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Platinum-based anticancer drugs have been highly effective at treating various cancers. While they have
shown significant promise, their potential limitations have motivated researchers to explore other noble
metal-based compounds, including iridium (Ir) complexes. Among these, half-sandwich Ir(i) cyclopenta-
dienyl (Ir-Cp*) complexes have emerged as promising new anticancer compounds. This relatively new
area of bioinorganic chemistry has made significant progress since its inception in 2007, although no
representative has yet entered clinical trials. Recent studies over the past 5-10 years have significantly
advanced our understanding of the stability, speciation, intracellular localization, target organelles and
molecular targets involved in the mechanisms of action (MoAs) of these compounds. This comprehensive
review provides the reader with an overview of anticancer Ir-Cp* complexes and diverse chemical, bio-
chemical and biological methods used for their research and development. Structure—activity relation-
ships (SARs) and mechanisms of action (MoAs) are discussed with respect to anticancer activity and in
comparison with their structurally similar ruthenium(i), rhodium(n) and osmium(i) analogues.
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1. Introduction

Iridium (Ir) is a d-block noble metal, belonging to group 9 and
period 6 of the periodic table and having atomic number 77." Ir is
considered to be one of the rarest elements on Earth and is
known for being highly inert and non-corrosive. Iridium, as one of
the platinum (Pt) metals, typically occurs together with platinum
and the other platinum metals in the same deposits (alloys, sul-
fides). It is used in various alloys (e.g:, for hardening, corrosion re-
sistance and heat resistance) or catalysts (methanol carbonylation
in the Cativa process using the [If(CO),L,]” complex).” Iridium-
based catalysts have been widely used in various processes, such
as C-H bond activation or asymmetric hydrogenation.*”

In the periodic table, Ir is positioned next to Pt, the com-
plexes of which (e.g., cisplatin, carboplatin or oxaliplatin) have
been used for the treatment of various types of cancer for
more than forty years.*” Even Rosenberg’s initial study on cis-
platin identified several non-platinum compounds as having
similar biological effects to those of cisplatin. Among them,
the ruthenium(m) complex [RuCl(NH;),(OH)|Cl seems to be
the first non-platinum complex reported to have anticancer
activity. Later, Ru became a prominent d-block metal in the
fields of bioinorganic and bioorganometallic chemistry,®®
because several complexes have entered clinical trials as new
anticancer metallodrugs.'*™"?
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egies, multi-component drugs or photodynamic therapy.

Following early studies on bioactive Ru complexes and the
relative success of this type of compound, complexes of
osmium,*® rhodium™ and iridium®® were introduced into the
field of bioinorganic chemistry a couple of years later.
Nowadays, Ru, Os, Rh and Ir complexes”'®'” are accepted as
prospective candidates for the research and development of
new metallodrugs (Fig. 1).'® Regarding iridium, the first com-
plexes bioanalysed in the 1970 and 80s were (NH,),[Ir"VClg]
(1)** and [Ir'(n*-cod)(acac)] (2)***° (Fig. 1); cod = cycloocta-1,5-
diene, Hacac = pentane-2,4-dione. Especially Ir(i) complexes
have been investigated in depth, because their metal centre is
isoelectronic with Pt(u), which is involved in conventional Pt
anticancer drugs. Later, other Ir oxidation states and structural
types were introduced, such as octahedral polypyridyl (e.g., fac-
[IrCl;(dmso)(phen)] (3))*° or cyclometalated (e.g., [Ir(biq)
(ppy)2] (4))*" Ir(m) complexes or pseudo-octahedral half-sand-
wich Ir(m) cyclopentadienyl complexes (e.g., [Ir(n’>-Cp*)Cl
(dppz)]CF3S0; (5)),”* as new anticancer agents (Fig. 1); dmso =
dimethyl sulfoxide, phen = 1,10-phenanthroline, biq = 2,2"-
biquinoline, Hppy = 2-phenylpyridine, HCp* = 1,2,3,4,5-penta-
methylcyclopenta-1,3-diene, dppz = dipyrido[3,2-a:2',3"-c|phe-
nazine. Other types of Ir complexes have also been reported as
having anticancer properties in vitro.>*>* Although anticancer
complexes have been the subject of extensive research, signifi-
cantly fewer compounds have been studied for their anti-
microbial or other biological properties.>®

In contrast to Pt-based drugs, non-platinum half-sandwich
metallodrugs of Ru, Os, Rh and Ir do not primarily target DNA
and Kkill the cancer cells through a different mechanism of
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Fig. 1 (A) Absolute and (B) relative number of scientific publications
dealing with anticancer complexes of platinum metals. (C) Chronology
of the pioneering works on iridium anticancer compounds 1-5.

