ir(lll), a third-rowvespin ¢ metal ion, were initially considered to
be too inert to exhibit high anticancer activitjgg] This is probably because that hydrolysis is
usually an key step in the mechanism of action efatrbased anticancer agerasd yet the
process of exchanging an aqua ligand on B&{)d|** takes hundreds of years.[13-15] In fact, an
Ir analogue of NAMI-A(a Ru-based antitumor metastasis agent on clitieds), trans-
[IrCl4(DMSO)(Im)][ImH] (DMSO = dimethyl sulfoxide, ImH #midazole), was kinetically inert
towards hydrolysis and was also biologically inaefil6] However, Meggers and co-workers
took advantage of the kinetic inertness and strattpportunities provided by the octahedral
geometries of Ir(lll), and successfully designeskkective Ir(lll)-based inhibitor of the receptor
tyrosine kinase FLT4 (also known as VEGFR3) ascanter agents (compoufidn Figure
1).[17, 18] The Sadler group and the Sheldrick grimund that the anticancer activities of Ir(lll)
complexes strongly depended on their ligand s&gHar instance, the “half-sandwich”

pentamethylcyclopentadienyl (Cp*) iridium(lll) coem 2 was biologically inactive, while by
the incorporation of phenyl substituents as in plietramethylcyclopentadienyl (C)th) and

biphenyltetramethylcyclopentadienyl (étﬂph) ligands, iridium(lll) complexe8 and4 both



demonstrated activities against A2780 cancer §BllsThe introduction of the C,N-chelating
ligands instead of the N,N-chelating ligands ataprioved the antiproliferative activities of the
iridium(lll) complexes (see compoun8snd6 in Figure 1).[20] In addition, Ma and other
groups identified several series of cyclometaldt@tl) complexes with favorable anticancer
activities.[21-25] However, to date, no Ir(lll) cphex has reached the market. Efforts are still
needed to discover novel Ir(lll) complexes that Wénefit the cancer patients.

Our group was previously inspired by the specialrabteristics of the iridium complexes
as catalysts and developed iridium-based asymnsstnithetic methodologies.[26, 27] The
recently reported anticancer activities of Ir(lbised compounds intrigued our interest in
exploring the functions of Ir(lll) complexes in tgical systems. In order to identify novel
Ir(1l1)-based anticancer agents, we synthesizegrias of “half-sandwich” Schiff-base Ir(l11)
complexes. We report herein the anticancer aasjitihe structure-activity relationship analysis,

and the preliminary mechanism studies of these oomgs.

2. Results and discussion
2.1 Chemistry

The general synthetic route for the targeted “Batidwich” Schiff-base Ir(lll) complexes
10a-ois outlined in Scheme 1.[28, 29] The easily adbés&etones was treated with anilines
8 to obtain the ketimined. Then, the reaction of 1.0 equivalent of [Cp*kEwith 2.0
equivalents of ketimin® in the presence of 10.0 equivalents of NaOAc anldromethane
(DCM) for 24 h afforded the Ir(lll) complexes in oherate to high yields. All new complexes
were characterized byl NMR, **C NMR, IR, and ESI-MS analysis.

2.2. Biological evaluation
2.2.1.Invitro antiproliferative activity and structure-activitglationship analysis

Thein vitro antiproliferative activities of the compounti8a-owere evaluated against
the leukemia K562 cell line and the correspondi@g (the concentration leading to 50%
inhibition of the cancer cell proliferation) valuegre listed in Table 1. Complex&8a-o
demonstrated promising antiproliferative activitsgginst K562 cells, and all showed higher
potency than cisplatin. Although the antiprolifératactivities of these compounds fell within a

relatively narrow range (from 0.26M to 4.77uM), the differences illustrated the effects of the



Schiff-base ligands of these Ir(lll) complexes bait activities in the K562 cells. In most cases,
compounds containing electron-donating groups sbdwegter potency than their counterparts
without electron-donating groups. The compl&k with a strong electron-withdrawing nitro
group showed the worst activity @& 4.77uM), while compoundLOc containing two electron-
donating methoxy groups demonstrated the highashpg (IGo = 0.26uM). Further analysis
revealed that electron-donating groups on the pasition of ring A favorably contributed to the
activity of the compounds and electron-withdrawgngups led to decrease of the activity of the
complexes (compound®)j vs.10g 10i vs.10hand10g and10dvs. 10k, 10l, and10n). This
probably is because hydrolysis is a key step imtbehanism of action as mentioned above and
the electron-donating groups facilitate the leawhghe chloride ions, accelerating the
hydrolysis. Substituents on ring B might affect #u#ivity of the compounds through a
combination of electrostatic and other effects. iRstance, in cases of compourdds 10¢ and
10d, compound4.0h and10k, or compound40f and10g electrostatic effects dominantly
affected the activities of these compounds, whir@mn-donating groups on ring B resulted in
increase of the activities of the compounds andtede-withdrawing group led to decrease of the
activity of the complexes. In cases of compoub@isand10d, or compound40eand10f, the
potency of complexes with no substituents on thenghring was slightly lower than those with
electron-withdrawing chloro or trifluoromethyl suibgents. This may indicate the specific
requirements of these complexes to interact wathaitgets in cells.

