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ABSTRACT: The synthesis and biological assessment of neutral or cationic platinum group metal-based anticancer complexes have
been extremely studied, whereas there are few reports on the corresponding zwitterionic complexes. Herein, the synthesis,
characterization, and bioactivity of zwitterionic half-sandwich phosphine—imine iridium(III), rhodium(III), and ruthenium(II)
complexes were presented. The sulfonated phosphine—imine ligand and a group of zwitterionic half-sandwich P,N-chelating
organometallic complexes were fully characterized by nuclear magnetic resonance (NMR), mass spectrum (electrospray ionization,
ESI), elemental analysis, and X-ray crystallography. The solution stability of these complexes and their spectral properties were also
determined. Notably, almost all of these complexes showed enhanced anticancer activity against model HeLa and A549 cancer cells
than the corresponding zwitterionic pyridyl—imine N,N-chelating iridium(III) and ruthenium(II) complexes, which have exhibited
inactive or low active in our previous work. The increase in the lipophilic property and intracellular uptake levels of these zwitterionic
P,N-chelating complexes appeared to be associated with their superior cytotoxicity. In addition, these complexes showed
biomolecular interactions with bovine serum albumin (BSA). The flow cytometry studies indicated that the representative complex
Ir1 could induce early-stage apoptosis in A549 cells. Further, confocal microscopy imaging analysis displayed that Irl entered AS49
cells through the energy-dependent pathway, targeted lysosome, and could cause lysosomal damage. In particular, these complexes
could impede cell migration in A549 cells.

1. INTRODUCTION plexes (Scheme 1). Over the past few years, cyclometalated
complexes have been gaining popular attention due to their
excellent luminescence nature and pretty good cytotoxic
efficacy under light, which afforded quite a wide range of

Cancer has been a common disease with high incidence, which
is widely perceived as one of the leading reasons of death."”
Although a series of platinum antitumor drugs such as cisplatin = )
and its derivatives have been applied in clinical practice, the jappllcatlons fo.r phOtOClZIzlj.mlC therapy (PD T){ mo?e?ular
serious side effects have made scientists commit themselves to imaging, ar.ld bioprobes.”™ . Recently, half-safldw1ch iridium-
searching for more efficient and less toxic antitumor drugs.”~* (1), ‘rhodn?m(III), ruthemum(lp, and osmium(II) organc;—
The tumor-killing agents of a number of platinum family metallic anticancer compleé(/es with the structure type [(7"-
metals with reduced side effects and excellent anticancer arene)/(ir*-Cp*)M(XY)CI]”* (Cp*: C5(CH,)5; M: Ir, Rh,
activity have been widely concerned.” 2’ The ruthenium Ru, Os; XY: bidentate chelating ligands) have attracted
complexes NAMI-A and KP1019 have shown the most
promising results in preclinical and clinical trials.”"** Recently, Received: ~September 15, 2022 organic Ceisry
the organometallic platinum group metal compounds offer rich Published: November 25, 2022
versatility for the rational design of anticancer complexes.

According to the structure type, these platinum group metal-

based anticancer complexes can be divided into two main

groups: cyclometalated complexes and half-sandwich com-
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Scheme 1. Cyclometalated Complexes and Half-Sandwich
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widespread attention due to their amenable coordination
structure and different mechanisms of action (MoAs) with
platinum drugs.”>~** Most of these studies concentrated on the
preparation and application of neutral and cationic anticancer
complexes with various bidentate XY ligands.””~** For
example, the Sadler group has shown that switching on the
cytotoxic potency of the corresponding iridium(III) complexes
could be realized by replacing neutral N,N-chelating ligand
(2,2"-bipyridine) with the negatively charged anionic C,N-
chelating ligand (2-phenylpyridine) (Scheme 2, I and
I1).>***7°* QOur group have also systematically investigated
the counteranion effect on the cytotoxicity and biological
activity of the cationic half-sandwich iridium(III) complexes
(Scheme 2, IIT).* The above-mentioned studies indicated that
the charge of the metal center, the substitution model of the
chelate ligands, and the counteranion have a great influence on
chemical reactivity and anticancer activity of the complexes.
Hence, our group subsequently have prepared a group of rarely
reported zwitterionic iridium(III) and ruthenium(II) com-
plexes and investigated their biological activity (Scheme 2,
IV).*” Unfortunately, these zwitterionic half-sandwich com-
plexes were inactive, which may be mainly due to their low
hydrophobicity."” The introduction of fluorinated substituents
into zwitterionic complexes seemed to be a feasible strategy to
improve the hydrophob1c1ty, thus leading to increased
anticancer activity."' However, these pyridyl—imine zwitter-
ionic complexes still showed no or low anticancer activity
compared to the commercial cisplatin. Therefore, this
prompted us to increase their anticancer activity through
further structural modification.

In the last few years, organometallic anticancer complexes
bearing phosphine-containing chelating ligand have become a
new approach to adjust the chemical and biological proper-
ties.”” =" A typical example is RAPTA family (e.g,, RAPTA-C;
Scheme 2, V) containing 1,3,5-triaza-7-
phosphatricyclo[3.3.1.1.]decane ligand and Ru—arene com-
ple)(es,46’47 which has been at an advanced preclinical trial.*®
Previous studies have showed that the presence of phosphine
ligands could increase membrane permeability and the
lipophilicity of the anticancer complexes to gain cytotox-
icity.”” =" Consequently, we have become interested in
whether the introduction of phosphine into zwitterionic
complexes could increase cytotoxicity. Additionally, the
introduction of lipophilic phenyl rings in phosphine ligands
may also give rise to the enhanced anticancer activity of the
corresponding complexes. In particular, the zwitterionic
coordination mode with lipophilic phosphine ligation may
increase the cellular accumulation and even the possibility to
target organelles. Based on these considerations, we herein
describe the preparation, characterization, and biological
assessment of a group of zwitterionic phosphine—imine half-
sandwich iridium(III), rhodium(III), and ruthenium(II)
organometallic complexes (Scheme 2). Furthermore, the
phosphine-enhanced cytotoxicity of zwitterionic complexes,
mechanisms of action, and molecular imaging have also been
discussed.

2. RESULTS AND DISCUSSION

2.1. Syntheses and Characterizations. Sulfonated
phosphine—imine ligand L was synthesized in a 58% isolated
yield by a Schiff base reaction of sodium 2,6-diisopropylaniline
sulfonate with 2-(diphenylphosphinyl) benzaldehyde (Scheme
3). This ligand can be readily purified by recrystallization from
methanol and subsequent diethyl ether washing. In the 'H
NMR spectra, the characteristic peak of L was at 8.72 ppm
(Figure S3), which was assigned to the hydrogen of double
bonds of the CH=N group. The structure of L was also
confirmed by *'P{'"H} NMR (Figure S4), “C{'H} NMR
(Figure SS), and mass spectrometry (Figure S36).

The bimetallic iridium(III), rhodium(III), and ruthenium-
(I1) precursors [(17°-CsMeg)MCL], (M = Ir (D1); Rh (DS5)),

Scheme 2. Reported Organometallic Half-Sandwich Complexes and Our Current Work
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Scheme 3. Syntheses of Ligand L and Complexes Ir1—Ir4, Rh1—Rh3, and Rul—Ru3
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Figure 1. X-ray crystal structures of complexes (a) Irl, (b) Ir2, and (c) Rh2 with the thermal ellipsoids drawn at the 50% probability level. The
hydrogen atoms have been omitted for clarity. (a) Bond angles around Ir(III) ion (deg): N1-Ir1—P1 = 88.2(5), P1-Ir1—Cl1 = 90.2(2), N1-Irl1—
Cl1 = 88.0(5). Bond lengths (A): Ir1—C(centroid) = 2.0144, Ir1—P1 = 2.260(6), Ir1—N1 = 2.06(2), Ir1—CI1 = 2.360(6). (b) Bond angles around
Ir(III) ion (deg): N1—Ir1—P1 = 85.2(2), P1-Ir1—Cl1 = 88.17(9), N1-Ir1—Cl1 = 85.3(2). Bond lengths (A): Ir1—C(centroid) = 1.8448, Ir1—P1
= 2.280(3), Ir1-N1 = 2.132(8), Ir1—Cll = 2.409(2). (c) Bond angles around Rh(III) ion (deg): N1-Rh1—P1 = 84.56(6), P1-Rh1-Cll =
88.64(3), N1—Rh1—Cll = 87.30(6). Bond lengths (A): Rh1—C(centroid) = 1.8587, Rh1—P1 = 2.3128(7), Rh1-N1 = 2.181(2), Rh1-Cll =
2.4292(7).