action (MoA).*'®?® Together with the different structures and
differences in chemistry between classical Pt drugs and non-
platinum half-sandwich complexes, this gives much potential
for the latter to be a new type of biologically active compound.
In this review, the history of anticancer Ir(ui) cyclopentadienyl
(Ir-Cp*) complexes is briefly recapitulated, and the design
strategies, current knowledge regarding the structure-activity
relationships (SARs) and mechanisms of action (MoAs) and
challenges in the field are discussed. It is worth noting that
some reviews of biologically active Ir complexes can be found
in the literature, but these have either been published quite a
few years ago'®?”?® or focus on a specific part of the topic,
specifically anticancer apoptosis inducers,> complexes with
C-donor ligands,*® multi-targeted complexes*® and multinuc-
lear complexes.®!
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2. General properties

2.1. Structural types

The first antiproliferative activity studies on Ir-Cp* complexes
were reported by Sheldrick and co-workers in 2007.* Among
the four investigated complexes, [Ir(n>-Cp*)Cl(en)]CF;SO; and
[Ir(n°-Cp*)Cl(phen)]CF;S0; were inactive (IC5, > 100 pM)
against MCF-7 breast carcinoma cells,**** but co-studied ana-
logues 5 (Fig. 1)** and [Ir(n*-Cp*)(dppn)(tmtu)](CF5S0;), (6;
Fig. 2),”> with more extended chelating ligands, revealed acute
cytotoxicity in the MCF-7 breast and HT-29 colon cancer cell
lines used; en = ethylene-1,2-diamine, dppn = benzo[i]dipyrido
[3,2-a:2',3"-c]phenazine, tmtu 1,1,3,3-tetramethylthiourea.
Earlier, these complexes were studied in depth for their ability
to interact with DNA and its models (see section 5.4).>*3¢

These pioneering Ir-Cp* complexes represent one of two
basic structural types. In general, their pseudo-octahedral geo-
metry consists of n’-coordinated arenyl (i.e., substituted cyclo-
pentadienyl, Cp*) anions occupying three of the six positions,
and three other coordination sites occupied either by three
monodentate ligands or by a bidentate (chelating) ligand com-
bined with a monodentate one (Fig. 3).

This categorization can be applied to both mononuclear
and multinuclear complexes. Complexes containing three
monodentate ligands usually belong to the family of dichlor-
ido complexes of the general formula [Ir(n*-Cp¥)Cl,(L)]”", with
two chlorido ligands and a third monodentate ligand (L) co-
ordinated through various donor atoms (section 3.1). The
second type is dominantly represented by chlorido complexes
of the general formula [Ir(n>-Cp*)CI(LL)]”", where L L symbo-
lizes a bidentate-coordinated (i.e., chelating) ligand (section
3.2). Only a few structurally different bioactive Ir-Cp* com-
plexes have been reported to date (section 3.4).

2.2. Synthesis

For both structural types of the most studied (di)chlorido Ir(m)
complexes (Fig. 3), dinuclear [Ir(u-Cl)(n*-Cp*)Cl], compounds
represent key intermediates, which are easily prepared from
IrCl;-xH,O either conventionally’”*® or by microwave-assisted

syntheses®®*° (Scheme 1). A cyclopentadienyl ring is most

(6; with dppn)

Fig. 2 Structural formulas of the complexes [Ir(n>-Cp*)(dppn)(tmtu)]
(CF3S0s), (6), 1,10-phenanthroline (phen) and dipyrido[3,2-a:2',3'-c]phe-
nazine (dppz).

This journal is © the Partner Organisations 2025
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Fig. 3 Two basic structural types of half-sandwich iridium(in) cyclopen-
tadienyl complexes (Ir—Cp>).
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Scheme 1 Synthesis of the most used dinuclear intermediate, [Ir(u-Cl)
(n°-Cp¥)Cll,, for the synthesis of half-sandwich Ir(i) cyclopentadienyl
complexes.

widely represented by Cp*,>* followed by its arenyl derivatives
with a more extended Cp* ring, such as (2,3,4,5-tetramethyl-
cyclopenta-2,4-dien-1-yl)benzene (HCpP") or 4-(2,3,4,5-tetra-
methylcyclopenta-2,4-dien-1-yl )biphenyl (HCpPPh). 4
Alternatively to the abovementioned direct syntheses of [Ir(p-
Cl)(n>-Cp¥)Cl],, IrCl;-xH,O can be transformed into the [Ir'(u-
Cl)(n*-cod)], intermediate, which subsequently reacts with an
appropriate Cp* derivative.*>

Dimers [Ir(u-Cl)(n*>-Cp*)Cl], are usually allowed to react with
a stoichiometric amount or an excess of appropriate organic
compound (pro-ligand), providing the [Ir(n’-Cp*)Cl,(L)]* and
[1r(n®-Cp¥)CL(LAL)]”" compounds. In the case of organic com-
pounds coordinated as an electroneutral bidentate ligand, it is
the chloride salt of an ionic complex, [Ir(n’>-Cp*)CI(L L)]CI,
which is formed by this synthesis, and which typically under-
goes further reaction to replace the chloride anion in the outer
coordination sphere,”® for example, with hexafluoro-
phosphate,*’ to get compounds of the general formula [Ir(n’-
Cp*)CI(L"L)]PFs.

