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Ctr1 High affinity copper uptake 
protein 1  
CV Cyclic voltammetry 
CXCR-4 C-X-C chemokine receptor type 
4  
Cys Cysteine  
D Electron donor 
dab diaminobenzene  
DABCO 1,4-diazabicyclo[2.2.2]octane 
dach 1,2-diaminocyclohexane  
DDQ 2,3-Dichloro-5,6-dicyano- 
1,4-benzoquinone 
df(CF3)ppy 2-(2,4-difluorophenyl)-5-
(trifluoromethyl)pyridine 
DFMO α-difluoromethylornithine  
dfppy 2-(2,4-difluorophenyl)pyridine) 
DFT Density functional theory 
DFX desferrioxamine 
DHE dihematoporphyrin-ether  
DHE Dihydroethidium 
DLBCL Diffuse large B cell lymphoma 
DNA Deoxyribonucleic Acid 
DO3A Tetraazacyclododecane 
triacetate 
DOTA Dodecane tetraacetic acid 
Dp44mT di-2-pyridylketone-4,4,-
dimethyl-3-thiosemicarbazone 
DPBF 1,3-diphenylisobenzofuran 
dppe 1,2-diphenylphosphinoethane 
dpype 1,2-dipyridylphosphinoethane 
DSSC Dye-sensitized solar cell 
dtbbpy 4,4'-Di-tert-butyl-2,2'-
bipyridine 
DTPA Diethylenetriaminepentaacetic 
acid  

E Energy 
E Entgegen 
E Reduction potential 
EDTMP Ethylenediamine 
tetra(methylene phosphonic acid 
Eg Energy gap 
EGFR epidermal growth factor receptor  
EMA European Medicines Agency 
en ethylenediamine 
EPR Enhanced permeability and 
retention  
ER Endoplasmic reticulum 
ERK Extracellular signal-regulated 
kinase  
ESI Electrospray ionization 
eT electron transfer 
ET Energy transfer 
ETC Electron transport chain 
EY Eosin Y  
FA Folic Acid 
FC Ferrocene 
FC+ Ferrocenium 
FDA Food and Drug administration 
FT-IR Fourier-transform infrared 
spectroscopy 
G guanine 
GIST Gastrointestinal stromal tumour  
Glu Glutamic acid  
Gly Glycine  
H2DCFDA 2',7' 
dichlorodihydrofluorescein diacetate 
HA Hyaluronic acid 
HDAC Histone deacetylases  
HEDP 1-Hydroxyethylidene-1,1-
diphosphonic acid 
HER2/neu Human epidermal growth 
factor receptor 2 
HMPAO Hexamethylpropylene amine 
oxime 
HOMO Highest Occupied Molecular 
Orbital 
HP Hydroxypropyl 
Hp Hematoporphyrin  
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HpD Hematoporphyrin derivative  
HR High Resolution 
MAG Mercaptoacetyltriglycine 
MFI Mean Fluorescent Intensity  
MO Molecular Orbital 
HIV Human immunodeficiency viruses 
HIV-1P Human immunodeficiency 
viruses-1 protease 
Hpybim 2-pyridylbenzimidazole 
HSV Herpes simplex virus  
HVEM Herpesvirus entry mediator  
IC50 Half maximal inhibitory 
concentration IgG Immunoglobulin G  
131I-MIBG Metaiodo-benzylguanidine 
IR Infrared 
Irr Irreversible 
ISC Intersystem crossing 
iso isonicotinate 
IUPAC International Union of Pure and 
Applied Chemistry 
LC Ligand Centred 
LEC Light-Emitting 
Electrochemical Cell 
LED Light-Emitting Diode 
LFSE Ligand-Field Splitting 
Energy 
LLCT Ligand to Ligand Charge 
Transfer 
LmACR2 Leishmania major ACR2 
LMCT Ligand to Metal Charge 
Transfer 
LMWCr Low molecular weight 
chromium-binding substance  
LS Low spin 
LUMO Lowest Unoccupied Molecular 
Orbital 
mAb monoclonal antibody  
madd (1,12-bis((2-hydroxy-5-
methoxybenzyl)-1,5,8,12-
tetraazodecane)) 
MB Methylene Blue  
MC Metal Centred 
MCF-7 Michigan Cancer Foundation-7 