The activities of compountiOc (the most active in K562 cells) against a serfastioer
cancer cell lines/sublines including K562/A02, MCFMCF-7/ADM, and A549 cells were
further investigated (Table 2). In all cancer cédisted, compountiOcdisplayed stronger
potency than cisplatin. Because of the strong ietsvof compound.Ocin multiple cell lines,
the mechanisms of its antiproliferative effects evienther investigated.

2.2.2. ROS assessment

The effect of compountiOcon the level of intracellular ROS (iROS) in K56&lls was
measured using the DCFH-DA method. The treatmetht @mpoundLOc as well as the
treatment with cisplatin both increased the lee¢l)ROS compared with the untreated control
cells (Figure 2). In addition, the ROS scavengeaddtyl-I-cysteine (NAC) attenuated the iROS

induced by compountiOc



2.2.3. Apoptosis assessment

The ability of compoundOcto provoke apoptosis in K562 cells was then evatliaAs
shown in Figure 3, the percentage of early apaptmils (Annexin V/PI") after the treatment
with compoundlOcfor 24 h increased from 0.9+0.5% (control) to ¥2.27%. NAC significantly
restored the percentage of early apoptosis cetlsaipresence of dM compoundLOc This
effect was consistent with the result of the ROs&agssuggesting that compoub@cinduced
apoptosis in a ROS-dependent manner. In addith@npércentage of cells in late apoptosis or
necrosis (annexin-VPI") also increased after the treatment with compdi@eibut without

statistically significance compared with the effeatised by cisplatin.

2.2.4. The mitochondrial pathway of apoptosis iretlby compound 10c

Our investigations then demonstrated that compdi@edriggered the mitochondrial
pathway of apoptosis. As shown in Figure 4, thensity of green fluorescence (JC-1 monomers)
was substantially increased in the presence of camghlOcat 1uM, indicating that compound
10cled to a decrease in the mitochondrial membramenpial of K562 cells. The decrease of the
mitochondrial membrane potential caused by compd@aavas significantly reversed by NAC
at 2 mM, demonstrating that the effect of compoti@don mitochondrial membrane potential
was correlated with the ROS level in the cellsuFégbA showed the concentration-dependent
release of cytochrome c (an apoptogenic factoo)tim: cytosol in K562 cells treated with
compoundlOg suggesting that the induced apoptosis was lilcehe mediated by the intrinsic
mitochondria apoptosis pathway. Moreover, compdlOodown-regulated the expression of
Bcl-2 (an anti-apoptotic factor) and up-regulatexk Ba pro-apoptotic factor) in a dose-
dependent manner. The reduction of the ratio ofZB8kx also indicated the activation of
mitochondrial apoptotic pathway after the treatmeith compoundlOc We then analyzed the
activity of caspase-9, a typical marker of mitoctheal apoptotic pathway. As shown in Figure
5B, compound.Oc significantly elevated the activities of caspas®afl caspase-3. Caspase-9
was 1.20, 1.80, 2.48, and 2.68 times as activeeasdntrol and caspase-3 was 1.16, 1.65, 2.14,
and 2.25 times as active as the control afterrdarnents with compouriDcat 0.1, 0.3, 1, and

3 UM, respectively.



2.2.5. Cell cycle analysis

The effects of compountDcon cell cycle distribution were examined usingwlo
cytometry. As shown in Figure 6, the treatment vighM compound.Ocfor 48 h significantly
enhanced sub diploid cells and decreased cellpimaSe and §G; phase. The results also
demonstrated that cisplatin induced the accumulaifd562 cells in @G; phase, indicating
that compound.Ochad different mechanisms of action from cisplafine treatment with NAC
partially reversed the effects of compoulfit: In addition, the induction of cell death by the
treatment with compountiOcwas also confirmed by the flow cytometric analysisell cycle.

3. Experimental Section
3.1. Synthesis
3.1.1. Materials and methods

'H NMR and™*C NMR spectra were recorded on a Bruker 400 MHz NdyBctrometer
(Bruker AMX 400, Fallanden, Switzerland) at 400 df MHz, respectively. Chemical shifts
(8) were reported in ppm with tetramethylsilane &sititernal standard. IR spectra were
recorded on a Thermo Scientific Nicolet iS5 speuoter (iD5 ATR, diamond). ESI-HRMS
spectra were recorded on a Waters SYNAPT G2. Mgfimints were recorded at SGW X-4
melting point instrument (Shanghai precision & st instrument Co., Ltd, Shanghai, China).
All reagents and solvents were purchased from Admlasich, Energy Chemical, J&K, and
Strem Chemicals, and used as received. Column etography was performed on silica gel
(300-400 mesh, Qingdao Marine Chemical Ltd, Qingduna).

3.1.2. General procedures for the preparation pflfCl ],

To a solution of IrG- 3H,0 (1.4950 g, 5.0mmol) in 10 mL methanol was added
pentamethylcyclopentadiene (1.0200 g, 7.5 mmolg fixture was refluxed for 36 h. After the
mixture was cooled to room temperature, the proflCiotirCl,], was precipitated out, filtered,

washed with cold methanol, dried under vacuum,esel without further purification.