[(n>-Cp*)MCL], (Cp® = C5(CH;),R, R = Cy (M = Ir (D2); methods*”*"**7*% or using the modified procedure (D6; see
M = Rh (D6)), 2-methylbenzene (M = Ir (D4)), 3,5- the Supporting Information). It should be noted that the arene
bis(trifluoromethyl)benzene) (M = Ir (D3); Rh (D7)) and ligand of ruthenium complexes is different from that of iridium
[(°-arene)RuCl,], (D8—D10) were prepared by the reported and rhodium complexes since the presence of n°-arene
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Figure 2. UV—vis spectra for complexes Ir1, Ir2, Rh1, and Rul recorded over a period of 24 h at 37 °C, (a) solution in 25% DMSO/75% PBS (v/
v) of Ir1; (b) solution in 20% DMSO/80% PBS (v/v) of Ir2; (c) solution in 25% DMSO/75% PBS (v/v) of Rhl; and (d) solution in 20%

DMSO/80% PBS (v/v) of Rul.

substituent was identified to stabilize ruthenium complexes in
the +2 oxidation state by being relatively inert to displace-
ment.”” "> Moreover, another motivation for the development
of air-stable 7°arene ruthenium(II) complexes was the
activation by reduction hypothesis, which suggested that active
ruthenium(II) species may be formed in vivo from ruthenium-
(I11) complexes.”> " Scheme 3 shows the synthetic procedure
of zwitterionic phosphine—imine half-sandwich iridium(I1I),
rhodium(III), and ruthenium(II) complexes containing
sulfonate moiety. Treatment of precursors D1—D10 with the
ligand L in methanol for 72 h afforded the complexes Ir1—Ir4,
Rh1—-Rh3, and Rul—Ru3 in 58—69% isolated yields. These
complexes were fairly stable in air and soluble in methanol,
dichloromethane, and DMSO. All of the desired compounds
were first reported and determined by 'H, '*C{'H}, and
3P{'H} NMR (Figures S6—S35), mass spectrum (ESI, Figures
S37-546), and elementary analyses (C, H, N). The '"H NMR
spectra of these complexes showed the characteristic peaks of
the Cp"/arene ring and the P,N-chelating ligands. Compared
to the spectra of the free ligand L, the chemical shift of CH=
N peaks for these complexes changed and appeared at ca. &
8.58—8.80 ppm, which supported the ligand coordination to
the metal center. The splitting of the *'P signal was observed in
the BP{!H} spectrum of the complexes Rh1, Rh2, and Rh3,
which was attributed to rhodium—phosphine coupling. The
BC{'H} NMR spectra for these complexes showed the signals
of CH=N in the range of 6 175—176 ppm, which appeared
more downfield than that (161 ppm) in the free ligand L.
Further, the molecular structure of some typical complexes was

20011

also confirmed by the X-ray crystallography (Figure 1 and
Tables S1—S3).

The single-crystal samples of Irl, Ir2, and Rh2 were
obtained by the slow diffusion of n-hexane (or a mixture of
diethyl ether and n-hexane) into its solution in dichloro-
methane (or acetonitrile) at room temperature. The selected
bond lengths, bond angles, and the crystalline structure of
complexes Irl, Ir2, and Rh2 are given in Figure 1. Irl, Ir2, and
Rh2 adopted a pseudo-octahedral “three-legged piano-stool”
geometry configuration. The “seat” was composed of the Cp®
ring. Moreover, sulfonated phosphine—imine ligand and
chloride occupied the three legs in a “piano-stool” config-
uration. Furthermore, the central metallic iridium(III) or
rhodium(III) ion is a portion of a six-membered metallacycle
system. The Ir1—CI1 or Rh1—-Cl1 distances of Irl, Ir2, and
Rh2 are 2.360(6), 2.409(2), and 2.4292(7) A, respectively.
The Ir1—Cp*(centroid) distances of Ir2 (1.8448 A) are
slightly shorter than those of Irl (2.0144 A). The Ir1—P1 or
Rh1-PI bond distances (Irl: 2.260(6) A; Ir2: 2.280(3) A;
Rh2: 2.3128(7) A) of Ir1, Ir2, and Rh2 are longer than Irl1—
N1 or Rh1—NI1 bond distances (Irl: 2.06(2) A; Ir2: 2.132(8)
A; Rh2: 2.181(2) A). Clearly, the cationic centers Ir(II) and
Rh(III) are bounded covalently through the phosphine—imine
ligand to the terminational negative sulfonate moiety. Hence,
the zwitterionic structure of these complexes was successfully
identified.

2.2. Stability in Solution. It is meaningful to assess the
stability of the metal complexes in aqueous media or
physiological conditions for drug development. The hydrolysis

https://doi.org/10.1021/acs.inorgchem.2c03279
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Figure 3. (a) UV/vis spectra of complexes Ir1—Ir4, Rh1—Rh3, and Rul—Ru3 (20 zM) in methanol solutions at 37 °C. The inset represents the
offset spectra for clarity. (b) Normalized emission spectra of complexes Ir1—Ir4, Rh1—Rh3, and Rul—Ru3 (20 M) in methanol at 37 °C (4., =
404—407 nm; A, = 460—466 nm). The inset represents the locally enlarged spectra for clarity. Inset: wavelength from 450 to 490 nm.

of M—CI bonds, ie., the exchange of CI/H,O, generally
represented an important activation step for some transition-
metal-based anticancer complexes since M-OH, aqua com-
plexes were often more active than the corresponding chloride
complexes.’”®® The stability of these complexes had been
assessed in a 20% DMSO/80% PBS (pH = 7.2, prepared from
H,0) (v/v) or 25% DMSO/75% PBS (v/v) using UV—vis
spectroscopy at 37 °C at different time intervals (Figures 2 and
S$47). Minor changes of absorption intensities were detected in
the spectrum of complex Irl for a period of 8 h (Figure 2a).
However, only negligible changes were found in the absorption
spectra of complexes Ir2—Ir4, Rh1—Rh3, and Rul—Ru3,
which suggested their sufficient stability in aqueous solutions
(e.g, Ir2 in Figure 2b). It seemed that the change in the metal
center from Ir(1I) to Rh(III) increased their stability (Irl vs
Rh1). Further, the stability of several typical zwitterionic
phosphine—imine complexes (Irl, Rhl, and Rul) in 90%
DMSO-dy/10% PBS (pH = 7.2, prepared from D,0) (v/v) or
85% DMSO-ds/15% PBS (v/v) was also monitored through
"H NMR spectroscopy (Figures S48—S50). The spectra data
of the above-mentioned complexes under the test conditions
presented no changes over time at 37 °C, evidencing that no
hydrolysis occurred in the concentrated solutions. Additionally,
the NMR analysis of these complexes was in agreement with
their corresponding molecular structure over 24 h, indicating
that no ligand dissociation and decomposition occurred under
the experimental conditions. The stability of these complexes
in pure DMSO was also evaluated. The "H NMR spectra of Irl
exhibited no obvious change over 24 h, and the assignment of
protons was completely in agreement with its molecular
structure (Figure SS1), suggesting that this type of zwitterionic
complex showed sufficient stability in DMSO. Overall, the
experiments demonstrated that these zwitterionic complexes
were fairly stable and could be subjected to perform further
biological studies under physiological conditions. Notably, our
previously reported zwitterionic pyridyl—imine N,N-chelating
iridium(III) or ruthenium(II) complexes also demonstrated
good aqueous stability.”®

2.3. Spectroscopic Studies. The UV—visible absorbance
spectra of complexes Ir1—Ir4, Rh1—Rh3, and Rul—Ru3 in
methanol solutions at 37 °C are shown in Figure 3a. The
maximum of a sharp band appeared at ca. 210 nm for all of the
complexes. In addition, two weak and broad bands maximum
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at ca. 260 and 350 nm were observed, respectively. The
absorption bands below 350 nm were attributed to spin-
allowed 7—7n* ligand-centered transitions. The wide and low-
intensity bands at ca. 410 nm were detected in these
complexes, which was considered to be related to spin-allowed
charge transfer from metal to ligand (MLCT) since the peak
above 350 nm could not be found in the absorption spectra of
the free ligand.

Upon excitation at 404—407 nm, Ir1—Ir4, Rh1—Rh3, and
Rul—Ru3 exhibited blue emissions with maxima at 460—466
nm (Irl: 463 nm, Ir2: 465 nm, Ir3: 460 nm, Ir4: 464 nm,
Rh1: 465 nm, Rh2: 461 nm, Rh3: 461 nm, Rul: 464 nm, Ru2:
466 nm, Ru3: 466 nm) at 37 °C in methanol (Figure 3b).
They showed similar emission spectra, indicating that the
variation of the Cp"/arene ring and the metal center has a
minor influence on the spectral emission bands. The emission
quantum yields (®) of the representative complexes Ir1, Rhl,
and Rul were determined, respectively, with a calibrated
integrating sphere system. The absolute quantum yields of
these complexes are in the order Rh1 (0.26) > Rul (0.18) >
Irl (0.14). Further, the average lifetimes of Irl, Rh1, and Rul
are 4.61, 4.27, and 4.50 pus, respectively (Figure S$52),
indicating that these complexes are fluorescent. The photo-
luminescent characteristic could make it possible to investigate
the mechanism of actions of the complexes by bioimaging.