This journal is © the Partner Organisations 2025
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Chlorido complexes [Ir(n’>-Cp"CI(L*L)]”* are frequently
used as an intermediate for the synthesis of congeners bearing
different monodentate ligands (see section 3.4).*® To exem-
plify, halogenido,*® py-** or pta-containing®® complexes can be
mentioned in this context; py = pyridine, pta = 1,3,5-triaza-7-
phosphaadamantane. In most cases, complexes bearing a
monodentate ligand different from the chlorido one (e.g., Br, I,
py or pta) are prepared by dehalogenation using a silver() salt
(e.g., nitrate or triflate), followed by the addition of an excess
of appropriate pro-ligand (salt, organic compound etc.).****"*>
Halogenido (bromido and iodido) complexes can also be pre-
pared from appropriate [Ir(j-Br)(n>-Cp*)Br], or [Ir(u-)(n>-Cp*)i],
dimers,*® which can be prepared from their chlorido
analogues.*”*

Regarding [Ir(p-Cl)(n>-Cp*)Cl],, it proved to be more cyto-
toxic in several human cancer cell lines (e.g., ICso = 4.2 uM in
A2780 ovarian carcinoma cells) than similar arene (for Ru and
Os) and Cp* (for Rh) dimers used for the preparation of anti-
cancer half-sandwich complexes of the abovementioned plati-
num metals.*’

3. Structural classification and
in vitro antiproliferative activity

The structural type of the half-sandwich Ir-Cp* complex is
accepted and proves to be a suitable one for the development
of new anticancer compounds. It is noteworthy that this struc-
tural type, while pharmacologically promising, cannot be con-
sidered as having general toxicity, because numerous represen-
tatives are reported to be inactive in various cancer cells.**>°™>>
In this section, Ir-Cp* complexes, which have been studied
for their in vitro antiproliferative activity, are comprehensively
overviewed and discussed with respect to their composition,
specifically the type of ligand (monodentate vs. chelating), the
donor set of ligands used or the nuclearity of complexes.

3.1. Mononuclear complexes with three monodentate ligands

Among the first complexes of this type reported in 2010, only
[Ir(n®>-Cp*)Cly(mpta*)]CF;S0; (7; Fig. 4A), containing a P-donor
ligand, 1-methyl-1,3,5-triaza-7-phosphaadamantane (mpta),
showed some antiproliferative activity (ICs, = 349 pM) against
A2780 cells, which was comparable with the Ru reference drug
[Ru(n®-peym)Cl,(pta)] (RAPTA-C; ICs, = 353 pM); peym =
1-methyl-4-(1-methylethyl)benzene.”® Other complexes, [Ir(n’-
Cp*)Cly(pta)], [Ir(n’>-Cp*)Cl(pta),]PF, and [Ir(n>-Cp*)Cl(mpta*)
(pta)](CF5SO3)(PF,), were essentially inactive (ICsq > 500 pM).
The last two compounds represent a different structural type
with only one chlorido ligand and two monodentate ligands.
Additional studies proved a different ability to inhibit the
cysteine (Cys) protease cathepsin B with ICs5, = 2.5 pM for
RAPTA-C, 6.5 pM for the Os analogue [Os(n®-pcym)Cly(pta)]
and >300 pM for both [Ir(n>-Cp*)Cly(pta)] and [Rh(n’-Cp¥)
Cly(pta)].

Dichlorido complexes with diphenylphosphano-functiona-
lized methyl-phenyl sulfides, sulfoxides, and sulfones were in
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Fig. 4 Structural formulas of (A) ionic complex [Ir(n®>-Cp*)Cly(mpta*)]
CF3SOz (7), (B) electroneutral complex [Ir(n®>-Cp*)Cly(phs)] (8) and
P-donor ligands phs?, tcep, psf and poh involved in analogues 9-12,
respectively, and (C) complex 13 with monodentate N-donor ligand
from (B).