3.1.3. General procedures for the preparation tirkees
Under a N atmosphere, dichloromethane (25 mL3NE€20 mmol), ketone (10 mmol),

and amine (12 mmol) were added into a round boftask. TiCl, (5 mmol) in dichloromethane



(10 mL) was added dropwise under @ 0 °C within 15 min. The reaction mixture wasret at

0 °C for 0.5 h, then warmed up to 25 °C and stige#5 °C for 7-8 h. The reaction mixture was
guenched with a saturated solution g5 (30 mL), and the reaction mixture was filtered
through a Buchner funnel. The organic layer wasusgpd from the filtrate, and the remaining
agueous layer was extracted with dichloromethar2%2nL). The combined organic layer was
washed with brine (10 mL) and dried over anhydidesSOs. The solvent was removed under

vacuum, and then the ketimine was recrystallizethfethanol.

3.1.4. General procedures for the preparationefrilium complexes

[Cp*IrCl;]2 (1.0 equiv), ketimine (2.0 equiv), and NaOAc (18duiv) were placed into a
Schlenk tube. The tube was then transferred imitregen-filled glove-box. Dichloromethane
was then added and the resulting mixture was dtateéoom temperature for 24 h. The reaction
mixture was filtered through celite, and dried odesSO,. After removal of the solvent under
vacuum the resulting solid was washed with diegtlger/petroleum ether to afford the iridium

complexes.

3.1.5. Analytical and spectral characterizatioradat

[(n>-Cp*)Ir((E) -4-((1-(4-methoxyphenyl)ethylidene)amiro)benzonitrile)Cl] 10a:

Yellow solid (26.3 mg, 0.05 mmol, 86%); m.p. = 22@22 °C:*H NMR (400 MHz, CDC}, 298

K) & (ppm):8 7.93 (s, 1H), 7.74 (dl = 7.4 Hz, 2H), 7.51 (d] = 8.4 Hz, 1H), 7.35 (s, 1H), 6.96

(s, 1H), 6.61 (dJ = 8.4 Hz, 1H), 3.91 (s, 3H), 2.40 (s, 3H), 1.4116H); *C NMR (100 MHz,
CDCls, 298 K)3 (ppm): 179.70, 170.89, 161.62, 153.47, 139.54,882918.22, 117.49, 108.66,
107.41, 88.10, 54.08, 15.92, 7.54; IR (thin film: 2960, 2357, 1534, 1456, 1342, 1257, 1013,
791, and 748; HRMS (ESI) for,gH2sClIrN,O [M-CI]* : m/z calc.: 577.1831, Found: 577.1855.

[(m°-Cp*)Ir((E) -1-(4-methoxyphenyl)-N-(4-(trifluoromet hyl)phenyl)ethan-1-imine)CI]10b:
Yellow solid (27.6 mg, 0.05 mmol, 84%); m.p. = 24247 °C;"H NMR (400 MHz, CDC}, 298

K) 8 (ppm): 8.19 — 7.81 (m, 1H), 7.70 @5 8.3 Hz, 2H), 7.50 (d] = 8.6 Hz, 1H), 7.36 (d] =

2.5 Hz, 1H), 7.19 - 6.91 (m, 1H), 6.61 (dd; 8.6, 2.5 Hz, 1H), 3.92 (s, 3H), 2.41 (s, 3HA2L.

(s, 15H);**C NMR (100 MHz, CDGJ, 298 K)5 (ppm): 180.51, 171.36, 162.40, 153.66, 140.71,
130.58, 128.08 (gl = 23 Hz), 123.91 (q] = 270 Hz), 119.18, 108.15, 89.01, 55.00, 16.884 8.



IR (thin film, cmi®): 2962, 2367, 1537, 1455, 1377, 1272, 1014, 768,749; HRMS (ESI) for
Cu6H2sCIFIrNO [M-CI] ™ : m/z calc.: 620.1752, Found: 620.1768.

[(M>-Cp*)Ir((E) -N,1-bis(4-methoxyphenyl)ethan-1-imine)Cl] 10c:

Yellow solid (purchased from Strem Chemicals); ¢haracterization data are as follows and
consistent with the reported data.[3B]NMR (400 MHz, CDC4, 253 K)& (ppm): 7.79 (dJ =
8.8 Hz, 1H), 7.72 (d) = 8.2 Hz, 1H), 7.07 (d] = 2.5 Hz, 1H), 7.02-6.95 (m, 2H), 6.91 (d;
8.1 Hz, 1H), 6.81 (d] = 8.3 Hz, 1H), 3.88 (s, 3H), 3.83 (s, 3H), 2.443(d), 1.44 (s, 15H);
HRMS for GeH31CIIrNO, [M-CI] ™ : m/z calc.: 582.1984, Found: 582.1980.

[(n°-Cp*)Ir((E)-1-(4-methoxyphenyl)-N-phenylethan-1-imine)Cl] 10d:

Orange solid (24.8 mg, 0.05 mmol, 84%); the charazdtion data are as follows and consistent
with the reported data.[31] m.p. = 228 ~ 230 B&NMR (300 MHz, CDCY, 298 K)& (ppm):

7.49- 7.35 (m, 4H), 7.23-7.20 (m, 3H), 6.59J¢ 7.9 Hz, 1H), 3.91 (s, 3H), 2.39 (s, 3H), 1.42(s,
15H); HRMS (ESI) for GsH2oClIrNO [M-CI] ™ : m/z calc.: 552.1878, Found: 552.1873.