2.4. Cytotoxicity. With cisplatin and half-sandwich
complex RAPTA-C as control, the cytotoxicity of Irl—Ir4,
Rh1—-Rh3, and Rul—Ru3 toward lung cancer A549 cells and
cervical carcinoma HeLa cells was determined using MTT
assay (Table 1). Notably, no cytotoxicity (ICs, > 100 uM,
ICyp: half-maximal inhibitory concentration) was observed by
the free ligand (L) and dimer precursors (D1-D10) (Table
S4), suggesting that the cytotoxicity of the complexes in this
system was ascribed to the chelation. Notably, these
zwitterionic phosphine—imine iridium(III) complexes Irl—
Ir4 exhibited a significant increase in cytotoxic behaviors than
our previously reported zwitterionic pyridyl—imine iridium-
(III) complexes against all of the tested cancer cell lines, which
have been shown to be inactive (e.g., Figure 4, Ir1 vs A).*>*!
Moreover, the zwitterionic P,N-chelating iridium(III) com-
plexes also showed higher cytotoxicity than the fluorinated
zwitterionic N,N-chelating iridium(III) complexes (Figure 4,
Irl vs B)."" Similarly, the title ruthenium(II) complexes
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Table 1. ICy, Values of Complexes Ir1—Ir4, Rh1—Rh3, and
Rul—Ru3 Tested toward Cancer and Normal Cell Lines and
Comparison with Cisplatin and RAPTA-C

ICsp (4M)

complex AS49 HeLa BEAS-2B
Irl 14.7 + 0.4 9.1 £02 253 £ 0.6
Ir2 15.6 + 0.1 8.0+ 0.1 27.6 + 0.1
Ir3 152 + 0.1 85+ 04 25.6 £ 0.2
Ir4 16.1 + 0.2 72+ 0.7 293 +03
Rh1 21.1 + 0.6 103 + 1.1 353 + 0.1
Rh2 23.1 + 0.2 9.5+ 08 347 + 1.2
Rh3 22.6 + 0.5 122 £ 0.3 35.7 £ 09
Rul 882 + 0.3 81.5 £ 0.1 93.3 £ 03
Ru2 90.9 + 0.1 79.6 + 0.2 98.3 + 0.3
Ru3 121.3 + 0.4 98.6 + 0.5 115.5 £ 0.4
Cisplatin 213 £ 1.7 7.5 +£02 42.0 £ 23
RAPTA-C >150 87.1 £ 0.3 >150

showed the improvement in the cytotoxicity compared with
the inactive zwitterionic N,N-chelating ruthenium(II) com-
plexes (Figure 4, Ru2 vs C).®” Moreover, the cytotoxicity of
these ruthenium(II) complexes toward HeLa and AS49 cells
was comparable to or even higher than the reference half-
sandwich phosphine ligation complex RAPTA-C. The
zwitterionic phosphine—imine rhodium(III) complex also
displayed the cytotoxicity comparable to the cisplatin (Figure
4, Rh1). Obviously, the introduction of phosphine into
zwitterionic complexes could significantly increase the
cytotoxic potency. Previous studies have shown that the lack
of cytotoxicity of zwitterionic pyridyl—imine iridium(III) and
ruthenium(II) complexes appeared to arise from their low
lipophilic property and the lipophilic fluorinated substituents
could increase their anticancer activity.*”*" This prompted us
to investigate the lipophilicity of these novel zwitterionic
phosphine—imine complexes. The logP values (partition

coefficients between octanol and water) for the above-
mentioned complexes were measured through a general
“shake flask” method. The trend in lipophilicity has been
revealed using the log P values as follows: Irl (2.19) > Rhl
(1.44) > Rul (1.28) > Ru2 (1.02) > Ru3 (0.78). The log P
values of the zwitterionic phosphine—imine iridium(III) and
ruthenium(II) complexes were significantly higher than those
of the corresponding zwitterionic pyridyl—imine iridium (IIT)
and ruthenium(I) complexes (logP values: Figure 4, Irl
(2.19) vs A (0.26) and B (1.43); Rul (1.28), Ru2 (1.02) and
Ru3 (0.78) vs C (—0.71)).*0*¢7 Clearly, compared with
zwitterionic pyridyl—imine iridium(III) and ruthenium(II)
complexes, the lipophilicity of zwitterionic phosphine—imine
iridium(III) and ruthenium(II) complexes greatly increased.
Thus, the strategic incorporation of phosphine into zwitter-
ionic complexes could increase their lipophilicity. Meanwhile,
the introduction of lipophilic phenyl rings adjacent to
phosphine (PPh,) may also contribute to the enhanced
lipophilicity of these zwitterionic complexes. In general, cell
uptake and cytotoxicity were correlated with lipophilicity.
Therefore, the total cell uptake accumulation of some
zwitterionic complexes was tested using inductively coupled
plasma-mass spectrometry (ICP-MS) by exposure to these
complexes (S M) for 48 h. The intracellular contents (ng/ug
protein) are as follows: Irl (0.653) > Rhl (0.622) > Ru2
(0.325) > Rul (0.311) > Ru3 (0.267). The order of level of
cell uptake was basically consistent with the above-mentioned
lipophilicity and their cytotoxic activity. As a result, it seemed
that the increased lipophilic property and cellular uptake of
these zwitterionic phosphine—imine half-sandwich complexes
were likely to be one of the key factors of their enhanced
cytotoxicity. The modifications of substituents on the 7°-Cp®
ring have little influence on the cytotoxic activity (Irl vs Ir2 vs
Ir3 vs Ir4). In particular, the presence of lipophilic fluorinated
substituents in the 7°-Cp" did not result in a significant
increase in cytotoxicity (Ir3 vs Irl, Ir2 and Ir4; Rh3 vs Rhl
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Figure 4. ICy, values of previously reported complexes and the title complexes in this work toward AS49 cells.
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and Rh2), which is different from the tendency of our
previously reported zwitterionic pyridyl—imine system.*' The
major role of the phosphine ligation may have offset the
advantages of having the fluorinated phenyl rings in the
zwitterionic phosphine—imine system. The iridium(III) and
rhodium(III) complexes exhibited higher cytotoxicity than the
corresponding ruthenium(II) complexes, suggesting that the
metal center has a significant effect on the cytotoxicity of these
complexes. As mentioned above, ruthenium(II) complexes
with 7%-arene ligands in this system gave rise to a decreased
hydrophobicity compared to 7°-Cp® iridium(III) and rhodium-
(III) complexes, thus leading to a decreased cell uptake and
cytotoxicity. The cytotoxic action of Ir1—Ir4, Rh1—Rh3, and
Rul—Ru3 against the noncancerous BEAS-2B has also been
investigated. Unfortunately, there was no obvious selectivity
for normal and cancer cells. Irl showed the highest
cytotoxicity against AS49 cells, and thus it was selected for
further investigations of MoAs.

2.5. DNA Binding Results. Binding to DNA was relevant
to the cytotoxic activity of antitumor agent since DNA was
considered the most potential target site for metal-based
antitumor complexes.”® The time-dependent "H NMR spectra
of Irl, Rhl, or Rul mixed with the model nucleobase 9-
methyladenine (9-MeA) in 90% DMSO-dy/10% D,O or 85%
DMSO-ds/15% D, O solutions at 37 °C were utilized to detect
the coordination of 9-MeA with Irl, Rhl, or Rul (Figures
$53—S855). There was no coordination reaction occurring with
9-MeA at various time intervals within 24 h. Moreover, the
result of mass spectrum also showed that no nucleobase adduct
of these complexes was generated.

Further, the interaction between complexes Irl, Rhl, and
Rul and CT-DNA was monitored via UV—vis absorption
spectroscopy (Figures 5 and S1). With the fixed concentration
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Figure 5. UV—vis titration spectra of Rh1 complexes (60 #M) in §
mM tris—HCl/10 mM NaCl buffer solution (pH = 7.2) with
increasing concentration of CT-DNA (0—163.4 uM). (Inset) Plots of
Ay/(A — Ap) vs 1/[DNA.

of these complexes, CT-DNA solution was added regularly. As
shown in Figure S, the hyperchromism and red shift (ca. 1.5
nm) were observed for Rhl in a slow increase of CT-DNA
concentration, suggestin% noncovalent binding modes of
electrostatic binding.ég_ ! Also, the Benesi—Hildebrand
equation is solved numerically to calculate the binding
constants (K,). The calculated K, values for the above-

mentioned complexes ranged from 9.06 X 10* to 3.02 X 10°
M™ (Rul: K, = 3.020 X 10° M7}, Irl: K, = 1.427 X 10° M},
Rh1: K, = 9.062 X 10> M™"), showing that the binding efficacy
to CT-DNA was not significant for these complexes. These
results suggested that these complexes displayed a weak
interaction with CT-DNA and it seemed not to be the major
MoAs for these zwitterionic phosphine—imine complexes.