most cases less potent than cisplatin for the panel of cell
lines.>* Only the [Ir(n>-Cp*)Cl,(phs")] (8) complex exceeded cis-
platin against 8505C (ICs, = 3.5 pM, RA = 1.4) and SW480 (ICs,
= 2.3 puM, RA = 1.4) cells; phs' = diphenyl[(phenylsulfinyl)
methyl]phosphane, 8505C = thyroid carcinoma, SW480 =
colon carcinoma, RA = relative activity calculated as
IC5(reference drug)/ICso(complex). While apoptosis and auto-
phagy were detected in 8505C cells, the lower level of ROS/RNS
was found in 8505C cells treated with 8 compared with non-
treated cells. The same research team developed a series of
analogues involving similar ligands with a longer alkyl chain
(propyl).>® Among them, the [Ir(n>-Cp*)Cl,(phs®)] (9) complex
exceeded the cytotoxic efficacy of cisplatin (ICs, = 0.2-0.6 pM,
RA = 4.0-25.0); phs”® = diphenyl[3-(phenylsulfanyl)propyl Jphos-
phane (Fig. 4B). Apoptosis was identified in 8505C cells as the
cell death mechanism. The [Ir(n*>-Cp*)Cl,(tcep)] (10) complex
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was more active (ICso = 7.8 uM) towards MDA-MB-231 triple-
negative breast cancer cells than its Rh analogue (ICs5, =
67 uM) and cisplatin (ICso = 61 pM); tcep = tris(2-carboxyethyl)
phosphane (Fig. 4B).>

Another series of dichlorido complexes were derived from
various phosphane ligands.>”** The [Ir(n>-Cp*)Cl,(pcfx)] (11;
Fig. 4B) complex exceeded (ICs, = 11.8 uM) the antiproliferative
activity of cisplatin (ICs, > 100 pM) against DU-145 human
prostate carcinoma,” a cell line that was also highly sensitive
to various congeners of 11;°®° pcfx = phosphane bearing
fluoroquinolone ciprofloxacin. Complex 11 was highly selective
towards cancer cells over HEK-293 normal ones. Additionally,
these phosphane-derived complexes were effective against
various multicellular (3D) tumour spheroids (see section 5.9).
Other complexes, which contained (diphenylphosphanyl)
methanol (poh for 12; Fig. 4B) or its 4,4-bismethoxy derivative,
showed only moderate (e.g., ICso = 22.5 pM in A549 lung
cancer cells for 12) or even no cytotoxic activity.>>°%?

A series of complexes with triphenylamine-modified pyri-
dines used as a monodentate N-donor ligand were designed to
act as luminescent compounds for the intracellular tracking
studies.®® Hit complex 13 (Fig. 4C) showed moderate antiproli-
ferative activity (e.g., ICso = 26.7 pM in A549 cells) and high
fluorescence (quantum yield of 15.2%) allowing advanced in-
cell and in vivo biological studies.

Numerous complexes of this type bearing monodentate N-
,04766 5.67:68 o1 C-donor®® 2 ligands showed no significant cyto-
toxicity. Similarly, an advanced metal-peptide conjugate coor-
dinating numerous {Ir(n>-Cp*)Cl,} moieties through benzimi-
dazolium groups of a peptide was not effective against the
human cancer cell lines used (nor were Ru/pcym, Rh/Cp* and
Os/pcym analogues).””

3.2. Mononuclear complexes with a chelating ligand

This section is devoted to mononuclear Ir-Cp* complexes with
a bidentate-coordinated chelating ligand of a different donor

set, which is used here for the classification of these
compounds.
3.2.1. Complexes with an N,N-donor ligand. This structural

type is discussed above, as introduced for the first representa-
tives of Ir-Cp* complexes (5, 6) developed in the field.****73¢
The research of Sheldrick and co-workers, dealing with biden-
tate (chelating) N,N-donor ligands (e.g., phen or dppz; Fig. 2),
was soon followed by other research groups using either N,N-
donor ligands (section 3.2.1) or ligands offering a different
donor set (section 3.2.2-3.2.7).

In 2010, Therrien and co-workers reported an inactive Ir
complex with 2-(1,3-thiazol-2-yl)pyridine.”* The next year,
Sadler et al. reported the anticancer activity and basic mechan-
istic studies of previously reported Cp* complexes with en,
bpy, phen and pico ligands****”® and their CpP" and Cp"P"
congeners; bpy = 2,2"-bipyridine, Hpic = pyridine-2-carboxylic
(2-picolinic) acid.** The [Ir(n’>-Cp"P")Cl(phen)]PFg (14; ICso =
0.7 uM) and [Ir(n>-Cp°P")(bpy)CI]PF; (15; IC5 = 0.6 pM) com-
plexes reached even higher activity than cisplatin (ICsq =
1.2 uM) (Fig. 5). The antiproliferative activity against A2780

This journal is © the Partner Organisations 2025
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Fig. 5 The general structural formula of complexes 14 and 15.

cells increased with the size of the Cp* ligand (section 4.2).
Interestingly, the hydrolysis rate, lipophilicity and cellular
accumulation also proved to be Cp*-size dependent and corre-
lated with antiproliferative activity. Other properties (e.g., inter-
actions with DNA or intracellular distribution) were investi-
gated for [Ir(n>-Cp*)Cl(phen)]PFs and these are discussed in
more detail below.”®”” Despite its moderate antiproliferative
activity in A2780 cells,*" the [Ir(n>-CpP")(bpy)Cl]PF, complex
was later reported to be inactive against A549 and HelLa cells.”®