[(n>-Cp*)Ir((E) -N-(4-chlorophenyl)-1-(p-tolyl)ethan-1-imine)Cl] 1Ge:

Yellow solid (27.5 mg, 0.05 mmol, 91%); m.p. = 28289 °C:*H NMR (400 MHz, CDC}, 298
K) 8 (ppm): 7.98 — 7.70 (m, 1H), 7.64 (s, 1H), 7.410&,7.3 Hz, 3H), 6.85 (ddl = 7.9, 1.1 Hz,
2H), 2.45 (s, 3H), 2.42 (s, 3H), 1.43 (s, 158 NMR (100 MHz, CDQ, 298 K)5 (ppm):
181.53, 168.68, 149.31, 145.01, 142.50, 135.77,583128.59, 122.73, 88.97, 53.40, 30.90,
21.98, 16.79, 8.52; IR (thin film, chx 2963, 2359, 1575, 1455, 1375, 1261, 1013, 80@,749;
HRMS (ESI) for GsH2sCloIrN [M-CI] * : m/z calc.: 570.1540, Found: 570.1519.

[(M>-Cp*)Ir((E) -N-phenyl-1-(p-tolyl)ethan-1-imine)Cl] 10f;

Orange solid (25.4 mg, 0.05 mmol, 89%); the characdtion data are as follows and consistent
with the reported data.[31] m.p. = 255 ~ 258 %€ NMR (300 MHz, CDC}, 298 K)5 (ppm):

7.64 (s, 1H), 7.41 (d = 7.4 Hz, 3H), 7.25-7.21 (m, 2H), 6.84 (&5 7.2 Hz, 2H), 2.45 (s, 3H),
2.41 (s, 3H), 1.41 (s, 15H); HRMS (ESI) fogs82¢CIIrN [M-CI] * : m/z calc.: 536.1929, Found:
536.1925.



[(n>-Cp*)Ir((E) -N,1-di-p-tolylethan-1-imine)Cl] 10g:

Yellow solid (27.2 mg, 0.05 mmol, 93%); m.p. = 23240 °C;"H NMR (400 MHz, CDC}, 298
K) & (ppm):*H NMR (400 MHz, CDC}) § 7.55 (s, 2H), 7.32 (d} = 7.9 Hz, 1H), 7.13 (d] = 7.3
Hz, 2H), 6.76 (ddJ = 7.9, 1.1 Hz, 2H), 2.37 (s, 3H), 2.32 Jc5 2.5 Hz, 6H), 1.34 (s, 15H)*C
NMR (100 MHz, CDC4, 298 K)3 (ppm): 180.80, 168.11, 148.26, 145.33, 141.94,6385
128.19, 122.45, 88.81, 21.89, 20.93, 16.68, 8R1Hin film, cm'): 2961, 2367, 1574, 1451,
1375, 1261, 1019, 800, and 749; HRMS (ESI) fegHz:CIIrN [M-CI] * : m/z calc.: 550.2086,
Found: 550.2081.

[(n>-Cp*)Ir((E) -1-(4-nitrophenyl)-N-(p-tolyl)ethan-1-imine)Cl] 10h:

Brown solid (27.7 mg, 0.05 mmol, 89%); m.p. = 27877 °C;'H NMR (400 MHz, CDC}, 298

K) & (ppm): 8.61 (dJ = 2.3 Hz, 1H), 7.86 (dd] = 8.5, 2.3 Hz, 1H), 7.76 — 7.67 (m, 1H), 7.61 (d,
J=8.5Hz, 3H), 6.90 — 6.67 (m, 1H), 2.48 (s, 3BN2 (s, 3H), 1.44 (s, 15HC NMR (100

MHz, CDCk, 298 K)& (ppm): 180.23, 168.65, 153.38, 148.97, 147.86,6636129.16, 128.48,
116.79, 90.03, 21.03, 17.43, 8.50; IR (thin film9): 2961, 2357, 1504, 1446, 1332, 1260, 1019,
796, and 758; HRMS (ESI) for,€H26ClIrN,0, [M-CI]* : m/z calc.: 581.1780, Found: 581.1812.

[(m>-Cp*)Ir((E) -1-phenyl-N-(p-tolyl)ethan-1-imine)Cl] 10i:

Yellow solid (22.5 mg, 0.05 mmol, 78%); m.p. = 20204 °C:*H NMR (400 MHz, CDC}, 298
K) & (ppm): 7.75 (dJ = 7.6 Hz, 1H), 7.63 (d] = 7.6 Hz, 1H), 7.48 — 7.40 (m, 1H), 7.15 (dd, J =
7.2,6.2 Hz, 3H), 6.94 (dd,= 11.0, 4.0 Hz, 1H), 6.85 — 6.56 (m, 1H), 2.363¢¥), 2.33 (s, 3H),
1.35 (s, 15H)*C NMR (100 MHz, CDGJ, 298 K)& (ppm): 181.28, 168.14, 148.25, 147.75,
135.78, 135.03, 131.91, 128.36, 121.30, 89.02,72(16.79, 8.44; IR (thin film, cif): 2982,

2364, 1579, 1448, 1374, 1261, 1025, 785, and 78NSl (ESI) for GsHoClIrN [M-CI] * : m/z
calc.: 536.1929, Found: 536.1964.