MCTS Multicellular spheroids  
MEK Mitogen-activated protein kinase 
kinase 
Met Methionine 
MLCT Metal to Ligand Charge 
Transfer 
MMP Matrix metalloproteinase  
MMP Mitochondrial membrane 
potential 
MO Molecular Orbital 
MOLs Metal Organic Layers 
MOPP Mustargen, Oncovin, 
Procarbazine and Prednisone 
MRI Magnetic resonance imaging  
MRT Molecular radiotherapy  
MS Mass Spectrometry 
MT Metallothionein  
mtDNA mitochondrial 
Deoxyribonucleic Acid 
mTOR Mammalian target of rapamycin  
NaCaC Sodium Cacodylate 
NAD (NADH/NAD+) Nicotinamide 
adenine 
dinucleotide 
NAO 10-N-nonyl acridine orange 
NBS N-bromosuccinimide 
NHL Non-Hodgkin’s lymphoma  
nic nicotinate 
NIR Near infrared 
NMR Nuclear Magnetic 
Resonance 
NRD Non-radiative decay 
NSCLC Non-small cell lung 
carcinoma 
OC Open circular conformation 
ODH Oxidative dehydrogenation  
OLED Organic Light-Emitting 
Diode 
OPV Organic photovoltaic devices  
ORTEP Oak Ridge Thermal 
Ellipsoid Plot 
OS Oxidation state 
Ox oxidation 
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PAHs polyaromatic hydrocarbons 
PC Photocatalyst 
PD1 Programmed cell death protein 1 
PDGFR platelet-derived growth factor 
receptor  
PD-L1 Programmed death-ligand 1  
PDT Photodynamic Therapy 
PEG Polyethylene glycol  
PET positron emission tomography  
Ph phenyl 
Phen (1,10-phenanthroline) 
PI Photoindex 
PI Propidium iodide 
PLED Polymer light-emitting diodes 
pLL PEGylated liposomes  
PLQY Photoluminescent quantum yield 
PMB p-methoxybenzyl 
PMT Photomultiplier tube 
POMs polyoxometalates 
PPIX Protoporphyrin IX  
ppy 2-phenylpiridine 
prop propionate 
PS Photosensitizer 
PSMA Prostate-Specific Membrane 
Antigen  
PTI polyamine transport inhibitor  
Py Pyridine  
Pybim 2-(2-Pyridyl)benzimidazole 
QD Quantum Dot  
Q-TOF Quadrupole Time of Flight 
R Reagent 
RB Rose Bengal  
RBC Ranitidine bismuth citrate  
Red Reduction 
Rev reversible 
RIGU Rigid bond restraints 
RIM/RIR Restriction of Intramolecular 
Motions/Rotations  
ROS Reactive Oxygen Species 
RT Room Temperature 
RT-qPCR Real time quantitative 
polymerase chain reaction 
S Singlet 

S Substrate 
SBUs Secondary Building Units 
SC Supercoiled conformation 
SCE Saturated calomel electrode 
SCFR Stem cell factor receptor  
SCLC Small cell lung carcinoma 
SCRF Self-consistent reaction field 
sdAb single-domain antibody 
SET Single electron transfer 
SI Supporting information 
SOC Spin-Orbit Coupling 
SODIS Solar water disinfection  
SPECT Single-photon emission 
computed topography  
SPI Selective Phototoxicity Indexes  
ssDNA single-stranded DNA 
SSL Solid-state Lighting 
T Triplet 
T T cell 
TBZ 2-(4'-thiazolyl)benzimidazole)/ 
thiabendazole 
TCSPC Time-correlated single-photon 
counting  
TD-DFT Time dependent density 
functional theory 
TEMPO 2,2,6,6-Tetramethylpiperidin-
1-yl)oxyl 
Tf Transferrin 
TfR1 Transferrin receptor protein 1  
THQ 1,2,3,4-tetrahydroquinoline  
TMRM Tetramethylrhodamine 
TMSCN Trimethylsilyl cyanide 
TOF Turn Over Frequency 
TON Turn Over Number 
TPP Tetraphenylporphyrin 
UCNP Upconverting nanoparticle 
UV Ultraviolet 
UV-Vis Ultraviolet-Visible 
VB valence band 
VEGF-A Vascular endothelial growth 
factor A  
v/v Volume/volume 
ΛM Molar Conductivity 
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XEOL X-ray Excited Optical 
Luminescence 
Z zusammen 

 
 

NMR abbreviations 
{1H} Decoupled Hydrogen 
br broad 
COSY Correlation Spectroscopy 
d doublet 
HMBC Heteronuclear Multiple 
Bond Correlation 
HSQC Heteronuclear Single 
Quantum Correlation 
NOESY Nuclear Overhauser Effect 
Spectroscopy 
q quadruplet 
s singlet 
sept septuplet 
t triplet 

IR abbreviations 
as asymmetric 
br broad 
ip in plane 
m medium 
oop out of plane 
s strong 
sym symmetric 
vs very strong 
w weak 
δ bending vibrational mode 
ν stretching vibrational mode 
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1. Metals 
For this work, three metals have been selected: ruthenium, rhodium and iridium. All of 

them are d-block transition metals, noble metals and belong to the platinum-group 

metals (Fig. 1), a group of six elements (ruthenium, rhodium, palladium, osmium, 

iridium, and platinum) which have similar physical and chemical properties and are 

usually found together in nature.1 

 

 
Fig. 1. Periodic Table of the elements. 

 

1.1. Ruthenium 
Ruthenium (Ru) is a transition metal located in the group 8 and period 5 of the periodic 

table. It has an atomic number of 44 and an atomic weight of 101.07 u, and it is a silvery 

white solid at room temperature. Being the 74th most abundant element, is relatively 

rare, only about 12-30 tonnes are mined each year and the world reserves are 

estimated to be approximately 5,000 tonnes. In nature, ruthenium is found in ores with 

other platinum-group metals and is mostly obtained from the Ural Mountains and from 

North and South America. The main use for ruthenium is in the electronics industry for 

chip resistors and electrical contacts, close to 50% of the ruthenium extracted 

worldwide is used for this purpose. 

