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Since several decades ago, significant research effort has been paid to the
synthesis and photophysical characterization of octahedral 4d° and 5d° metal

complexes. For instance, a lot of 4% complexes have been widely used in a
variety of photonic applications including photocatalytic reactions,

photoelectrochemistry, biological experiments, and so on. Most of
cyclometalated Ir(ill) complexes are prepared from cyclometalated Ligands

such as 2-phenylpyidine (ppy) and 2-(4-tolyDpyridine (tpy)), and most of them

exhibit higher luminescence emission efficiencies (e.g., ¢, (facTr(ppy)y) =
0.4) and longer excited-state lifetimes (typically in the order of microseconds)
than those of Ru(ll) and Os(ll) complexes, because of efficient intersystem
crossing between the singlet excited states and triplet excited states

facilitated by the strong spin—orbit coupling of the Ir core part. Moreover, it
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1s possible to control emission wavelength (emission color) for the specific
purposes by choosing appropriate cyclometalated ligand parts. Most of
cyclometalated Ir complexes are classified into several types including
tris-homoleptic complexes that have three same ligand unis (depicted as IrLg),
bis-heteroleptic complexes that have two different ligands (IrLgL)), and tris-
heteroleptic complexes that contain three different ligands (IrLLJL”) (I, I,
and L” depict different cyclometalating ligands). Although a lot of efforts
have been paid for the synthesis of bis-heteroleptic and tris-heteroleptic Ir
complexes, the selective synthesis and photophysical properties of tris-
heteroleptic Ir complexes represented by IrLI)L” and IrLIJA (A: ancillary
ligand) are yet to be examined. In this manuscript, we developed the
selective synthesis of bis- and tris-heteroleptic Ir complexes to explore and
their hybrid compounds with peptide parts for the induction of programmed
cell death (PCD) in cancer cells and for its mechanistic studies.
In Chapter 2, we report on the degradation reactions of IrLs promoted

by Bronsted acids such as HCl/1,4-dioxane and Lewis acids such as ZnX; (X
= Bror Cl), TMSC], and AlCls. Among these Lewis acids tested, ZnXs was
found to exhibit a good reactivity 1n the decomposition reactions of Ir(ppy)s,
Ir(tpy)s  (tpy: (2-(4-tolyDpyridine), and Ir(mppy)s (mppy: 2-(4*
methoxyphenylpyridine) to provide the corresponding halogen-bridged Ir
dimers. It was also found that the reactivity of cyclometalating ligands
containing electron-withdrawing groups such as fluorine atoms, nitro or CF3
groups on the ligands is lower than those having electron-donating groups.
This reaction was applied to the selective degradation of bis-heteroleptic
complexes such as Ir(tpy)eo(Feppy) (Fappy: (2-(4’,6-difluorophenyl)pyridine)
with ZnBrg to afford a mixture of a halogen-bridged Ir dimer [{Tr(tpy)2(u-CD}el
and [{Ir(py)(Feppy)(u-CD}el, which were reacted with acetylacetone to
affordthe  tris-heteroleptic Ir complex Ir(tpy)(F2ppy)(acac) (acac:
acetylacetone). Mechanistic studies suggest that the formation of different
products from some Ir complexes by H*, TMSC], and AICl3 and ZnXs (X = Cl
or Br) 1s due to the hardness and softness of these Bronsted and Lewis acids
used. The reactivity and selectivity in the ZnXgz-promoted degradation can
be explained by the interaction of the HOMO of Ir complexes with the LUMO
of ZnXs and by the difference of electronegativity of iridium and carbon in the
ligand part.

In Chapter 3, we report on the stereospecific synthesis of two single 1somers
of tris-heteroleptic tris-cyclometalated Ix(lll) complexes consisting of three
dafferent nonsymmetric cyclometalating ligands via heteroleptic halogen-
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bridged Ir dimers [Ir(tpy)(Feppy)@-Br)lz and [Tr(mpiq)(Feppy)(n-Br)ls (mpiq:
(1-(4-methylphenylisoquinoline)) prepared by the aforementioned Zn2+
promoted degradation reactions of Ir(tpy)o(Feppy) and Ir(mpiq)o(Fappy).
Subsequently, [Ix(tpy)(Feppy)@m-Br)le and [Ir(mpiq)(Feppy)(m-Br)le were

converted to the tris-heteroleptic tris-cyclometalated Ir complexes
Ir(tpy)(Feppy)(mpiq) consisting of tpy, Feppy, and mpiq, as confirmed by
spectroscopic and X-ray crystal structure analysis. The important findings
of this work are that: i) the each specific isomers can be prepared from
halogen-bridged Ir dimers, [Ir(tpy)(Foppy)(p-Br)ls and [Ir(mpig)(Fappy)(p-
Br)le. The mechanism of the formation of only two diastereomers from the
p-complex 1s discussed based on the X-ray crystal structures. 1) each 1somers
have different stability and different emission spectra. Namely, one
stereoisomer exhibits single broad emission, while another stereoisomer
emits dual emission. This is the first report on the selective and efficient
synthesis, different stability and different photophysical properties of tris-
heteroleptic tis-cyclometalated Ir (i) complexes.

In Chapter 4, bis(peptide) and mono(peptide) hybrids of cyclometalated
Ir() complexes (Ir complex-peptide hybrids, IPHs) are synthesized in
addition to our previous tris(peptide) hybrids to examine the effect of the
number of HoN-KKKGG (K: lysine, G: glycine) chains on their anticancer
activity. The in vitro anticancer activity of mono- and bis(KKKGG) hybrids
of Ir(Ill) compelexes against a panel of three cancer cell lines (Jurkat, HeLa
S3, and A549) and one non-cancerous (IMR90) cell line was evaluated. It
was found that tris- and bis(KKKGG) hybrids exhibit more potential
anticancer activity against Jurkat cells than that of mono(KKKGG) hybrd,
indicative of a positive relationship between the number of the KKKGG
peptide chains and hence net cationic charges and their anticancer activity.
Mechanistic studies of cell death suggest that the IPH-tris(peptide) hybrid,
the IPH-bis(peptide) hybrid, and celastrol induce paraptotic cell death in
Jurkat cells with the vacuolization of the cytoplasm, mitochondria, the ER,
and lysosomes, as confirmed by TEM images. The findings reported herein
also strongly suggest that the direct transfer of Ca?* from the ER to
mitochondria 1s essential for the induction of cell death in Jurkat cells, as
confirmed by fluorescent microscopic observations and flow cytometric
analysis by using intracellular Ca2* probes. The results of co-staining assays
of IPHs with probes that are specific for different intracellular organelles
suggest that these IPHs are localized in mitochondria for the induction of
paraptosis in Jurkat cells.



In conclusion, we report on the efficient and selective synthesis and
photophysical properties of tris-heteroleptic Ir complexes represented by
IrLIJA or IrLL'LY and chemical structures and photophysical properties. In
addition bis-heteroleptic Ir complexes Irlels having one or two basic peptide
units were designed and synthesized and the strong correlation between the
number of peptide units and anticancer activity was observed. These
information affords useful synthetic methods for preparing not only Ir
complexes but also other metal complexes in medicinal chemistry,
bioinorganic chemistry, bioorganometallic chemistry, biomedical science, and
other related research fields.
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