[(m°-Cp*)Ir((E) -N-(4-chlorophenyl)-1-phenylethan-1-imine)Cl] 10j:

Orange solid (25.1 mg, 0.05 mmol, 85%); m.p. = 2273 °C;"H NMR (400 MHz, CDC}, 298

K) & (ppm): 7.76 (ddJ) = 7.6, 0.7 Hz, 2H), 7.46 (dd,= 7.8, 1.1 Hz, 1H), 7.34 (d,= 8.0 Hz,

2H), 7.16 (ddJ = 7.5, 1.3 Hz, 1H), 6.97 (td,= 7.7, 1.1 Hz, 1H), 6.77 (s, 1H), 2.38 (s, 3H),71.3
(s, 15H);**C NMR (100 MHz, CDGJ, 298 K)& (ppm): 182.03, 168.67, 149.26, 147.40, 135.14,



132.31, 131.74, 128.74, 121.53, 89.16, 30.91, 1&%B; IR (thin film, crif): 2961, 2354, 1539,
1448, 1374, 1260, 1012, 797, and 749; HRMS (ESITaH»6ClLIrN [M-CI] * : m/z calc.:
556.1383, Found: 556.1357.

[(M>-CpHIr((E) -1-(4-nitrophenyl)-N-phenylethan-1-imine)CI] 10k:

Brown solid (25.9 mg, 0.05 mmol, 86%); m.p. = 27877 °C;'H NMR (400 MHz, CDC}, 298
K) 6 (ppm): 8.62 (dJ = 2.2 Hz, 1H), 7.88 (d] = 2.3 Hz, 1H), 7.86 (d] = 2.3 Hz, 1H), 7.63 (d]
= 8.5 Hz, 1H), 7.48 (s, 2H), 7.29 @= 7.5 Hz, 1H), 6.88 (s, 1H), 2.49 (s, 3H), 1.4516H);

13C NMR (100 MHz, CDGJ, 298 K)5 (ppm): 180.30, 168.78, 153.25, 150.24, 148.94,1129
128.58, 126.91, 116.76, 90.05, 17.42, 9.32, 8R3ZfHin film, cni'): 2961, 2367, 1510, 1448,
1378, 1258, 1011, 788, and 751; HRMS (ESI) feuHzCIIrN,0, [M-CI] * : m/z calc.: 567.1624,
Found: 567.1662.

[(n>-Cp*)Ir((E) -1-(4-chlorophenyl)-N-phenylethan-1-imine)Cl] 10l:

Yellow solid (22.7 mg, 0.05 mmol, 76%); m.p. = 23233 °C:*H NMR (400 MHz, CDC}, 298
K) & (ppm): 7.77 (s, 1H), 7.68 (d,= 2.0 Hz, 1H), 7.37 (d] = 8.2 Hz, 2H), 7.16 (d] = 7.4 Hz,
2H), 6.95 (dd,) = 8.3, 2.0 Hz, 1H), 6.80(s, 1H), 2.35 (s, 3H)51L(8, 15H);**C NMR (100 MHz,
CDCls, 298 K)6 (ppm): 180.55, 169.84, 150.51, 146.18, 137.84,484129.55, 126.44, 121.64,
89.36, 17.04, 8.42; IR (thin film, C'?‘m: 2961, 2371, 1530, 1448, 1373, 1259, 1014, 78@,749;
HRMS (ESI) for G4H2¢CloIrN [M-CI] ¥ : m/z calc.: 556.1383, Found: 556.1403.

[(m>-Cp*)Ir((E) -1-(2-chlorophenyl)-N-phenylethan-1-imine)CI] 10m:

Yellow solid (23.3 mg, 0.05 mmol, 79%); m.p. = 23234 °C;'H NMR (400 MHz, CDC}, 298
K) & (ppm): 7.80 (s, 1H), 7.64 (d,= 7.4 Hz, 1H), 7.38 (d] = 32.7 Hz, 2H), 7.15 (1 = 7.4 Hz,
1H), 7.01 (tJ= 7.6 Hz, 1H), 6.94 (dl = 7.7 Hz, 1H), 6.77 (s, 1H), 2.63 (s, 3H), 1.3216H);
13C NMR (100 MHz, CDGJ, 298 K)5 (ppm): 181.46, 171.91, 150.98, 143.34, 134.30,3%R2
126.39, 124.74, 89.82, 23.13, 8.33; IR (thin fibm™): 2962, 2362, 1557, 1449, 1377, 1260,
1023, 790, and 748; HRMS (ESI) fop8,6Cl.IrN [M-CI] " : m/z calc.: 556.1383, Found:
556.1413.

[(n>-Cp*)Ir((E) -1-(4-fluorophenyl)-N-phenylethan-1-imine)Cl] 10n:



Yellow solid (25.6 mg, 0.05 mmol, 89%); m.p. = 20204 °C:*H NMR (400 MHz, CDC}, 298
K) & (ppm): 7.84 (s, 1H), 7.52 (dd= 8.5, 5.6 Hz, 1H), 7.48 (dd,= 9.4, 2.5 Hz, 1H), 7.44 (s,
2H), 7.23 (tJ = 7.4 Hz, 1H), 6.87 (s, 1H), 6.73 (tti= 8.7, 2.5 Hz, 1H), 2.42 (s, 3H), 1.41 (s,
15H); *C NMR (100 MHz, CDGJ, 298 K)& (ppm): 180.07, 171.35, 166.08, 163.54, 150.56,
144.06, 130.44, 126.32, 120.81, 108.74, 89.25,81 B@39; IR (thin film, crﬁ): 2960, 2369,
1544, 1448, 1373, 1259, 1014, 796, and 749; HRMSB)(Br C4H26CIFIrN [M-CI] ™ : m/z calc.:
540.1679, Found: 540.1727.