The electronic configuration of ruthenium is [Kr]4d75s1. Naturally occurring ruthenium 

is composed of seven stable isotopes: 96Ru (5.52%), 98Ru (1.88%), 99Ru (12.7%), 100Ru 

(12.6%),101Ru (17.0%), 102Ru (31.6), 104Ru (18.7%). Additionally, 34 radioactive isotopes 
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have been discovered. Ruthenium displays a wide variety of oxidation states, from 0 to 

+8, and also -2, although the most common are +2, +3 and +4. In this introduction, we 

will focus on Ru(II), because it is the oxidation state of ruthenium in our complexes; 

ruthenium(II), with octahedral geometry, has a LS (low spin) d6 (t2g
6) electronic 

configuration, being diamagnetic, and hence, suitable to be characterized by NMR 

spectroscopy, which is very useful.2,3,4,5,6 

 

1.2. Rhodium 
Rhodium (Rh) is a transition metal located in the group 9 and period 5 of the periodic 

table. It has an atomic number of 45 and an atomic weight of 102.91 u, and it is a silvery 

white solid at room temperature. Rhodium is one of the rarest elements (only 0.0002 

ppm in the Earth's crust), which affects its price, being the most expensive metal; only 

about 20-30 tonnes are mined each year and the world reserves are unknown. In 

nature, rhodium is usually found in ores with other metals such as palladium, silver, 

platinum, and gold, and it is mostly obtained from South Africa, the Ural Mountains and 

North America. The main use of this element is found in automobiles as a catalytic 

converter, around an 80% of the extracted rhodium is used for this application.  

The electronic configuration of rhodium is [Kr]4d85s1. Naturally occurring rhodium is 

composed of only one stable isotope, 103Rh (100%). Additionally, 24 radioactive 

isotopes have been discovered, the most stable of which are 99Rh, 101Rh, 102Rh, and 
102mRh. Rhodium has a wide variety of oxidation states, going from 0 to +6, and also -1 

and -3, being +2 and +3 the most common. We will focus on Rh(III), because it is the 

oxidation state of rhodium in our complexes. Rhodium(III), with octahedral geometry, 

has a LS d6 (t2g
6) electronic configuration, being diamagnetic, and hence, suitable to be 

characterized by NMR, which is very advantageous.2,3,4,5,6 

 

1.3. Iridium 
Iridium (Ir) is a transition metal located in the group 9 and period 6 of the periodic table. 

It has an atomic number of 77 and an atomic weight of 192.22 u, and it is a silvery white 

solid at room temperature. Iridium is one of the nine least abundant stable elements 

in Earth's crust (0.001 ppm in crustal rock; it is found in meteorites in higher 

abundance), only about 5-10 tonnes are mined each year and the world reserves are 

unknown. In the nature, iridium is usually found in ores with platinum and osmium, and 

is mostly obtained from South Africa, Alaska and Russia. The main use of iridium is in 

the manufacture of alloys (often combined with platinum) for special purposes: spark 

plugs used in helicopters, electrical contacts, special types of electrical wires, 

electrodes, etc. 
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The electronic configuration of iridium is [Xe]4f145d76s2. Naturally occurring iridium is 

composed of only two isotopes: 191Ir (37.3%) and 193Ir (62.7%). Additionally, 37 

radioactive isotopes have been discovered, being 192Ir the most stable, with a half-life 

of 73.83 days. Iridium has a wide variety of oxidation states, going from 0 to +9, and 

also -1 and -3, although the oxidation states +3 and +4 are the most common. We will 

focus on Ir(III), because it is the oxidation state of the iridium in our complexes; 

iridium(III), with octahedral geometry, has a LS d6 (t2g
6) electronic configuration, being 

diamagnetic, and hence, also suitable to be characterized by NMR.2,3,4,5,6 

 

2. Ligands 
As ancillary ligands we have chosen benzimidazole (Fig. 2) based compounds because 

of their excellent coordination abilities and their bioactive properties. Benzimidazoles 

are aromatic heterocyclic compounds, which can be seen as a benzo derivatives of 

imidazole.7,8 

 

 
Fig. 2. Benzimidazole 

 

The therapeutic potential of benzimidazole was first studied by Woolley in 1944, when 

he speculated that benzimidazole can act in a similar way to purines to elicit some 

biological responses. Over the years, benzimidazole has evolved and proved itself like 

an important pharmacophore due to its presence in a wide range of bioactive 

compounds. The optimization of its diverse pharmacological activities is usually 

accomplished through modification of the substituents around the benzimidazole 

scaffold. Indeed, this strategy has allowed to obtain a wide variety of drugs. Thus, 

benzimidazoles are found in drugs displaying a wide variety of activities: antimicrobial 

(albendazole), antiviral (enviradine, maribavir), antiparasitics (thiabendazole), 

antifungals (benomyl, thiabendazole), anticancer (nocodazole, veliparib), antiprotozoal 

(albendazole), analgesic (benitramide), antiulcer (omeoprazole), antihistaminic 

(astemizole, lerisetron), antihypertensive (candesartan, telmisartan) and proton pump 

inhibitors (omeprazole, lansoprazole, pantoprazole) among others (Fig. 3).7,9,10 
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Fig. 3. Examples of drugs with a benzimidazole scaffold. 