Following this cutting-edge work,*' various phen and bpy
derivatives have been used for the synthesis of analogous Ir-
Cp* complexes.” Regarding bpy complexes, [Ir(n*-Cp°P")(bpy")
Cl]PFg (16; ICs50 = 7.3 uM; RA = 2.0) containing 4,4'-dinitro-2,2'-
bipyridine (bpy'; Fig. 6) was ca. 2-fold more cytotoxic than 15
(IC50 = 14.3 pM) in A549 cells and exceeded the potency of
other co-studied Ir-Cp®"" complexes containing bpy deriva-
tives with electron-donating groups -NH, (17; Fig. 6), -OH or
-OCHj; (ICso = 14.9-35.2 uM).*° This suggests a positive effect
of the substitution of the chelating ligand (bpy in this work) by
the electron-withdrawing groups on the resulting antiprolifera-
tive activity. Another improvement to the antiproliferative
activity was reached by the substitution of the bpy ring for one
triphenylamine substituent (18; Fig. 6), which was not the case
for similar complexes bearing two of these substituents on
both pyridines of bpy (19; Fig. 6).%"%

Ir complexes involving bpy derivatives bearing the antima-
larial drug artemisinin were, with respect to the bound organic
drug, studied especially for their antimicrobial activity (section
7.1).%% Their antiproliferative activity was examined against
human cancer cell lines, where the best performing complex,
[Ir(n®-Cp°P")(bpy®)CI]PFs (20), exceeded cisplatin; bpy* =
4-methyl-4'-carboxy-2,2"-bipyridine dihydroartemisinin ester
(Fig. 6). A similar synthetic strategy for the biofunctionaliza-
tion of Ir-bpy-based cyclopentadienyl complexes was also
reported elsewhere (section 6.2).%*

Complexes with bpy-based ligands derived from rhodamine
were shown to target lysosomes of the treated cancer cells.®
The use of a bpy derivative bearing a biologically relevant sul-
fonamide substituent led to an Ir compound that was inactive
in cancer cells.®® A set of substituents used for bpy derivatiza-
tion indicated that the resulting biological activity was con-
nected to lipophilicity, because derivatization with more lipo-
philic substituents (phenyl and especially nonyl in 21; Fig. 6)
led to markedly higher antiproliferative activity than in the
case of poorly effective or even inactive complexes bearing

This journal is © the Partner Organisations 2025
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Fig. 6 (A) The structural formula of complex 16 and bpy-based ligands
of analogues 17-21, and (B) comparison of the in vitro antiproliferative
activity of 15-20 against the A549 lung carcinoma cell line (given as
relative activity). Complex 15 (see Fig. 5) is given for comparative pur-
poses. Complex 21 was not tested in A549 cells.

more polar substituents (e.g., amine or methylene alcohol) on
the bpy moiety.®” Remarkably, the nonyl substituted complex,
[Ir(n>-Cp*)(bpy’)Cl]PFs (21; Fig. 6), was ca. 40-fold more
effective (ICso = 2.0 pM) against the HT-29 colon cancer cells
than cisplatin; bpy® = 4,4'-dinonyl-2,2'-bipyridine.

For the complexes with phen-based ligands, a series of
compounds were derived from previously studied [Ir(n*-Cp*)Cl
(phen)]*.*>*"%8 This compound (PF~ salt) was reported to be
inactive in A2780 cells (ICs, > 100 uM),*" but later it showed
decent cytotoxicity in the same cells (ICs, = 29.0 pM).*® More
importantly, its potency was improved by phen derivatization
(ICs0 = 0.2 uM for [Ir(n>-Cp*)Cl(bphen)]PF,) as well as by using
different Cp* rings (e.g., ICso = 0.02 pM for [Ir(n’-Cp°P")Cl
(bphen)]PF¢ (22; Fig. 7); bphen = bathophenanthroline). In
addition to nanomolar in vitro potency, 22 also showed high
anticancer (and antiangiogenic) activity in vivo (section 5.9).

A series of Ru, Rh and Ir complexes were developed with
various bithiazole ligands.®® Their antiproliferative activity was

Inorg. Chem. Front,, 2025, 12, 897-954 | 901
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Fig. 7 Structural formulas of ligands LAL of [Ir(n>-Cp*)CULAL)I* com-
plexes 22—27, where Cp* = Cp* or Cp®P".