2.6. Protein Binding Studies. The serum albumin usually
plays a major role in transportation and metabolism of drugs in
cancer cells.”” BSA (bovine serum albumin) serving as a target
protein is commonly used to study the binding of drugs with
plasma proteins on account of the structural similarity to HSA
(human serum albumin). Herein, the binding potency of Irl,
Rhl, and Rul with BSA could be assessed using UV—vis
absorption spectrum and fluorescence spectrum (Figure 6).
UV—vis absorption spectra of BSA were observed before and
after the addition of complexes (Figure 6a—c). The absorbance
effect of complexes could be eliminated by adding drug
solutions in the same concentration to the reference cells. The
intensities of the absorption peak at 229 nm regularly
decreased and red-shifted (229—233 nm) with the increased
concentration of the drugs, which can be attributed to induce
a-helix perturbation and the role of ambient polarity.”*~”° In
addition, at the weak absorption peak at ca. 276 nm, a subtle
increase in the intensity and hardly any shift for the absorbance
peak position were observed, suggesting a kind of tiny variation
of microenvironment of aromatic amino acid residues (Phe,
Tyr, and Trp) in BSA.”>™"

Moreover, the interaction between the sample and BSA
could be further investigated by studying the fluorescence
quenching of BSA as the concentration of the drugs increased
at room temperature. The correction for the inner filter effect
was applied to calibrate the measured fluorescence.”” In
general, the fluorescent characteristic of BSA is mainly due to
two residues of the protein named tryptophan and tyrosine.
The release of fluorescence arising from aromatic amino acid
residues was much sensitive to microenvironmental variety.
Therefore, the fluorescence emission could be attenuated by
binding small-molecule complexes near the residues.””> The
increasing concentration of the complexes led to a regular
decline in the fluorescence intensity of the BSA at ca. 350 nm,
which could be attributed to the static quenching mechanism
after the complexes bound to the protein. The values of K, K,
K, and n could be obtained using the conventional Stern—
Volmer equation and Scatchard equation in a static quenching
process (Table 2).°"** The calculated value of K, for Irl was
5.39 x 10> M 57!, which was hundreds of times greater than
that of the dynamic type of quenching (2.0 X 10" M™' s7%),
further indicating that these complexes could bind to BSA
mainly through static quenching process. The calculated value
of K, of Ir1 and Rh1 reached the order of 10* M/, suggesting
intense binding to BSA. Notably, the calculated value of Kj, of
Rul was 1 order of magnitude smaller than that of Irl and
Rh1, which might be associated with the low anticancer
activity of ruthenium complexes. In addition, the number of
binding sites (n) in BSA approximates 1.0 for Irl, Rh1, and
Rul, showing that only one site in BSA reacted with the
corresponding complexes.

Synchronous fluorescence spectroscopy was also monitored
to further clarify the conformational changes that occurred to
BSA after adding complexes (Figures SS6 and SS57). The
spectra of tryptophan residues (Trp) and tyrosine residues
(Tyr) were given. With an incremental addition of typical
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Figure 6. UV—vis spectrum of BSA (10 M) in § mM tris—HCI/10 mM NaCl buffer solution (pH = 7.2) upon addition of the complex (a) Irl,
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concentration of the iridium(III), rhodium(III), or ruthenium(II) complex increases.

Table 2. Quenching Parameters and Binding Parameters for
the Interaction of Complexes Irl, Rh1l, and Rul with BSA

complex  k,, (10*M™) K, (10°M's™") K, (10*M™) n
Irl 5.39 + 0.06 5.39 143 0.874
Rh1 5.82 + 0.29 5.82 1.38 0.868
Rul 4.96 + 0.12 4.96 021 0.707

complexes, the fluorescence intensities corresponding to both
Trp (A4 = 60, 286 nm) and Tyr (A4 = 15,291 nm) decreased
and a 1-2 nm red shift occurred to tryptophan at the
maximum emission wavelength. Overall, these results have
established that the introduction of the title complexes altered
the conformation of BSA, decreased the microenvironmental
hydrophobicity of the tryptophan residues, and enhanced the
extension degree of the BSA macromolecule peptide chain.

2.7. ROS Determination. Highly oxidizing drugs could
produce reactive oxygen species (ROS) to induce cell oxidative
death. The ROS assay kit was used to determine the generation
of ROS in AS49 cells induced by Irl (Figures 7 and SS8).
Compared to control cells, the obvious concentration-depend-
ent increase in ROS levels was observed in the treated AS49
cells, indicating that complex Irl could result in the
accumulation of intracellular ROS. It has been reported that
the potency of anticancer agents to induce apoptosis was
associated with the potency of generating ROS in cancer cell
lines. Thus, the induction of cell apoptosis was also studied in
the next experiment.

2.8. Apoptosis and Cell Cycle Studies. One of the
potential goals of treating anticancer agents is targeting
cancerous cells and inducing cell death by apoptotic pathways.
The annexin V/PI technique was used to reveal apoptotic cell
death. Irl was continuously incubated with lung cancer A549
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Figure 7. Analysis of ROS levels by fluorescence microscope after
AS549 cells were treated with Irl for 24 h at 37 °C and stained with
DCFH-DA. P values were calculated after a t test against the negative
control data, *p < 0.0S, **p < 0.01.

cells for up to 48 h, and then the treated cells were examined
using flow cytometry. The proportion of early apoptosis
increased after treatment with Irl (Figure 8 and Table SS).
Hence, the exposure to these zwitterionic phosphine—imine
complexes could induce apoptosis and accordingly lead to
cancer cell death.

To demonstrate whether the induction of apoptosis was the
primary pathway for the cancer cell death, the cytotoxicity of
Irl was determined in the presence of various inhibitors
including autophagy inhibitor 3-methyladenine (3-MA),
necroptosis inhibitor necrostatin-1 (Nec-1), the protease
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inhibitor leupeptin (LPT), and the protein synthesis inhibitor
cycloheximide (CHX) (Table S6). The negligible changes
were observed in the cytotoxic efficacy, indicating that these
inhibitors were inoperative and apoptosis was the primary
pathway for cancer cell death.

To investigate the role of zwitterionic phosphine—imine
complexes in cell cycle arrest, the flow cytometry was also used
to analyze the blocking of cell cycle progression by Irl (Figure
S59). The results showed that GO/G1, S, and G2/M phases
had a trivial change in A549 cells at the concentrations of 0.25,
0.5, and 1 X ICs,. Therefore, these complexes seemed not to
effectively disrupt the cell cycle progression.

2.9. Cellular Uptake Mechanisms. Based on the
consideration of the fluorescence properties of the above-
mentioned products, the intracellular uptake principle of the
most active Irl could be detected by laser confocal
microscopy. Energy-dependent and energy-independent path-
ways are two kinds of ways for small-molecule complexes to
enter cells.*” As Figure 9 illustrates, the appearance of punctate
green fluorescence indicated that Irl entered into AS49 cells
after a 1 h incubation. A marked decline of fluorescence
strength was observed at the time when AS49 cells were
incubated with Irl under 4 °C or CCCP conditions (CCCP:
carbonyl cyanide 3-chloro-phenylhydrazone, a kind of
metabolic inhibitor), in comparison with the control group
of 37 °C (Figure 9). These results suggested that the cellular
uptake of complex Irl is energy-dependent. In addition, there
was a negligible change in intracellular fluorescence intensity
after treatment with chloroquine (a kind of endocytosis
inhibitor) compared to that of the untreated group (Figure 9),
indicating that endocytosis was not involved in the cellular
uptake.

Antimycin A;, which played a role in lowering ATP levels,
was used to coincubate with complex Ir1 to further validate the
energy-dependent cellular uptake mechanisms (Figure 10a).
The experimental results showed that the accumulation of
iridium in A549 cells was affected after the changes of ATP
levels, which was consistent with the observation of significant
cellular uptake at relatively high temperatures (Figure 10a and
Table S7; 37 °C vs 4 °C).

Moreover, the means of protein-mediated uptake were also
investigated. Amphotericin B could disrupt cell membrane
integrity to form pores, which may lead to increased cell
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Figure 9. Effects of temperatures (37 or 4 °C), chloroquine (50 uM),
and CCCP (50 uM) on the cellular uptake of Ir1 (2 uM). Scale bar:
20 pum, A, = 405 nm, A, = 430—490 nm.

accumulation. A549 cells and complex Irl were cotreated with
variable concentrations of amphotericin B. The level of cell
accumulation of iridium exhibited no significant variation
(Figure 10b and Table S8), suggesting that facilitated diffusion
(an energy-independent pathway) was not responsible for the
uptake pathway of complex Irl.

2.10. Cellular Localization. Whether these complexes
were able to target organelles was further assessed by the
cellular localization analysis via confocal microscopy (Figure
11). The AS49 cells were dual-stained with Irl and nucleus
fluorescent probe (4,6-diamino-2-phenyl indole, DAPI),
mitochondrial fluorescent probe (Mito Tracker Red
CMH2XRos, MTDR), and lysosome fluorescent probe
(LysoTracker Red DND-99, LTDR). In the cytoplasm, the
punctate and intense green fluorescence showed that Irl could
effectively penetrate A549 cells after a 1 h incubation. The
degree of mergence between Irl and DAPI or MTDR was
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Figure 10. Total accumulation of Ir in AS49 cells when coincubated with complex Irl (5 yM) and (a) antimycin A; (0 and S M) or (b)
amphotericin B (0, 1, S and 10 M) after exposure to Irl for 48 h at 37 °C with no recovery time.