 

It is also worth mentioning that 5,6-dimethyl-benzimidazole is present in the structure 

of vitamin B12 (Fig. 4).7,10 

 
Fig. 4. Vitamin B12. 
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In order to produce bidentate ligands capable of coordinating to a metal centre by two 

donor atoms, benzimidazole can be linked to other suitable heterocyle scaffolds 

through de 2-position. Thus, thiazole and pyridine were selected yielding thiabendazole 

and pyridylbenzimidazole respectively (Fig. 5). Thiabendazole, 2-(4'-

thiazolyl)benzimidazole (TBZ) is a colourless, odourless compound which was first 

discovered in the 1960s and exhibits fungicide, parasiticide and chelating properties, 

along with rapid absorption upon ingestion. It has wide applicability in several domains, 

from veterinary and human medicine, and also pharmaceutical sciences, to agriculture 

and food industry.11,12,13 

Pyridylbenzimidazole, 2-(2’-pyridyl)benzimidazole (Pybim) is a white to brown 

compound which has several applications in medicine because of its nematicidal and 

phytotoxic activities, its analgesic activity and its urease inhibitory activity.14,15,16  

 

 
Fig. 5. Thiabendazole and pyridylbenzimidazole ligands. 
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1. Synthetic procedures 
1.1. Iridium and rhodium complexes 
There are two general types of cyclometalated tris-chelate Ir(III) and Rh(III) compounds: 
(a) Neutral homoleptic complexes, with three identical cyclometalated ligands, whose 
general formula is [MIII(C^N)3] (M = Ir/Rh), where C^N stands for the cyclometalated 
ligands, and (b) Heteroleptic complexes, with only two identical cyclometalated 
ligands, whose general formula is [MIII(C^N)2(X^X)]n+ (M = Ir/Rh), where C^N stands for 
the cyclometalated ligands and X^X for a variety of chelate ligands, such as N,N-donors, 
O,O-donors etc.1 This work is focused in the latter, which are commonly called bis-
cyclometalated Ir(III) or Rh(III) complexes. 

For the synthesis of bis-cyclometalated Ir(III) and Rh(III) complexes of general formula 
[MIII(C^N)2(N^N)]+ (M = Ir/Rh; N^N = neutral N,N-donor ligand) we follow a two-steps 
procedure: 

1. Synthesis of the chloride-bridged dimeric starting materials [(C^N)2MIII(-
Cl)2MIII(C^N)2] (M= Ir, Rh). As described by Nonoyama2 and Sprouse,3 the metal salt, 
IrCl3.nH2O or RhCl3.nH2O (n≈3), is reacted with the cyclometalated pro-ligand (HC^N), 
2-phenylpiridine (ppy) or 2-(2,4-difluorophenyl)pyridine) (dfppy), which suffers 
spontaneous deprotonation, in a solvent mixture of 2-ethoxyethanol and water (3:1; 
v/v) and refluxed for 24 hours under a nitrogen atmosphere to yield the product. In the 
case of 2-(2,4-Difluorophenyl)pyridine), reaction conditions change slightly: 2-
metoxyethanol is used instead of 2-ethoxyethanol, and the reaction time is extended 
to 60 hours (Fig. 1).  
 

 
Fig. 1. Synthetic procedure for the dinuclear chlorido-bridged complexes (M= Ir, Rh). 

 
2. Synthesis of the bis-ciclometalated cationic compounds of formula 
[MIII(C^N)2(N^N)]+ (M= Ir/Rh). In the second step, the dimer obtained from the first step 
is reacted with an ancillary ligand of the diimine type (N^N) in a mixture of 
dichloromethane and methanol (1:1.25; v/v) and refluxed for 24 hours under a nitrogen 
atmosphere to yield the desired product (Fig. 2).4  
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Fig. 2. Synthetic procedure for the bis-ciclometalated cationic compounds (M= Ir, Rh). 

 

1.2. Ruthenium complexes 
There are two general types of Ru(II) trischelate compounds: (a) homoleptic complexes, 
with formula [RuII(N^N)3]2+, where the three diimine N^N ligands are identical, and 
heterolepic complexes, where two of the N^N ligands are the same and the third ligand 
is different ([RuII(N^N)2(N^N’)]2+).5 This work will be focused on heteroleptic 
derivatives. 

For the synthesis of Ru(II) complexes of general formula [RuII(N^N)2(N^N’)]2+, where all 
the N,N ligands are neutral, we follow a two-steps procedure: 

1. Synthesis of the bis-diimine dichloride starting materials [RuII(N^N)2Cl2]·2H2O. As 
described by Meyer6 and Sprintschnik,7 the metal salt, RuCl3.nH2O (n≈3), is reacted with 
the diimine ligand (N^N) of interest, for instance 2,2'-bipyridine (bpy), in 
dimethylformamide as solvent, in the presence of lithium chloride, and refluxed for 3 
hours to yield the product after recrystallization in acetone (Fig. 3).  
 