studied towards two MDA-MB-231 and T47D breast carcinoma
cells, where Ir complex 23 containing 2,2'-diphenyl-4,4"-bithia-
zole (Fig. 7) was the most potent one. Ir complexes with benz-
hydrazone derivatives (e.g., 24; Fig. 7) were comparably
effective against HCT116"" (p53 wild type) and HCT1167/~
(p53 null) cell lines and even more cytotoxic than cisplatin
towards HCT1167'~ cells, although their activity was lower
when compared with free benzhydrazones.’® An organic inter-
calator, acridine, was used for the synthesis of the ligand N-(6-
chloro-2-methoxyacridin-9-yl)-N'-[ pyridin-2-ylmethylidene]
ethane-1,2-diamine (L*") and its Ir, Ru, Rh and Os complexes,
as well as for complexes containing a similar N,O-ligand (see
section 3.2.2).°" The [Ir(n’>-Cp*)CI(L*")|BPh, (25; Fig. 7)
complex was more cytotoxic but less selective than cisplatin. A
similar design - a bioactive substituent (mesalazine in this
work) linked to a heterocycle through the Schiff bond - was
applied for a series of Ir complexes, such as [Ir(n’-Cp*)Cl
(L™%)]Cl (26; Fig. 7).°> Although the antiproliferative activity of
26 was in the low micromolar range (e.g., IC5o = 3.5 M in
HepG2 cells), it was less effective than some co-studied Ru
complexes.

Other complexes followed the pioneering complexes of
Sheldrick and co-workers, because they contained dppz deriva-
tives (including dppn)® or similar imidazo[4,5-f][1,10]phenan-
throline derivatives.”>®> Although these complexes interacted
with DNA (similarly to 5, 6), they also disrupted mitochondria
despite their cytoplasmic localization. A very recently reported
complex, [Ir(n’-Cp°P")Cl(ndi)]PF, (27; Fig. 7), also contained a
phen-based ligand (ndi), this time modified by naphthalene
diimide, which was used to improve the photochemical behav-
iour of 27 to treat hypoxic tumours.’® In this regard, 27 was
studied in vitro for its photocytotoxicity under normoxic and
hypoxic conditions and in vivo after laser activation in tumours
(section 5.9).

Although a large series of Ir-Cp* complexes with various C-
and N-glycosyl azoles (1,2,3-triazole, 1,3,4-oxadiazole and 1,2,4-
oxadiazole were used) were prepared, only complex 28 (Fig. 8)
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Fig. 8 Structural formulas of ligands LAL of [Ir(n>-Cp*)CULAL)]* com-
plexes 28-33; Bz = benzyl.
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was effective against some of the human cancer cell lines used
(e.g., ICso = 1.6 pM in A2780 cells).”” Other highly cytotoxic
complexes containing imino-pyridyl bases,”®*°* imino-quino-
lines/naphthyridines,'** diimines,'®® rhodamine- or naphthali-
mide-modified bpy-based ligands,'**'® lonidamine-based
amides,'*° a kinesin spindle protein (KSP) inhibitor ispinesib-
derived ligand,"®”'% 1,3,4-thiadiazoles''® or aza derivatives of
2-(pyridin-2-yl)-1H-benzimidazole'"* prepared
studied for their antiproliferative activity. Among them, for
example, ispinesib-derived complex 29 (Fig. 8) showed sub-
micromolar activity in various human cancer cell lines (e.g.,
ICs0 = 0.27 M in A549 cells).'®® Complex 30 (Fig. 8) was, as the
first example of such studies, investigated in mixtures of rele-
vant intracellular small biomolecules (NADH, GSH, ascorbic
acid; section 6.1.1).""

Very recently, Guo, Liu and co-workers demonstrated that
the type of very similar N,N-donor ligand (pyridyl-imine vs.
pyridyl-amido) could affect the resulting cytotoxicity."*?
Specifically, complexes containing widely used pyridyl-imine
ligands exhibited moderate cytotoxicity (ICso = 23.2-29.8 pM in
A549 cells), while the 16-electron pyridyl-amido complex was
inactive (ICso > 100 uM). The same research group reported an
interesting coordination mode for a series of Ir compounds,
represented by Cp* complex 31, containing hybrid sp>-N/sp*-N
donor (i.e., imine-amine) chelating ligands (Fig. 8).""> These
compounds were found to be cytotoxic, which contrasted with
structurally similar analogues with a diimine-type chelating
ligand."”

The [Ir(n>-Cp*)(biq)Cl]PFs (32; Fig. 8) complex was studied,
together with its Ru analogue, for its photochemical and
photobiological properties (section 6.3)."'* An interesting
series of complexes involving various N,N- (e.g., 2-(1H-benzimi-
dazol-2-yl)aniline in 33; Fig. 8), C,N- and N,O-donor ligands
was developed, but complexes with N,N-donor ligands exhibi-
ted the lowest antiproliferative activity (section 4.3).""