Merge

Irl

Figure 11. Determination of the intercellular localization of Irl by
confocal microscopy. AS49 cells were incubated with Ir1 (2 uM) for 1
h at 37 °C and then coincubated with DAPI (1 yg/mL), MTDR (500
nM), or LTDR (7S nM) for 1 h (Ir1, 4., = 405 nm, A, = 460—520
nm; DAPI, A, = 345 nm, A,,, = 410—455 nm; MTDR, A, = 644 nm,
Aem = 660—720 nm; LTDR, A, = 594 nm, 4,,, = 600—660 nm). Scale
bar: 20 ym. The green, red, and blue fluorescence represent Irl,
mitochondria or lysosome, and nucleus, respectively.

Brightfield

DAPI

LTDR

MTDR

negligible with a low Pearson correlation coefficient (PCC)
value (DAPI: PCC = 0.11; MTDR: PCC = —0.04), indicating
that Irl cannot effectively localize in the nucleus and
mitochondria. The weak binding efficacy of these complexes
to CT-DNA (see above; the low K, value in Section 2.5) may
be associated with the low accumulation in the nucleus.
However, the concordance with a PCC value of 0.78 was found
between the merged image of Irl and LTDR, suggesting that
Irl primarily targeted lysosome. Thus, lysosome-mediated cell
death could be responsible for the cytotoxic potency of these
zwitterionic phosphine—imine complexes. Possibly, the high
lipophilicity of these zwitterionic P,N-chelating complexes may
be related to the lysosome targeting. However, the previous
study has shown that lysosome accumulation and targeting are
associated with various factors including lipophilicity, type and
number of charges of complexes, aromatic area, and charge/
mass ratio.** "

The biodistribution in different subcellular compartments of
the AS49 cells was also quantitatively studied by ICP-MS. After
48 h of exposure to Irl, the iridium content of the cytoplasm,
nucleus, and cytoskeleton fractions isolated from AS49 cells
was determined (Figure 12 and Table S9). As shown in Figure
12, the highest concentration of iridium was in the cytoplasm
section and more iridium entered the cytoplasm than the

Ir ng per ug protein
=
S
1

Cytoplasm Nucleus Cytoskeleton

Figure 12. Iridium content of the cytoplasm, nucleus, and
cytoskeleton fractions (Ir ng per ug protein) of AS49 cells after 48
h of exposure to S uM Irl.

nucleus. These results are consistent with the above-mentioned
observations of cellular localization experiments.

2.11. Lysosomal Damage. The functional state of
lysosomes could be monitored by acridine orange (AO),
which was a kind of probe of lysosome dysfunction with red or
green photoluminescence in lysosomes or in the cytosol and
nuclei.”' Hence, the lysosome integrity could be further
investigated by AO to study cell death pathway mediated by
lysosomes. As shown in Figure 13, A549 cells stained with AO
have strong red photoluminescence in lysosomes. However,
the intensity of red photoluminescence showed a significant
decrease with the increased concentration of Irl, indicating
that lysosomal integrity was damaged after the treatment of
Irl. Since the disruption of lysosomal integrity could result in
the release of cathepsin B from the lysosomes into the cytosol,
lysosomal damage was further determined by the fluorogenic
magic red MR-(RR), to monitor the intracellular activity of
cathepsin B (Figure S60). The control cells exhibited red
fluorescence that was predominantly localized in the
lysosomes. The red fluorescence gradually spread with the
increased concentration of Irl, suggesting that cathepsin B
gradually entered into the cytosol from lysosomes. The above-
mentioned results further suggested that these zwitterionic
phosphine—imine complexes might target lysosomes and thus
cause lysosomal damage.
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Figure 13. Lysosomal disruption of AS49 cells verified with AO assay.
(a) Cells only treated with AO, as a control; (b,c) cells treated with
AO and Irl (1 and 3 equipotent concentrations of ICy;), AO green
fluorescence, A, = 488 nm and A, = 510 + 20 nm; AO red
fluorescence, A, = 488 nm and A,,, = 625 + 20 nm. Scale bar: 20 ym.

2.12. Inhibition of Cell Migration. Malignant cancer cells
tended to metastasize to adjacent or distant tissues due to the
reduced superficial adhesion. Herein, the wound-healing assay
was conducted to observe the inhibition action of complex Irl
on the migration of A549 cells. Compared to 45.3% of the
control group, the wound closure rate (WCR) of AS49 cells
treated with Irl not only significantly decreased to 28.7% at
0.25 X ICs, but also presented a concentration-dependent
characteristic (Figure 14). This result implied that the complex
Irl could inhibit the migration of A549 cells. Consequently,
Irl has both pretty good anticancer ability and antimetastatic
potential, which might contribute to addressing the issue of
advanced malignancy metastasis.

3. CONCLUSIONS

In summary, with an easy access to the sulfonated phosphine—
imine ligand, the synthesis and characterization of a family of
zwitterionic phosphine—imine half-sandwich iridium(III),
rhodium(III), and ruthenium(II) complexes have been
presented. These new complexes performed basically stable
in aqueous solution and have a detectable photoluminescence.
Notably, the presence of phosphine ligation was beneficial for
improving the lipophilic properties and cellular uptake effects
of these zwitterionic complexes, further affording an enhanced
cytotoxic efficacy against A549 and HeLa cell lines. Moreover,
the representative complexes exhibited no coordination

reaction with 9-MeA, and the weak affinity between these
zwitterionic phosphine—imine complexes and CT-DNA was
observed. In addition, the spectroscopic analysis supported the
binding of the typical complexes to BSA. The mechanistic
study showed that the most reactive complex Irl could
increase the ROS levels, induce apoptosis, target, and damage
lysosomes. Meanwhile, this type of zwitterionic phosphine—
imine complex could also suppress cancer cell migration.

4. EXPERIMENTAL SECTION

4.1. General Information. All solvents and reagents were
commercially sourced. Unless otherwise stated, they were used
without further purification. The sodium 2,6-diisopropylaniline
sulfonate and RAPTA-C were prepared using the literature
procedure.”>”® The 'H, C{'H}, and *'P{'H} NMR spectroscopy
were determined via Bruker DPX S00 spectrometers (Figures S2—
S35). And absorption spectroscopy was performed by a TU-1901
UV—visible recording spectrophotometer. MS of these new products
was recorded on a Thermo LTQ Orbitrap XL (ESI*; Figures S36—
S46). XRD analysis results were collected by a Bruker Apex SMART
CCD area detector (Tables S1—S3) with graphite-monochromated
Mo Ka radiation. Elemental analysis (C, H, N) was determined by
vario El cube.

4.2. Synthesis of L (Sulfonated Phosphine—Imine Ligand).
The sodium 2,6-diisopropylaniline sulfonate (1.22 g), HCOOH (ca.
0.30 g of an 88% aqueous solution), and Na,SO, (1.10 g) were added
to a solution of 2-(diphenylphosphinyl)benzaldehyde (1.17 g) in
CH,Cl, and MeOH (1:1, v/v) mixed solvents (60 mL). The
suspension was vigorously stirred at room temperature for 24 h. The
mixture was filtered. The filtrate was collected and concentrated under
reduced pressure. Recrystallization from MeOH afforded yellow
crystals. The yellow crystal was washed using Et,0 under ultrasound,
filtered, and dried to obtain L as a light-yellow powder.

Ph.

-

P N
Ph |

Light-yellow powder, yield: 1.30 g (58.3%). "H NMR (500 MHz,
DMSO-dg) (ppm): & 8.72 (d, ] = 5.1 Hz, 1H, CH=N), 8.21-8.19
(m, 1H), 7.59 (t, ] = 7.2 Hz, 1H), 7.52 (t, ] = 7.4 Hz, 1H), 7.41 (s,
6H), 7.31 (s, 2H), 7.24—7.14 (m, 4H), 6.88—6.86 (m, 1H), 2.62—
2.54 (m, 2H, CH(CHj;),), 0.92 (d, J = 6.8 Hz, 12H, CH(CH,),).
BC{'H} NMR (126 MHz, DMSO-dy) (ppm): § 161.05 (CH=N),
160.88, 149.28, 144.16, 138.73, 138.59, 138.42, 136.55, 136.47,
136.39, 134.08, 133.92, 133.64, 131.99 129.86, 129.64, 129.39,
129.34, 128.95, 128.92, 120.64, 27.77 (CH(CH,),), 23.61 (CH-
(CH,),). *'P{'"H} NMR (202 MHz, DMSO-d,) (ppm): § 14.84. ESI-

SO;Na

(a) Control 0.25 x ICs,

24 h

(b)

50 -
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Figure 14. Wound-healing assay of A549 cells treated with Ir1 for 24 h. (a) Typical images were taken at 0 and 24 h. The widths of the wounds are
indicated with the lines (um). Scale bar: 100 ym. (b) Histograms of wound-healing assay after 24 h. Data are quoted as the mean + SD of three

replicates. Wound closure rate = (R, — R;)/Ry X 100%.
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MS (m/z): caled. for C5;H;3;NO5PS: 530.1924, found: 530.0800, [M
— Na + 2H]*; ESI-MS (m/z): calcd. for C;;H;;NNa,O;PS 574.1558,
found: 573.9900 [M + Na]*.