 
Fig. 3. Synthetic procedure for the ruthenium bis-diimine dichloride complexes. 

 
2. Synthesis of the tris-chelate cationic compounds of general formula 
[RuII(N^N)2(N^N’)]2+. In the second step, the dichloro complex obtained in the first step 
is reacted with a diimine ancillary ligand (N^N’) in ethanol and refluxed for 4-20 hours 
to yield the product (Fig. 4).6,7    
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Fig. 4. Synthetic procedure for ruthenium tris-chelate dicationic compounds. 

 

2. Structure of the complexes 
All the products described above can present different configurations, depending on 
the disposition of the ligands and the type of product. So, they present stereoisomerism 

(cis- and trans-isomers) and/or enantiomerism (andisomers), also known as 
optical isomerism.3,8,9,10,11 
 

2.1. Iridium and rhodium complexes 
Regarding steroisomerism, both iridium and rhodium chloride-bridged dimeric starting 
materials, and iridium and rhodium bis-ciclometalated compounds present a trans-N,N 
cis-C,C configuration (Fig. 5). This is due to the strong trans effect of the C atoms 
bonded to the metal centre, which prevents the mutual cis-C,C coordination and 
favours the coordination of the N atoms trans to them.3,8,10  
 

 
Fig. 5. Possible stereoisomers for iridium and rhodium compounds (M =Ir, Rh). 

 
Tris- and bis-chelate octahedral iridium and rhodium compounds present helical 
chirality (chirality derived from the geometry of a helix), where the metallic atom is 
considered as the stereocentre. This determines the presence of 2 enantiomers, 

and, which are present in a racemic mixture (50:50). To assign the absolute 
configuration descriptors, the turning sense of the helix has to be taken into account.  
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If the turning is clockwise, the enantiomer is , and if it is anticlockwise, the enantiomer 

is(Fig. 6)3,8,9,10



 
Fig. 6. and enantiomers for iridium and rhodium tris-chelate complexes (M =Ir, Rh).

     
The starting materials possess a structure based in 2 units with an octahedral 
coordination environment, with two cyclometalated ligands per unit and two chloride 
bridges, and therefore, they possess 2 stereogenic elements per molecule due to the 
helical chirality of each half of the molecule. So there are 3 possible isomers: the 

racemic mixture formed by the couple of enantiomers () and () and the meso 

form () (Fig. 7). Nevertheless, in the practice, the racemic mixture is favoured due 
to the internal steric hindrance between the C^N ligands associated to the meso 
form.3,8,9,10 
 

 
Fig. 7. Possible stereoisomers for the iridium and rhodium starting materials (M =Ir, Rh).

 

2.2. Ruthenium complexes 
In the case of the ruthenium derivatives, both the dicationic compounds and the 
neutral starting materials present helical chirality as well. Both present an octahedral 
coordination environment with 2 bipyridines, and an ancillary ligand for the dicationic 
compounds or 2 chloride anions for the starting materials. This provides helical chirality 
to the complexes, being the ruthenium atom the stereogenic centre, which leads to the 

presence of 2 enantiomers andthatarepresent in a 1:1 ratio in the form of a 

racemic mixture(Fig. 8).9,10,11 
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Fig. 8.and enantiomers for ruthenium starting materials (left) and mononuclear compounds (right). 

 

3. A theoretical insight into luminescence 
Before starting the discussion of the properties of the tris-chelate complexes, I would 
like to present an introduction about the luminescence phenomenon. 
 

3.1. Absorption spectra 
Many compounds of d-block metals can absorb light in the visible region of the 
electromagnetic spectrum. Thereby, the study of their absorbance spectra provides 
structural information. The interpretation of these spectra is not always 
straightforward, yet it is important to note that the different absorption bands 
correspond to electronic transitions between different energy levels (between 
different molecular orbitals (MOs)). These transitions can be of 2 types:9  

a) d-d transitions: electronic transitions between orbitals with essentially metallic 
character (d orbitals). 

b) Charge transfer transitions: electronic transitions between MOs centred in the 
metal and MOs centred in the ligands or vice versa. They imply a charge 
transfer from the metal to the ligand (MLCT) or vice versa (LMCT). 

The absorbed energy corresponds to the energy consumed in the transition from a 
ground state to an electronically excited state, which is governed by the selection rules 
of electronic spectroscopy that establish the following:9  

a) Spin selection rule: the transitions between electronic states with different 
spin multiplicity are forbidden, in other words, only those electronic transitions 
that proceed without change in the spin of the excited electron are allowed 

(e.g. S0  S1 or T0  T1). 
a. Singlet state. It is a molecular electronic state in which the electronic 

spins are paired. According to the Pauli Exclusion Principle, a pair of 
electrons that are in the same energy level must have opposite spins. 
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b. Triplet state. It is a molecular electronic state in which the electronic 
spins are not paired, that is, there are 2 electrons with parallel spins, 
or having the same spin. 

b) Laporte selection rule: only electronic transitions involving l =  1 (s  p, p 

 d, d  f) are allowed; so that the electronic transitions involving l = 0 

(between orbitals of the same type: s  s, p  p, d  d, f  f); or l =  2 (s 

 d, p  f) are forbidden. 