Numerous other Ir chlorido complexes containing a chelat-
ing N,N-donor ligand showed little to no cytotoxicity (usually
significantly less than the reference drug used).®*®>152 Also
of interest, a non-cytotoxic complex, [Ir(n>-Cp*)(bpy)Cl]Cl, later

were and
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proved to be a selective chemosensitizer for cancer cells
treated with platinum-based drugs (section 6.4).**3

3.2.2. Complexes with an N,0-donor ligand. Probably the
first Ir-Cp™ complex, [Ir(n>-Cp*)Cl(qui)] (34; Fig. 9), involving
an N,O-donor chelating ligand was derived from a well-known
pharmacological moiety, quinolin-8-ol (Hqui)."** 34 was
effective against human melanoma and glioblastoma cell lines
(e.g., ID5o = 0.8 pM in SK-Mel cells). In the same year, the [Ir
(n°-Cp*)Cl(nqo)] (35; Fig. 9) complex was developed and proved
to have much stronger activity against the cancer cells used
(e.g., IC5o = 2.2 pM in HeLa cells) than cisplatin (ICs5, =
25.0 pM), but only low selectivity towards cancer cells (ICs, =
5.0 pM against HUVEC human umbilical-vein endothelial
cells); Hnqo = 1-nitrosonaphthalen-2-ol (1,2-naphthoquinone-
1-oxime)."*® This pioneering investigation proposed a different
MoA for 35 in comparison with that of cisplatin. Recently, 34
was followed by a series of Ir-Cp* complexes containing 2-[2-
(4-nitrophenyl)ethenyl]quinolin-8-0l."*® Although the best-per-
forming Ir complex 36 (Fig. 9) exceeded the potency of cispla-
tin (e.g., IC50 = 5.6 pM in HelLa cells), it has not been studied
in detail because it was outperformed by the co-studied Ru
congener.

The [Ir(n®-Cp°PM)Cl( pic)] (37; Fig. 9) complex showed moder-
ate antiproliferative activity against A2780 cells (ICs5, =
16.3 pM), which was markedly lower than that for cisplatin
(IC50 = 1.2 pM) and analogues with phen and bpy (section
4.3)." Later, 37 (ICso = 31.3 pM in A549 cells) was derivatized
on pic by various substituents (e.g., halogeno, carboxy or
hydroxy), leading in most cases to improved antiproliferative
activity, as exemplified by [Ir(n*-Cp°P")Cl(pic')] (38; Fig. 9) with
IC50 = 4.4 pM in A549 cells; Hpic' = 5-(trifluoromethyl)pyri-
dine-2-carboxylic acid.™*”

McGowan and co-workers developed a series of complexes
with different donor atoms (i.e., N,N-, N,O- and O,0-ligands;
section 4.3), including the [Ir(n*-Cp*)Cl(fpb)] (39; Fig. 9)
complex with 1-(3-fluorophenyl)-3-(phenylamino)but-2-en-1-
one (Hfpb)."'® This complex was less effective (e.g., ICs5 =

N.
(37) NF

Fig. 9 Structural formulas of N,O-donor ligands (HL) of representative
[Ir(n®>-Cp*)CL(L)] complexes 34—42, where Cp* = Cp* or Cp®P".
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5.1 pM in HT-29 cells) than cisplatin (IC5, = 2.4 pM). Its deriva-
tization by reducing the ligand size (-N-H instead of -N-
phenyl) and changing the donor set (N,0-donor fpb vs. O,0-
donor 1-(3-fluorophenyl)-3-hydroxybut-2-en-1-oate) did not
lead to improved antiproliferative activity.'*® In contrast, using
a different position and/or substituent than 3-fluoro of 39''°
led, in some cases, to higher potency compared with cispla-
tin.'*® For example, the [Ir(n’-Cp*)Cl(dcpb)] (40; Fig. 9)
complex with 1-(2,4-dichlorophenyl)-3-( phenylamino)but-2-en-
1-one (Hdcpb) showed much higher antiproliferative activity
(ICso = 2.8 pM) than cisplatin (IC5, = 8.1 pM) in HCT116
p53~" cells; this was connected to significant selectivity
towards the cancer cells mentioned over the ARPE-19 normal
retinal epithelial cells used (IC5, > 100 pM).

Complexes with various benzohydrazones bearing the fluor-
enyl substituent (e.g., 41; Fig. 9) showed moderate cytotoxicity
in HeLa cells."® Acridine was used for the derivatization of 2-
[(imino)methylJphenol within complex 42 (Fig. 9).°" This
complex, analogous to co-studied ionic 25 with an N,N-ligand,
was highly potent towards the HL60 cancer cells used but not
selective towards the cancer cells mentioned over FGO normal
skin fibroblasts. Similar complexes derived from different 2-
[(imino)methylJphenol-based ligands,"" as well as complexes
containing 2-[(alkyl/aryl-substituted imino)methyl]phenols or
pyridylphosphinates*®'*»1°>1%3 were markedly less effective or
even inactive towards human cancer cell lines.