[(m>-Cp*)Ir((E) -1-(naphthalen-2-yl)-N-phenylethan-1-imine)CI] 100:

Yellow solid (21.9 mg, 0.05 mmol, 72%); the chaeaization data are as follows and consistent
with the reported data.[30] m.p. = 247 ~ 249 %@ NMR (400 MHz, CDC}, 253 K)5 (ppm):

8.17 (s, 1H), 8.08 (s, 1H), 7.91 @ 7.8 Hz, 1H), 7.81 (ddl = 8.2, 2.8 Hz, 2H), 7.57-7.41 (m,
3H), 7.35-7.29 (m, 2H), 6.93 (d,= 7.6 Hz, 1H), 2.58 (s, 3H), 1.45 (s, 15H); HRMSB f
CagH20ClIrN [M] *: m/z calc.: 607.1605, Found: 607.1603.

3.2. Biological evaluation
3.2.1. Materials

Fetal bovine serum (FBS) was obtained from Hycl@reermo, South America). RPMI-
1640 medium was obtained from Gibco BRL (NY, USAacetyl-L-cysteine (NAC), 3-(4, 5-
dinethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bmade (MTT), dimethyl sulfoxide (DMSO),'7
dichlorodihydrofluorescein diacetate (DCFH-DA) wetgained from Sigma-Aldrich (St. Louis,
USA.). Antibodies for cytochrome c (sc-13156), CAX#&sc-100522), Bcl-2 (sc-7382), Bax (sc-
493), and3-Actin (sc-47778) were purchased from Santa Crageghnology (CA, USA).
Secondary anti-mouse (BA1050), anti-rabbit (BA10&djbodies were obtained from Boster
Bio-Engineering Limited Company (Wuhan, China). BfA protein kit, the Caspase-3
Activity Assay Kit, and the Caspase-9 Activity Agdat were products of the Beyontime
Institute of Biotechnology (Shanghai, China). Tida&nced chemiluminescence (ECL) detection
Kit was obtained from Amersham Biosciences (Buckargshire, UK). Annexin V-FITC/PI
Apoptosis Detection Kit was purchased from Key GHiblogical Engineering Materials Co.
Ltd (Nanjing, China). Triton X-100, Bovine serunbamin (BSA), and 4’, 6-diamidino-2-



phenylindole (DAPI) were purchased from Beijing &blo Science & Technology Co. Ltd
(Beijing, China).

3.2.2. Cell culture and treatments

Human leukemia cell line K562 and its adriamyciteseed multidrug resistant subline
K562/ADM were obtained from the Institute of Henmlatgy, Chinese Academy of Medical
Sciences (Tianjin, China). Human breast canceiicelIMCF-7, adriamycin-selected multidrug
resistant subline MCF-7/ADM, and human non-smédlllaag cancer cell line A549 were
purchased from Keygen Biotech (Nanjing, China).tA# cell lines were grown in RPMI 1640
medium containing 10% bovine serum (FBS) and 1Gtibiotics (benzylpenicillin sodium and
gentamycin sulfate) at 37 °C in a humidified 5% @@@ubator. To maintain MDR phenotype, 1
mg/L adriamycin was added to K562/ADM and MCF-7/ARMtures and maintained in the
drug-free medium for at least two weeks before dpesed. Compounds were dissolved in

DMSO with a stock concentration of 0.1 M forvitro assays.

3.2.3. The MTT assay

Cells were cultured at a density of 1%L in a 96-well plate and allowed to attach
overnight. After the incubation with the testingeahicals for 48 h, the cells were treated with the
solution of MTT (5 mg/mL) at 37 °C for 4 h. The Baurple formazan crystals formed inside
the intact mitochondria were solubilized with DMSd the absorbance was measured at 570
nm using a microplate reader (Multiskan Spectruherimo Scientific). The inhibition rates were
calculated on a plate-by-plate basis for the tedlswThe G, values were calculated based on

the inhibitory rate curves using Bliss’ method.

3.2.4. The ROS assay
K562 cells were seeded on 6-well plates. After bation with the testing chemicals,
cells from each group at a density of 1%t@re harvested and incubated withy DCFH-DA
at 37 °C for 30 min in the dark. Cells were thersked with PBS, and the fluorescence intensity

was measured in the channel at 515-545 nm (emjs&ioDCF (2,7'-dichlorofluorescein) with

argon laser excitation at 488 nm using Flow Cytayn@8D FACSVerse). The intracellular DCF



intensity was also confirmed by inverted fluoreseemicroscopy (Leica DMI4000) at a

magnification of 200-fold.

3.2.5. The analysis of mitochondrial membrane pae(MMP)

The membrane potential assay was based on the$lcemce intensity of JC-1 (a
lipophilic and cationic dye). JC-1 emitted grearoflescence when the MMP was relatively low
while JC-1 aggregates emitted red fluorescence wieemitochondrial membranes were
disrupted. Briefly, K562 cells were treated witle tiesting chemicals respectively for 24 h and
were incubated with pg/mL JC-1 at 37 °C for 20 min in the dark. The €@llere rinsed twice
with JC-1 staining buffer, and the fluorescencernsity was measured by flow cytometry (BD

FACSVerse) and was observed using a confocal nuops(Leica TCS SP8).