4.3. Synthesis of Ir1—Ir4, Rh1—Rh3, and Ru1-Ru3 (Sulfo-
nated Phosphine—Imine Complexes). 4.3.7. Common Method.
Precursors (D1-D10) and ligand L (2 equiv) were dissolved in
MeOH and vigorously stirred for 72 h and monitored by thin-layer
chromatography (TLC). Then, the solvent was removed under
reduced pressure. The residue was dissolved in CH,Cl, and filtered to
remove NaCl. The filtrate was concentrated, and an excess of Et,O
was added. The precipitate was washed using Et,O, filtered, and dried
to afford an orange-yellow/orange-red/orange-brown/brown powder.

4.3.2. Irl.
; \

ph._/RClI
N

~

Orange-yellow powder, yield: 69.0 mg (60.9%). "H NMR (500
MHz, DMSO-dg) (ppm): 6 8.71 (s, 1H, CH=N), 8.00 (s,
1H), 7.82—7.69 (m, 6H), 7.64 (s, 2H), 7.59 (s, 1H), 7.41 (s,
3H), 7.20 (s, 2H), 6.99—6.95 (m, 1H), 3.39-3.35 (m, 1H,
CH(CH,),), 2.08—1.97 (m, 1H, CH(CH,),), 1.33 (d, ] = 6.4
Hz, 3H, CH(CH,),), 1.15 (s, 15H, Cp*-CH,), 1.05 (d, ] = 6.3
Hz, 3H, CH(CHj,),), 1.00 (d, ] = 6.3 Hz, 3H, CH(CHj,),),
0.16 (d, J = 6.3 Hz, 3H, CH(CH,),). “C{*H} NMR (151
MHz, DMSO-dy) (ppm): 6 175.25 (CH=N), 150.31, 147.99,
143.14, 140.04, 139.15, 137.01, 135.22, 135.15, 134.89, 133.74,
133.07, 132.56, 129.98, 129.91, 129.16, 127.57, 127.19, 127.08,
126.72, 126.11, 125.71, 121.54, 120.69, 119.67, 96.84, 96.83,
92.77, 92.76, 92.17, 27.03 (CH(CH,),), 26.31 (CH(CHs,),),
25.35 (CH(CH,),), 25.20 (CH(CH,),), 22.85 (CH(CHj,),),
22.01 (CH(CH,),), 8.41 (Cp*-CH,), 8.31 (Cp-CH,), 8.01
(Cp*-CHj;). *'P{"H} NMR (202 MHz, DMSO-dy) (ppm): &
6.58. ESI-MS (m/z): caled. for C,H,,CIIrNO,PS 892.2332,
found: 8922515 [M + HJ*; ESI-MS (m/z): calcd. for
C,H,4CIIrNNaO,PS 914.2151, found: 914.2290 [M + Na]*.
Anal. caled for C,H,4CIIrNO,PS: C, 55.24; H, 5.20; N, 1.57.
Found: C, 54.95; H, 5.24; N, 1.65.
4.33.1Ir2.

A
ph. _/<Cl
P N

P*@) S0,

Orange-yellow powder, yield: 140.3 mg (58.3%). 'H NMR
(500 MHz, DMSO-dg) (ppm): § 8.66 (d, ] = 2.6 Hz, 1H,
CH=N), 8.00—7.98 (m, 1H), 7.80 (t, J = 7.5 Hz, 1H), 7.75—
7.72 (m, 5H), 7.65—7.63 (m, 2H), 7.60 (d, ] = 1.5 Hz, 1H),
7.58—7.44 (m, 2H), 7.43 (d, ] = 1.5 Hz, 1H), 7.29-7.23 (m,
2H), 7.06—7.03 (m, 1H), 3.49-3.41 (m, 2H, CH(CH,),),
2.10-2.05 (m, 2H, Cy-CH,), 1.71-1.68 (m, 2H, Cy-CH,),
1.64—1.56 (m, 2H, Cy-CH,), 1.46 (s, 3H, Cp"-CH;), 1.41—
1.39 (m, 1H, Cy-CH,), 1.37—1.34 (m, 6H, Cp"-CH;,), 1.30 (d,
J = 3.7 Hz, 3H, Cp*-CHj,), 1.25—1.23 (d, 1H, Cy-CH,), 1.09
(m, 2H, Cy-CH,), 1.04 (d, ] = 6.5 Hz, 6H, CH(CH,;),), 0.99—

0.96 (m, 1H, Cy-CH), 0.81 (d, ] = 2.6 Hz, 3H, CH(CH,),),
0.18 (d, J = 6.5 Hz, 3H, CH(CH,),). “C{'H} NMR (151
MHz, DMSO-dy) (ppm): 8 175.94 (CH=N), 150.72, 148.68,
140.57, 139.41, 137.53, 135.44, 134.79, 133.94, 133.84, 133.77,
133.22, 132.83, 130.28, 130.21, 129.66, 129.59, 128.23, 127.85,
127.36, 127.03, 126.99, 126.63, 121.93, 121.25, 107.26, 104.65,
94.39, 94.33, 90.07, 36.79 (Cy-CH), 30.26 (Cy-CH,), 29.32
(Cy-CH,), 27.55 (CH(CH,),), 26.97 (CH(CH,),), 26.88
(Cy-CH,), 26.66 (Cy-CH,), 25.80 (Cy-CH,), 25.77 (CH-
(CH,),), 25.54 (CH(CH,),), 23.26 (CH(CH,),), 22.40
(CH(CHj;),), 10.07 (Cp"-CH,), 10.04 (Cp"-CHj), 9.92
(Cp™-CH;), 844 (Cp™-CH,). *'P{'H} NMR (202 MHyz,
DMSO-ds) (ppm): & 7.09. ESI-MS (m/z): calcd. for
C,sHssCIIrNO,PS 9602958, found: 960.3144 [M + HJ;
ESI-MS (m/z): caled. for C,eH,,ClIrNNaO,PS 982.2777,
found: 982.2943 [M + Na]*. Anal. calcd for
C4Hy,CII'ENOSPS: C, 57.57; H, 5.67; N, 1.46. Found: C,
57.23; H, 5.59; N, 1.52.

4.3.4. Ir3.

CF3

| +

r—

Ph. s \Cl
N

- -

Prb) 803

Orange-yellow powder, yield: 174.2 mg (63.7%). 'H NMR
(400 MHz, DMSO-d;) (ppm): & 8.77 (d, ] = 2.3 Hz, 1H,
CH=N), 8.56 (s, 2H), 8.29 (s, 1H), 8.05 (d, J = 2.1 Hz, 1H),
7.85—7.79 (m, SH), 7.61 (m, 1H), 7.50—7.40 (m, 6H), 7.29—
717 (m, 2H), 7.03—6.90 (m, 1H), 3.25-3.17 (m, IH,
CH(CHy;),), 1.99—1.84 (m, 1H, CH(CH,),), 1.44 (d, ] = 1.7
Hz, 3H, Cp*-CHj,), 1.35 (s, 3H, Cp*-CH,), 1.27 (s, 3H, Cp*-
CH,), 0.96 (d, ] = 5.9 Hz, 6H, CH(CHs;),), 0.88 (d, ] = 2.3
Hz, 3H, Cp"-CH;), 0.54 (d, ] = 6.5 Hz, 3H, CH(CHj),), 0.26
(d, ] = 6.5 Hz, 3H, CH(CH,),). *C{'H} NMR (101 MHz,
DMSO-dg) (ppm): & 176.53 (CH=N), 150.21, 149.00,
140.29, 140.02, 137.66, 137.57, 135.56, 135.45, 135.32,
13525, 134.15, 134.04, 133.70, 133.63, 133.52, 133.35,
133.25, 131.29, 130.96, 130.62, 130.51, 129.59, 129.48,
128.13, 127.24, 127.03, 126.81, 126.65, 126.47, 125.80,
125.65, 125.18, 124.98, 122.31, 122.26, 121.83, 121.31, 27.51
(CH(CH,;),), 27.12 (CH(CH,;),), 26.05 (CH(CH,),), 25.55
(CH(CH,;),), 22.63 (CH(CH,),), 21.45 (CH(CH;),), 10.12
(Cp*-CH;), 9.98 (Cp™-CHj;), 9.35 (Cp™-CH;), 8.84 (Cp™-
CH,). ¥P{'H} NMR (162 MHz, DMSO-dy) (ppm): & 7.11.
ESI-MS (m/z): caled. for C,eH,,CIF(IrNO,PS 1090.2236,
found: 1090.2216 [M + H]J*; ESI-MS (m/z): calcd. for
C,sH,CIF(IrNNaO,PS 1112.2056, found: 1112.2030 [M +
Na]*. Anal. calcd for C,gH,,CIFJIrNO,PS: C, 52.91; H, 4.26;
N, 1.29. Found: C, 52.68; H, 4.19; N, 1.36.
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4.3.5. Ir4.