3.2.3. Complexes with a C,N-donor ligand. As the above-
mentioned complexes demonstrate, even seemingly very small
structural changes can result in effective switching on/off of a
biological effect. This was also demonstrated in pioneering
work from 2011, in which replacing N,N-chelating bpy in the
inactive [Ir(n*-Cp*)(bpy)Cl]" complex (Fig. 3)** with the C,N-
chelating deprotonated 2-phenylpyridine (ppy) switched on
the antiproliferative activity for the electroneutral [Ir(n’-Cp*)Cl
(ppy)] complex (43; Fig. 10) against A2780 cells (ICs5o =
10.8 pM)."** This success triggered follow-up research on com-
pounds involving ppy-derived C,N-ligands. It was demon-
strated that the position and type of substituent on the ppy
pyridine and phenyl rings critically influenced the outcome of

OMe

Fig. 10 Structural formulas of complex 43, containing deprotonated
2-phenylpyridine (ppy), and its analogues (44—47, 49) involving different
ionic C,N-donor ligands.
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such structural modification, as even positional isomers
exhibited different antiproliferative effects, with [Ir(n’-Cp*)Cl
(mppy)] (44; Fig. 10) as the best performing within the studied
group of analogues (ICs, = 1.2 uM in A2780 cells, i.e., 10x more
active than 43); Hmppy = 2-(2-methylphenyl)pyridine.’**> Ruiz
et al. modified 43 by introducing a lipophilic steroidal ppy con-
jugate with a levonorgestrel group, 17-o-[2-phenylpyridyl-4-
ethynyl]-19-nortestosterone (Hppy"*"), involved in complex 45
(Fig. 10) that was twice as active (IC5, = 5.4 pM) as the non-ster-
oidal parent molecule 43 in A2780 cells, while being equally
active in cisplatin-resistant A2780Cis cells.">® Another innova-
tive derivatization of ppy involves a steroidal backbone based
on androsterone.'®” The prepared steroidal complexes showed
potent activity in, e.g., the RT112 human bladder carcinoma
cell line and its cisplatin-resistant variant with very low resis-
tance factors (RF = 0.5-1.2), while retaining promising selecti-
vity with respect to somatic fibroblasts.

Complexes with 2-(p-tolyl)pyridine, 2-phenylquinoline (for
complex 46; Fig. 10), and 2-(2,4-difluorophenyl)pyridine
showed promising potency in A2780 cells with ICs, values
from 2.5 to 6.5 pM, and exceeded the potency of 43.">% Another
improvement to the antiproliferative activity of 43 was reached
by a Cp* ring extension, as exemplified by the [Ir(n’>-Cp°P")Cl
(ppy)] complex (47) in section 4.2. Other analogues of 43 were
reported in which ppy was derived from substitution with rho-
damine dyes with the aim of preparing a prospective theranos-
tic agent."®® The complexes had good fluorescent properties;
however, they exhibited only moderate antiproliferative activity
and no selectivity to cancer cells compared with normal cells.
Furthermore, triphenylamine, carbazole and their derivatives,
as efficient fluorescent materials, were also introduced as sub-
stituents for ppy, resulting in complexes with higher activity
than that of cisplatin in A549, HeLa and HepG2 cell
lines.'®*'®! These complexes also showed the ability to prevent
the migration of cancer cells, as revealed in a study on prospec-
tive antimetastatic agents (section 6.4). Unfortunately, no
selectivity with respect to healthy cells was found. Other com-
plexes derived from the ppy ligand are discussed below
(section 3.4), as they contain a different monodentate ligand
(e.g., pyridine) than the chlorido one, and therefore, represent
another structural type.**16>16°

Following the success of ppy-based complexes, other
organic scaffolds have been investigated as C,N-chelating
ligands for Ir-Cp* complexes. Ru(u), Rh(m) and Ir(u) com-
plexes involving various 2-phenylbenzimidazoles were pre-
pared."®® All complexes showed significant anticancer activity
on all tested cell lines in low micromolar ranges. The Ir
complex [Ir(n’>-Cp*)(bzim")Cl] (48; section 7.3) was the most
potent one of all the tested congeners, with, e.g., IC5, = 1.0 pM
in HT-29 cells; Hbzim" = methyl 1-butyl-2-phenyl-1H-benzimi-
dazole-5-carboxylate. Notably, all the tested complexes were
also significantly active in A2780Cis cells (RF = 0.6-1.1; 9.7 for
cisplatin). Based on these positive results, further derivatiza-
tion of the 2-phenylbenzimidazole core was performed on the
phenyl ring (e.g., CHj, F, CF3, NO, or phenyl),’®” to extend the
SAR study. The highest efficiency towards a panel of cancer
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cell lines was observed for a complex with a phenyl ring as the
substituent (i.e., 2-(biphenyl-4-yl)-1H-benzimidazole derivative)
with the best results achieved on both A2780 and A2780Cis
cell lines with IC5y =~ 1.2 pM.

Schiff bases represent other C,N-donor ligands used in Ir-
Cp* cyclometalated complexes. Complexes with substituted
benzylidene(4-tert-butylphenyl)amines were comparably or
slightly less active than cisplatin against A549 cells (IC5, =~
20 pM).'®® Complexes (e.g., 49 in Fig. 10) with