However, in practice there are two singular mechanisms that allow the observation of 
some forbidden transitions either by the spin selection rule or by the Laporte selection 
rule.9 

a) Spin-orbit coupling (SOC). This type of coupling causes the partial mixing of 
states with different spin multiplicities, and consequently makes possible some 
transitions between orbitals with different theoretical spin multiplicities. The 
resulting transitions are called intersystem crossing (ISC) processes. 

b) Vibronic coupling. In general, although some d-d transitions may be allowed 
by spin, they are forbidden by the Laporte selection rule. However, in 
complexes with octahedral geometry, which are centrosymmetric, the 
vibrations experienced by the molecules cause momentary loss of the centre 
of symmetry, which makes possible a transitory mixture of d and p orbitals. 
Since the lifetime of the vibrations (10-13 s) is longer than that of an electronic 
transition (10-18 s), it is possible to observe d-d transitions between orbitals that 
have a certain pd character, although the intensity of the absorption is weak. 
In non-centrosymmetric molecules (e.g. molecules with tetrahedral geometry) 
the mixing of p-d orbitals takes place to a greater extent and the probability of 
d-d transitions is higher, and therefore the absorption and colour are more 
intense.9 

 

3.2. Emission spectra 
The various processes of relaxation from an excited electronic state to another more 
stable state or to the ground state are represented in the adapted Jablonski diagram 
shown in Fig. 9:9,12,13,14 

a) Deactivation by photochemical reactions, which cause the degradation or 
decomposition of the original molecule. 

b) Quenching by interaction with other species present in solution. This type of 

deactivation may involve an energy transfer process (A* + B  A + B*) or an 
electron transfer process that causes the oxidation or the reduction of the 

excited molecule (A* + B  A+ + B- or A* + B  A- + B+). 
c) Radiative deactivation or luminescence: This process involves the relaxation 

of an excited electronic state as a result of the emission of visible light 
(electromagnetic radiation). Two types of processes are distinguished 
depending on its particular mechanism. 
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a. Fluorescence. Radiative relaxation process between 2 states with the 
same spin multiplicity. It is a process allowed by the spin selection rule 
and therefore it is fast (ns). 

b. Phosphorescence. Radiative relaxation process between 2 states with 
different spin multiplicity. It is a process forbidden by the spin selection 

rule and therefore it is usually slow (s), and can even persist after the 
excitation has ended. This process implies a previous ISC process (see 
below). 

d) Non-radiative deactivation: these are decay processes between 2 electronic 
states that occur with loss of thermal energy and without the emission of 
photons. Two types are distinguished based on the spin multiplicity of the 
excited and ground states. 

a. Internal conversion or deactivation by vibrational relaxation, when 
the process takes place between states with the same state of 
molecular spin or multiplicity. The energy of the excited state is 
transferred to vibrational modes of the molecule and transformed into 
heat. 

b. Deactivation through intersystem crossing (ISC). It is a non-radiative 
relaxation process that takes place between electronic states with 
different spin multiplicities. From a singlet state to a triplet state for 
example. 

Therefore, the processes of fluorescence and internal conversion are spin-allowed, 
while phosphorescence and intersystem crossing are spin-forbidden. Each deactivation 
process is characterized by a rate constant and each excited state by a lifetime. In 
addition, for luminescent processes, a parameter called photoluminescent quantum 

yield (PLQY or PL) can be defined, as the ratio between the photons emitted by 
luminescence and the photons absorbed , expressed as a percentage of one or one 
hundred. In other words, it represents the probability that an excited state is 
deactivated by a luminescent process (fluorescence or phosphorescence). All these 
processes compete with each other and are shown schematically in the following 
Jablonski diagram (Fig. 9).9,12,13,14 
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Fig. 9 Adapted Jablonski diagram. Time scale for the different processes: Absorbance (10-15 s), Vibrational 
relaxation and Internal conversion (10-11 to 10-14 s); Non-radiative relaxation (10-5 to 10-7 s); Fluorescence 
(10-7 to 10-9 s); phosphorescence (10-3 to 100 s); Intersystem crossing (10-8 to 10-10 s). 

 

4. Properties 
In complexes with octahedral geometry, as a result of the ligand field, the five d orbitals 
of the d-block transition metals are split into 2 sets of degenerate orbitals: three 
stabilized t2g orbitals (dxy, dxz, dyz), and two destabilized eg orbitals (dz

2, dx
2-y

2), with 
respect to the degenerate situation for the free ion in the gaseous state. The difference 

in energy between these two levels, o, depends on several factors:15,16 

a) The size of the d orbitals: o increases with the increasing size of the d orbitals 

(o(3d) < o(4d) < o(5d)). 
b) The oxidation state (EO) of the metal centre: the higher the EO, the greater the 

value of o. 
c) The intensity of the ligands field according to the spectrochemical series (see 

below). 