3.2.6. Measurements of cytochrome ¢

After the treatment with compourddcfor 24 h, the cells were lysed in the preparation
buffer (250 mM sucrose, 20 mM HEPES-KOH at pH @f 2.0 mM NaCl, 1.5 mM MgCI2, 1
mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 2g/mL aprotinin, and 1 mM
phenylmethylsulfonyl fluoride) for 10 min on icellimwved by centrifugation at 10,000 rpm at
4 °C for 20 min to separate the cytosolic and nhicowrial fractions. Protein concentrations
were measured using a BCA Protein Assay Kit (Beyeji The contents of cytochrome c in the

cytosol and mitochondria were determined by wedbésh

3.2.7. Extraction, fractionation, and detectiorcytosolic and mitochondrial cytochrome ¢

K562 cells (2-5x10per sample) were treated with the testing compsdiod24 h and
harvested by centrifugation at 800xg for 5 min. €keraction and fractionation of cytosolic and
mitochondrial cytochrome ¢ were manipulated usimechondia/cytosol isolation kit following
the manufacturer's instructions (Applygen Techneednc. Beijing, China). Briefly, the pellets
were washed once with ice-cold PBS, suspendedibtim| pre-cold Mito-Cyto buffer in
grinder, and then grinded about 20 times. The le@lhomogenate was centrifuged at 800xg at
4 °C for 5 min to obtain the supernatants. The swants were then centrifuged at 12000xg at
4 °C for 10 min. The obtained supernatants werd tmethe identification of cytosolic

cytochrome c and the pellets for mitochondrial ciitome ¢ were subjected to 15% SDS-PAGE



and immunoblotted. Cytochrome c oxidase IV was @sethe loading control for the

mitochondrial fraction.

3.2.8. Western blot

K562 cells from each group were treated with tis¢éing compounds for 24 h and
suspended in lysis buffer for 30 min with shaking 4C. After centrifugation (10000xg) for 10
min, the supernatants were collected. Cell lysafiai§j) was resolved on 4-12 % SDS-PAGE
gels and then transferred onto the nitrocellulosenbranes. The membranes were blocked with
Tris-buffered saline with 0.1% Tween 20 and 5% shiitk, and were incubated with the
primary antibodies overnight at 4 °C. The membramexe then washed with TBST for three
times and incubated with HRP-conjugated secondatrip@dy at room temperature for 1 h.
Following three-time wash with TBST, the membrawese developed by the ECL detection Kit.

The images of the western blot were captured aatyzed by the Bio-rad imaging system.

3.2.9. Measurements of the caspase activity

The activities of caspase-3 and -9 were measuiied tlee Caspase-3 Activity Assay Kit
and the Caspase-9 Activity Assay Kit accordingi® kit manuals. K562 cells with or without
treatments of compounds were lysed using dlO@/sis buffer, and subsequently centrifuged at
16000 g at 4 °C for 10 min. The supernatant waleckad. Next, 70 puL of the assay buffer was
mixed with 20 pL of lysate in a 96-well plate, fmNed by the addition of 0L of 1 mM p-
nitroaniline (pNA). The plate was then incubate@&arcC in the dark for 1 h, and the relative
fluorescence unit value for the emission at 405vas measured. The result was normalized to

the total protein measured using the Bradford assay

3.2.10. Determination of the apoptotic rate

The apoptotic rate of K562 cells was detected kyAhnexin V-FITC/PI double labeling
method. The cell suspension was centrifuged astispended in 198 Annexin V-FITC
binding buffer and incubated withgh Annexin V-FITC in the dark at ambient temperattoe
10 min. Cells were centrifuged, and the pelletsewersuspended in 19& binding buffer.
Cells were then incubated with fiQ PI solution on an ice bath in the dark for 10 miihe



suspension of each group was analyzed by flow cytign{BD FACSVerse). The fluorescence

of Annexin V-FITC and Pl was also observed usimgafocal microscopy (Leica TCS SP8).

3.2.11. The cell cycle assay

Following the incubation of the testing chemicals 24 h, 1x1Bcells were harvested
and fixed in 70% cold ethanol at 4 °C for 12 h. heells were washed twice with PBS, re-
suspended in 150 of 100 ug/mL RNase solution (in 0.2 M citrate-ghbbate buffer, pH 7.8),
and incubated at 37 °C for 30 min. Finally, cellsravstained with 100g/mL PI solution at
room temperature in the dark. The fluorescenceiactf the remaining DNA content was
analyzed by flow cytometry (BD FACSVerse).

3.2.12. Statistical analysis
All experiments were performed in triplicates. Sigant differences among the groups
were determined by one-way ANOVA analysis followsdDunnett's multiple comparison tests.

P-values less than 0.05 were considered as statigtsignificant.