Orange-yellow powder, yield: 149.8 mg (61.7%). '"H NMR
(500 MHz, DMSO-d;) (ppm): & 8.80 (d, J = 2.5 Hz, 1H,
CH=N), 8.09—8.07 (m, 1H), 7.85—7.74 (m, 6H), 7.65—7.63
(m, 1H), 7.57 (t, ] = 5.7 Hz, 4H), 7.49 (d, ] = 1.4 Hz, 1H),
741 (d, ] = 1.3 Hz, 1H), 7.31-7.21 (m, 4H), 7.19-7.16 (4,
1H), 7.03 (m, 1H), 3.52 (m, 1H, CH(CH,),), 2.08—2.00 (m,
1H, CH(CH,),), 1.90 (s, 3H, aryl-CHj), 1.54 (d, 3H, Cp*-
CH,), 1.22 (s, 3H, Cp*-CHj), 1.10 (s, 1H, Cp*-CH,), 1.09—
1.07 (m, 4H, Cp*-CHj,), 1.02 (d, 3H, CH(CH,),), 0.97 (d,
3H, CH(CH,),), 095 (s, 1H, Cp*-CH;), 0.65 (d, 3H,
CH(CH,),), 0.29 (d, 3H, CH(CH,),). *C{'H} NMR (126
MHz, DMSO-d;) (ppm): & 176.52 (CH=N), 150.40, 148.66,
140.70, 139.96, 137.58, 135.56, 135.49, 135.15, 134.51, 134.43,
133.58, 133.49, 133.11, 133.07, 130.37, 129.64, 129.62, 129.59,
129.54, 129.36, 129.33, 128.88, 128.82, 128.80, 127.30, 127.28,
126.84, 126.83, 126.57, 126.33, 126.30, 126.08, 126.06, 125.60,
121.90, 121.17, 27.55 (CH(CHs,),), 27.06 (CH(CH,),), 26.03
(CH(CHs,),), 25.77 (CH(CH,;),), 23.57 (CH(CH,),), 22.67
(CH(CH,),), 19.61 (aryl-CH,), 9.86 (Cp"-CH;), 9.60 (Cp*-
CH,), 9.21 (Cp*-CH;), 8.78 (Cp™-CH;). *'P{'H} NMR (202
MHz, DMSO-dg) (ppm): 6 6.21. ESI-MS (m/z): calcd. for
C, H,,CIIrNO,PS 968.2645, found: 968.2819 [M + H]*; ESI-
MS (m/z): caled. for C,HyoClIrNNaO;PS 990.2464, found:
990.2629 [M + Na]*. Anal. caled for C,;HgClIrNO;PS: C,
58.34; H, 5.21; N, 1.45. Found: C, 58.13; H, 5.29; N, 1.31.

4.3.6. Rh1.

Orange-red powder, yield: 70.4 mg (69.3%). '"H NMR (500
MHz, DMSO-d;) (ppm): § 8.61 (s, 1H, CH=N), 7.97—7.95
(m, 1H), 7.82—7.71 (m, 7H), 7.71-7.63 (m, 3H), 7.59 (d, ] =
1.7 Hz, 1H), 7.40 (d, J = 1.7 Hz, 1H), 7.23-7.19 (m, 2H),
6.99—6.95 (m, 1H), 3.54—3.47 (m, 1H, CH(CH,),), 1.91—
1.82 (m, 1H, CH(CH,),), 1.36 (d, ] = 6.7 Hz, 3H,
CH(CH,;),), 1.15 (d, J = 3.8 Hz, 15H, Cp*-CHj,), 1.03 (d, J
= 6.6 Hz, 3H, CH(CH,),), 097 (d, ] = 6.6 Hz, 3H,
CH(CH,),), 0.16 (d, ] = 6.6 Hz, 3H, CH(CH,),). “C{'H}
NMR (151 MHz, DMSO-d;) (ppm): 6 176.08 (CH=N),
149.93, 148.44, 140.66, 139.07, 137.76, 135.66, 134.39, 134.32,
133.59, 133.52, 133.17, 132.92, 130.50, 130.43, 129.75, 129.68,
127.95, 127.65, 127.50, 127.16, 126.46, 126.13, 122.02, 121.08,
103.24, 27.73 (CH(CH,;),), 27.02 (CH(CH,;),), 25.76 (CH-
(CH;),), 25.68 (CH(CH,),), 23.26 (CH(CH;),), 22.26
(CH(CHs),), 9.25 (Cp"-CHj), 9.03 (Cp"-CH;). *'P{'H}
NMR (202 MHz, DMSO-dy) (ppm): & 37.61, 36.91. ESI-MS
(m/z): caled. for C,H,,CINO;PRhS 802.1758, found:

802.1865 [M + H]*; ESI-MS (m/z): calcd. for
C,H,,CINNaO;PRhS 824.1577, found: 824.1677 [M +
Na]*. Anal. calcd for C,;H,CINO;PRhKS: C, 61.39; H, 5.78;
N, 1.75. Found: C, 61.68; H, 5.69; N, 1.67.

4.3.7. Rh2.

Orange-red powder, yield: 137.8 mg (63.1%). "H NMR (500
MHz, DMSO-dg) (ppm): & 8.58 (s, 1H, CH=N), 7.96—7.94
(m, 1H), 7.77 (s, 1H), 7.76—7.73 (m, SH), 7.72—7.69 (m,
2H), 7.66 (t, ] = 6.1 Hz, 2H), 7.60 (s, 1H), 7.42 (s, 1H), 7.28—
724 (m, 2H), 7.04—7.00 (m, 1H), 3.64—3.55 (m, IH,
CH(CH,),), 2.07 (s, 6H, Cy-CH,), 1.96—1.88 (m, 1H,
CH(CH,;),), 1.83—1.81 (m, 1H, Cy-CH,), 1.69—1.66 (m, 1H,
Cy-CH,), 1.64—1.58 (m, 2H, Cy-CH,), 1.39—1.37 (m, 6H,
Cp*-CH,), 1.27 (d, ] = 3.4 Hz, 3H, Cp*-CH;), 1.24 (d, ] = 5.2
Hz, 3H, Cp*-CHj,), 1.01 (4, ] = 6.8 Hz, 7H, (CH(CHs;),, 6H)+
(Cy-CH, 1H)), 0.91 (d, J = 3.1 Hz, 3H, CH(CHj,),), 0.17 (d, J
= 6.5 Hz, 3H, CH(CH,),). “C{'H} NMR (126 MHz,
DMSO-ds) (ppm): & 176.44 (CH=N), 150.10, 149.21,
148.23, 144.23, 140.86, 139.14, 136.51, 135.21, 134.08,
133.92, 130.47, 129.69, 129.40, 129.35, 127.89, 127.47,
126.94, 126.55, 121.97, 12122, 120.62, 120.07, 111.02,
106.93, 104.93, 103.66, 99.35, 98.61, 97.98, 35.63 (Cy-CH),
30.33 (Cy-CH,), 29.99 (Cy-CH,), 27.75 (CH(CH,),), 27.36
(CH(CHa;),), 26.85 (Cy-CH,), 25.99 (Cy-CH,), 25.80 (Cy-
CH,), 25.66 (CH(CH,;),), 23.60 (CH(CHj;),), 23.37 (CH-
(CHj;),), 22.25 (CH(CH,),), 10.60 (Cp®*-CH,), 10.40 (Cp*-
CH,), 10.15 (Cp®-CHj,), 9.07 (Cp*-CHs,). 3'P{'H} NMR (202
MHz, DMSO-ds) (ppm): & 37.63, 36.94. ESI-MS (m/z):
caled. for C,¢HssCINO;PRAS 870.2384, found: 870.2367 [M +
H]*; ESI-MS (m/z): caled. for C,sHs,CINNaO,PRhS
892.2203, found: 892.2175 [M + Na]*. Anal. caled for
C4Hg,CINO;PRRS: C, 63.48; H, 6.25; N, 1.61. Found: C,
63.75; H, 6.17; N, 1.58.
4.3.8. Rh3.

Ph P .
@) 505

Orange-red powder, yield: 166.7 mg (66.4%). "H NMR (400
MHz, DMSO-dg) (ppm): 6 8.69 (s, 1H, CH=N), 8.31 (s,
1H), 8.05—7.99 (m, 1H), 7.85—7.68 (m, 7H), 7.61—7.59 (m,
3H), 7.39 (d, ] = 2.8 Hz, 3H), 7.26—7.17 (m, 3H), 6.96—6.91
(m, 1H), 3.32—3.26 (m, 1H, CH(CH,),), 2.60—2.55 (m, 1H,
CH(CH,;),), 1.36 (s, 3H, Cp*-CH;), 1.34 (d, ] = 5.7 Hz, 3H,
Cp*-CH,), 1.25 (s, 3H, Cp"-CH,), 0.90 (d, ] = 6.4 Hz, 6H,
CH(CHjy),), 0.75 (d, J = 3.3 Hz, 3H, Cp*-CH;), 040 (d, ] =
6.5 Hz, 3H, CH(CHs;),), 0.29 (d, ] = 6.4 Hz, 3H, CH(CH,),).
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BC{'H} NMR (101 MHz, DMSO-ds) (ppm): & 176.81
(CH=N), 149.56, 148.66, 140.47, 139.79, 135.75, 135.63,
135.02, 134.60, 134.50, 133.73, 133.66, 133.55, 133.33, 133.16,
132.00, 131.34, 131.01, 130.81, 130.70, 129.98, 129.88, 129.69,
129.45, 129.39, 127.68, 127.47, 127.01, 126.68, 126.14, 125.63,
125.12, 124.97, 123.46, 122.25, 121.86, 121.37, 121.26, 27.70
(CH(CH,),), 27.49 (CH(CH,;),), 26.32 (CH(CH,),), 25.50
(CH(CH,),), 22.55 (CH(CH,),), 21.18 (CH(CH,),), 10.47
(Cp*-CH3), 10.16 (Cp*-CH3), 9.76 (Cp*-CH;), 9.21 (Cp™-
CH,). *'P{'H} NMR (162 MHz, DMSO-dy) (ppm): & 40.16,
39.29. ESI-MS (m/z): calcd. for C,3H,,CIF{NO,PRhS
1000.1662, found: 1000.1649 [M + H]*; ESI-MS (m/z):
caled. for C,gH,,CIF(NNaO;PRhS 1022.1481, found:
1022.1463 [M + Na]*. Anal. caled for C,gH,cCIF,NO,PRAS:
C, 57.64; H, 4.64; N, 1.40. Found: C, 57.48; H, 4.69; N, 1.33.