Ru(II), Rh(III) and Ir(III) possess a 4d6, 4d6 and 5d6 electronic configurations respectively. 
So, in complexes with an octahedral geometry, like the tris-chelate complexes, they 
present a low spin electronic configuration, t2g

6eg
0, where all the t2g orbitals are fully 
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occupied and the eg orbitals are fully unoccupied due to high value of o (see Fig. 
10).15,16 
 

 
Fig. 10. Electronic configuration for a metal ion in gas phase and in a complex with octahedral geometry, 
according to the crystal field theory (CFT). 

 
The spectrochemical series of both metals and ligands are very useful to get a 

qualitative idea of the value of o for different compounds, due to the fact that they 
summarize in a rational way the 3 factors mentioned above (factors a and b are 
included in the spectrochemical series of the metals and factor c in the ligands series).  

Spectrochemical series for ligands:17 

CO > CN- > PPh3 > NO2
- > SO3

2- > phen > bpy > en > NH3 > py > CH3CN > ONO- > NCS- > 
OH2 > C2O4

2- > ONO2
- >OSO3

2- > OCHO- > OH- > OCO2
2- > OCOR- > S2O3

2- > F- > N3
- > Cl- > 

SCN- > S2- > Br- > I- 

Spectrochemical series for metals:17 

Pt4+ > Ir3+ > Pd4+ > Ru3+ > Rh3+ > Mo3+ > Mn4+ > Co3+ > Fe3+ > V2+ > Fe2+ > Co2+ > Ni2+ > Mn2+ 

The 3 metals studied in this thesis have a high o, being Ir(III) the one with a greater 

value of o followed by Rh(III) and then by Ru(II) (even if Ru(II) does not appear in the 

series, it should have a o value slightly lower than that for Rh(III), because both have 
a 4d orbital, but Rh(III) exhibits a higher Oxidation State than Ru(II)). Regarding the 
ligands, it is more difficult to make a comparison, but it is clear that N^N ligands, as it 
can be seen for bpy (2,2′-Bipyridine) or phen (1,10-phenanthroline), have high values 

for o, which is due to their strong σ-donor and π-acceptor properties that stabilize the 
electronic configurations. Moreover, even though C^N are not present in the series, 

they are very strong-field ligands and provide very high o values for their respective 
complexes.15,16 So, it can be rationally stated that the Ru(II), Rh(III) and Ir(III) tris-chelate 

complexes of this nature will possess high values of o. 

Possessing a high o is an important feature regarding the photophysical properties 
because it implies that metal centred (MC) excited states are less accessible and are 
less populated than metal ligand charge transfer (MLCT) excited states, so non-
radiative deactivation processes are less probable. The MC excited states in d6 
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octahedral complexes are strongly distorted along the vibrational coordinates of the 
M-ligand bond compared with the ground state. So, when the excited state of lowest 
energy is MC, the complex undergoes non-radiative deactivation processes to the 
ground state and/or ligand dissociation. Because of this, the lifetime of the excited 
state is very short and no luminescent processes are observed. On the contrary, if the 
lower energy excited states exhibit LC (ligand centred) or MLCT character, the 
geometric distortion is small, and the complexes do not undergo rapid non-radiative 
decay processes. In this case, it is possible to observe luminescent processes (except at 
high temperature, at which MC states are more populated).12,15 

However, there are other factors that affect the photophysical properties. In the case 

of Ru(II) and Rh(III), even if their respective o values are high and their excited state of 
lowest energy possess a MLCT nature, they usually have a MC excited state close to it 
in energy which is thermally accessible, so there is a non-radiative competitive 
deactivation mechanism which affects importantly, and negatively, the photophysical 
properties of the complexes of these metals.15,18,19 Taking this into account, it is obvious 
that Ir(III), a priori, possesses the best photophysical properties, which are 
extraordinary, by far.20,21 So, when discussing the properties below, we will focus mainly 
on those for Ir(III) biscyclometalated tris-chelate complexes.   

Ir(III) biscyclometalated tris-chelate complexes possess a variety of extraordinary and 
advantageous physical and photophysical properties compared with organic 
fluorophores and other organometallic compounds which are:20,21 

a) High thermal, chemical and photochemical stability. This is due to the high 
strength of the Ir-L bonds, specially the Ir-C ones, thanks to their strong σ-donor 
character with a covalent nature. This remarkable stability, which is superior to 
that of its analogues of the 1st and 2nd transition series, makes these complexes 
stable after long periods of irradiation or several electrochemical 
cycles.16,20,21,22,23 

b) Extraordinary internal quantum efficiency (luminescent efficiency) thanks to 
several features: 

1. High spin-orbit coupling (SOC): The SOC of an electron is the 
electromagnetic interaction that occurs between the electronic spin 
and the magnetic field generated by the orbit of the electron around 
the nucleus.24 Iridium has the highest SOC of all the elements of the d 

block (ξIr = 3909 cm-1, compared to ξFe = 431 cm-1, ξRu = 1042 cm-1, ξOs 

= 3381 cm-1 16 and ξRh = 1425 cm-1),23 which causes, as stated before, 
the partial mixing of states with different spin multiplicities, this in turn 
implies that when an iridium complex is promoted to one of the excited 
singlet states (Sn), the ISC is so efficient that it can be considered 
unitary. 15,16,23 