4. Concluding Remarks

In conclusion, we synthesized a series of “halfdsdanh” Schiff-base Ir(lll) complexes
and evaluated their activities against the K562lte. All compounds exhibited Kg values of
less than .M in K562 cells. The most potent compoutietin K562 cells (1Go = 0.26uM)
also displayed cytotoxicity against a panel of otdancer cell lines/sublines including
K562/A02, MCF-7, MCF-7/ADM, and A549. Notably, comymnd10coutperformed cisplatin in
all cells tested. The flow cytometric analysis withnexin V-FITC/PI staining indicated that
compoundlOcinduced apoptosis of the cancer cells. Experimaists showed that compound
10cincreased the iROS level and decreased MMP. Rurilaestigation illustrated that the
treatment ofLlOcled to upregulation of Bax and caspase-9, downatiga of Bcl-2, and release
of cytochrome c in K562 cells, which suggested tmampoundLOcinduce apoptosis through the

intrinsic mitochondria apoptosis pathway.
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Figure 1. Representative Ir(lll) complexes
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Figure 2. CompoundlOcincreased the generation of reactive oxygen spéBi©S). (A) Flow
cytometric analysis of ROS generation. (B) Fluoeese microscopy analysis of ROS generation.
Cells were treated with @M compoundlOc 1 pM compoundlOc+ 2 mM NAC, and UM

cisplatin for 24 h, respectively, and then incutdateth 10uM DCFH-DA. Statistical data were
shown as mean + SD (n =3). Significant differenetative to the control group were indicated

as * for P<0.05 and ** for P<0.01; significant difences relative to the group witlui¥

compoundLOcwere indicated asfor P<0.05 and”for P<0.01.
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Figure 3. Apoptosis induction of compouh@cin K562 cells were determined under light

microscopy (200x%), Flow Cytometry and Confocal M&ropy. K562 cells were incubated with

1 uM compoundlOg 1 uM compoundlOc+ 2 mM NAC, and uM cisplatin for 24 h,

respectively, and then incubated with Annexin V-€EI{green) and PI (red). Shown are the

representative results from three independent e@rpets.
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Figure 4. CompoundOcinduced depolarization of mitochondria membranepial in K562

cells. (A) Flow cytometric analysis of the depatation of the mitochondria membrane potential.
(B) Confocal Microscopy analysis of the fluorescent JC-1 aggregates (red) and JC-1
monomers (green). Cells were treated wiiiML.compoundlOg¢ 1 uM compoundlOc+ 2 mM

NAC, and 5uM cisplatin for 24 h, respectively, and then inagolawith 5pg/mL JC-1. Shown

are the representative results from three indeperedgeriments.
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Figure 5. CompoundOc activated the mitochondrial apoptotic pathway B6R cells. (A)
Concentration-dependent effects of compoliddon cytochrome c release from mitochondria
to cytosol, and on the protein levels of Bcl-2 &ak. The data were measured by western blot,
and the representative images from three indepé¢ra@eriments were shown. (B) Activation
of caspase-9 and caspase-3 induced by comp@mdEnzymatic activities of caspases were
expressed as multiple proportions of the contr@ti§ical data were shown as mean + SD (n

=3). Significant differences relative to the cohgmup were indicated as * for P<0.05 and **

for P<0.01.
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Figure 6. Effects of compouridcon the cell cycle of K562 cells treated for 4&klls were
incubated with 1M compoundlOc¢ 1 uM compoundlOc+ 2 mM NAC, and uM cisplatin.

Cell cycle distributions of the control cells ame tchemical-treated cells were determined by
propidium iodide (PI) staining and flow cytometanalysis. (A) Representative results from
three independent experiments. (B) Statistical dete shown as mean £+ SD (n =3). Significant
differences relative to the control group were aatied as * for P<0.05 and ** for P<0.01;
significant differences relative to the group withM compoundlOc were indicated &for

P<0.05 and” for P<0.01.
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Scheme 1. Synthetic route to Ir(lll) compleX#m-oand theirn vitro antiproliferative activities

against K562 cells.
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R HoN DCM, 0 - 25 °C AN Me NaOAc, DCM
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Entry Compounds R, R, ICso (uM)?°
1 10a 4-OMe 4-CN 1.10
2 10k 4-OMe 4-CF3 0.7:
3 10c 4-OMe 4-OMe 0.26
4 10d 4-OMe H 0.95
5 10e 4-Me 4-Cl 0.67
6 10f 4-Me H 1.06
7 10g 4-Me 4-Me 0.53
8 10h 4-NG, 4-Me 1.00
9 10i H 4-Me 0.62
10 10j H 4-Cl 0.94
11 10k 4-NO, H 4.77
12 10l 4-Cl H 1.13
13 10m 2-Cl H 0.61
14 10n 4-F H 1.20

15 100 O 0.87

A alues were the average of three determinations.

®The I1G0f cisplatin against K562 is 5.§8.



Table 1. Antiproliferative activities of compoud@cagainst K562/A02, MCF-7, MCF-7/ADM,

and A549 cellsn vitro.

ICs0 (0M)®
Compounds K562/A02 MCF-7 MCF-7/ADM  A549
10c 1.95 5.52 18.81 2.09
cisplatin 6.56 7.46 36.52 16.03

Aalues were the average of three determinations.
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Highlights:
1. Fifteen “half-sandwich” Schiff-base Ir(lll) cortgxes were investigated.
2. CompoundOc displayed cytotoxicity against five cancer cels/sublines.

3. 10c increased ROS level and decreased the mitochdmaeimbrane potential of K562 cells.

4.10c induced the apoptosis of K562 cells.