4.3.9. Rul.

Orange-brown powder, yield: 65.8 mg (65.5%). "H NMR (500
MHz, DMSO-d,) (ppm): 5 8.61 (d, ] = 2.4 Hz, 1H, CH=N),
8.00=7.97 (m, 1H), 7.94—7.86 (m, 2H), 7.78—7.74 (m, 1H),
7.74—7.63 (m, 7H), 7.61 (t, J = 7.6 Hz, 1H), 7.48—7.38 (m,
3H), 7.02—6.98 (m, 1H), 6.36—6.29 (m, 1H, arene-H), 5.71
(d, ] = 6.2 Hz, 1H, arene-H), 5.11 (d, ] = 6.0 Hz, 1H, arene-
H), 4.65 (d, ] = 6.4 Hz, 1H, arene-H), 4.04—3.97 (m, 1H,
CH(CH,),), 2.57-2.52 (m, 1H, CH(CH,),), 1.91—1.83 (m,
1H, CH(CH,),), 149 (d, ] = 6.7 Hz, 3H, CH(CH,),), 1.39 (s,
3H, arene-CHs;), 1.22 (d, J = 7.0 Hz, 3H, CH(CH,),), 1.15 (d,
J = 69 Hz, 3H, CH(CH,),), 1.05 (d, ] = 6.6 Hz, 3H,
CH(CH,),), 0.87 (d, ] = 6.7 Hz, 3H, CH(CH,),), 0.78 (d, ] =
6.5 Hz, 3H, CH(CH,),). “C{'H} NMR (151 MHz, DMSO-
ds) (ppm): & 176.88 (CH=N), 154.99, 148.54, 139.75,
139.25, 137.76, 136.41, 135.63, 135.56, 135.04, 133.41, 133.01,
132.69, 132.58, 132.11, 131.13, 130.81, 129.71, 128.96, 128.59,
125.62, 125.30, 124.94, 122.39, 121.38, 100.41 (arene-C),
100.30 (arene-C), 91.58 (arene-C), 91.52 (arene-C), 90.39
(arene-C), 78.33 (arene-C), 31.31 (CH(CH;),), 27.58 (CH-
(CH;),), 27.40 (CH(CH;),), 26.80 (CH(CH;),), 26.36
(CH(CH,),), 22.89 (CH(CH,),), 22.57 (CH(CH,),), 21.98
(CH(CH;),), 21.92 (CH(CH,),), 16.48 (arene-CH,).
3P{'H} NMR (202 MHz, DMSO-dy) (ppm): & 39.03. ESI-
MS (m/z): caled. for C,HuCINO;PRuS 800.1668, found:
800.1791 [M + H]*; ESI-MS (m/z): calcd. for
C, H,;CINNaO,PRuS 822.1487, found: 822.1604 [M +
Na]*. Anal. caled for C,;H,sCINO;PRuS: C, 61.60; H, 5.67;
N, 1.75. Found: C, 61.72; H, 5.63; N, 1.70.

4.3.10. Ru2.

Brown powder, yield: 122.6 mg (65.7%). '"H NMR (500 MHz,
DMSO-dy) (ppm): 6 8.61 (d, ] = 2.1 Hz, 1H, CH=N), 7.94—
7.92 (m, 1H), 7.81-7.62 (m, 11H), 7.42—7.38 (t, 3H), 6.85—
6.81 (m, 1H), 5.62 (s, 6H, arene-H), 3.93—3.86 (m, 1H,
CH(CH,;),), 1.76—1.68 (m, 1H, CH(CH,),), 1.46 (d, ] = 6.7
Hz, 3H, CH(CH;),), 1.11 (d, J] = 6.7 Hz, 3H, CH(CH,),),
0.71 (d, ] = 6.7 Hz, 3H, CH(CH,),), 0.60 (d, ] = 6.6 Hz, 3H,
CH(CH,;),). “C{'H} NMR (126 MHz, DMSO-d;) (ppm): &
17529 (CH=N), 155.35, 148.62, 139.39, 138.80, 137.39,
136.29, 135.40, 135.03, 133.40, 133.16, 132.82, 132.75, 132.64,
132.23, 130.26, 130.18, 130.04, 129.96, 129.39, 128.96, 124.79,
124.40, 122.29, 120.95, 93.62 (arene-C), 27.75 (CH(CH,),),
27.54 (CH(CH,),), 26.53 (CH(CH,),), 26.17 (CH(CH,),),
22.64 (CH(CH,;),), 21.56 (CH(CH,),). *'P{'"H} NMR (202
MHz, DMSO-dg) (ppm): & 39.40. ESI-MS (m/z): calcd. for
C3,H;3CINO;PRuS 744.1042, found: 744.1140 [M + H]%;
ESI-MS (m/z): caled. for C;,H;,CINNaO;PRuS 766.0861,
found: 766.0952 [M + Na]*. Anal. calcd for
C;,H;,CINO;PRuS: C, 59.79; H, 5.02; N, 1.88. Found: C,
59.98; H, 5.08; N, 1.79.

4.3.11. Ru3.

Orange-brown powder, yield: 68.0 mg (66.4%). "H NMR (500
MHz, DMSO-d;) (ppm): 6 8.59 (d, J = 2.3 Hz, 1H, CH=N)),
7.94—7.91 (m, 1H), 7.82—7.56 (m, 11H), 7.45—7.31 (m, 3H),
6.83—6.79 (m, 1H), 6.22—6.19 (m, 1H, arene-H), 5.43 (d, ] =
6.0 Hz, 1H, arene-H), 5.32 (d, ] = 6.1 Hz, 1H, arene-H), S.11
(t, ] = 5.5 Hz, 1H, arene-H), 4.49 (t, ] = 6.0 Hz, 1H, arene-H),
443 (t, J] = 5.2 Hz, 1H, (CH,),0H), 3.89-3.77 (m, 1H,
CH(CH,;),), 3.41-3.38 (m, 2H, (CH,),0OH), 2.55—-2.53 (m,
1H, CH(CH,),), 2.39-2.31 (m, 1H, (CH,),OH), 1.74—
1.69(m, 1H, (CH,),0OH), 1.67—-1.57 (m, 2H, (CH,),OH),
146 (d, ] = 6.7 Hz, 3H, CH(CH,),), 1.45-1.36 (m, 2H,
(CH,),OH), 1.08 (d, ] = 6.6 Hz, 3H, CH(CH,;),), 0.67 (d, ] =
6.8 Hz, 3H, CH(CH,),), 0.59 (d, ] = 6.6 Hz, 3H, CH(CH,),).
BC{'H} NMR (101 MHz, DMSO-ds) (ppm): & 175.42
(CH=N), 154.85, 148.83, 139.16, 139.01, 137.27, 136.49,
135.33, 135.23, 133.71, 133.11, 132.80, 132.56, 132.20, 130.31,
130.21, 130.08, 129.97, 129.66, 129.12, 125.20, 124.71, 122.23,
122.12, 121.08, 99.86 (arene-C), 95.99 (arene-C), 95.89
(arene-C), 91.23 (arene-C), 83.34 (arene-C), 82.14 (arene-
C), 60.74 ((CH,),OH), 33.39 ((CH,),OH), 32.53
((CH,),0H), 27.68 ((CH,),0H), 27.59 (CH(CH,),), 26.46
(CH(CH,;),), 26.25 (CH(CHs;),), 25.96 (CH(CH,),), 22.80
(CH(CH,),), 21.76 (CH(CHj;),). *P{'"H} NMR (202 MHz,
DMSO-ds) (ppm): & 39.21. ESI-MS (m/z): calcd. for
C4H,4CINO,PRuS 816.1617, found: 816.1742 [M + H];
ESI-MS (m/z): caled. for C,H,CINNaO,PRuS 838.1437,
found: 838.1549 [M + Na]*. Anal. calcd for
C4H,sCINO,PRuS: C, 60.40; H, 5.56; N, 1.72. Found: C,
60.11; H, 5.63; N, 1.82.
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