2. High Stokes shifts: The Stokes shift is the difference between the 
wavelength of the maximum of the absorption band and the 
wavelength of the maximum of the emission band. In other words, it is 
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the difference in energy between the photon absorbed and the photon 
emitted by a compound as a result of the loss of a certain amount of 
energy through vibrational relaxation processes (fluorescence) or ISC 
(phosphorescence), before the return to the ground state.21 In the case 
of fluorogenic organic compounds the Stokes shifts are very small, 
since the excited state resulting from absorption and the excited state 
from which emission takes place are usually the same (S1). Hence, 
there is an important overlap between the absorption and emission 
spectra resulting in self-absorption processes (self-quenching) which 
involves a loss in emission intensity. However, in organometallic 
compounds, especially in Ir(III) compounds, the Stokes shifts are large, 
due to ISC (after absorption the excitation leads to a singlet state but 
the emission takes place from a triplet state) and therefore self-
absorption processes are rare, yielding to small emission intensity 
losses, which translates into a higher luminescent efficiency.21,22 

3. High o: This implies as explained before, that MC excited states are 
less accessible and are less populated than MLCT excited states, so 
non-radiative deactivation processes are less probable.15 

4. High molecular rigidity: This feature is associated with the octahedral 
geometry, which reduces the molecular vibrations and thereby the 
possibilities of non-radiative transitions and collisional heat losses.25 

c) Long lifetimes for emission processes. Phosphorescent compounds are 

characterized by the long lifetimes of the emissive excited state (s), compared 
to the lifetimes of fluorescent molecules (ns).22 This fact represents a significant 
advantage for the use of these compounds in Bioimaging techniques, since it 
allows to eliminate the background fluorescence produced by biological 
molecules, which is based in short-lived processes.21,23 However, this feature 
can also have drawbacks, since long lifetimes make quenching of excited states 
more likely (e.g. triplet excited states of transition metal complexes can be 
efficiently quenched by molecular oxygen present in solution).23 

d) Versatility in modulating the colour of the emitted light. The modulation of 
the colour of the emitted light (the wavelength of the maximum of the emission 
band) is accomplished by varying the energy gap between the HOMO and the 
LUMO, which can be achieved easily in this type of complexes.15,20 This happens 
thanks to the fact that the HOMO and the LUMO are located in different parts 
of the complex: the HOMO is located in the Ir(III) metal centre and the phenyl 
rings of the C^N ligands, and the LUMO in the ancillary ligand (usually the N^N 
ligand).15,16,21,26 So, it is easy to tune the colour of the emitted light by 
independent chemical modifications in the different parts of the complex,15,21 
which can also affect other photophysical properties like the lifetimes and the 
quantum yields. The two general procedures employed to modify this type of 
compounds are: (a) Installation of electron-withdrawing groups within the C^N 
ligands to decrease the σ-donor character, which in turn decreases the 
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electronic density over the Ir(III) metal centre, leading to a net stabilization of 
the HOMO; and (b) addition of electron donating groups to the ancillary ligand 
(or use of electron-rich ancillary ligands) to destabilize the LUMO.15 Regardless 
the method, an increase in the HOMO-LUMO bandgap is produced along with 
a blue-shift in the emission wavelength. Fig. 11 shows the effect on the 
emission wavelength caused by different biscyclometalated and ancillary 
ligands independently in typical Ir(III) complexes.15,27,28 

Moreover, these complexes also present some other interesting properties associated 
with phosphorescence: 

- Mechanochromism: is a phenomenon where the material shows changes in 
the emission colour in the presence of a mechanical stimuli like rubbing, 
grinding, shearing, etc. It is caused by the interruption of molecular interactions 

such as - stacking and hydrogen bonds.26 
- Piezochromism: in this case, the material manifests variations in the emission 

colour when pressure is applied, usually by a grinding process. It can be 
understood like a variant of mechanochromism where the external stimuli that 
triggers the change in the emission is pressure. It has been proposed that 
piezochromism is caused by crystalline-amorphous phase transformations that 
occur in the process of grinding. The process can be reversible by heat or 
solvent treatments.29,30 

- Electrochromism: this property is associated to changes suffered by the 
material in the emission colour (or the opacity) when a voltage is applied. It is 
caused by a non-homogeneous distribution of the ions which leads to the 
formation of a strong internal electric field that can polarize some bonds of the 
material.26 

- Solvatochromism: this event is associated with changes in the emission colour 
of the material depending on the solvent in which is dissolved. This occurs due 
to the different effects caused by different solvents on the electronic ground 
and excited states of the material, which ultimately affect the energy gap 
between them. The main solvent-related factors affecting the energy gap of 
the material are the hydrogen bonding capacity and the dielectric constant.31 

- Vapochromism: it can be defined as the changes suffered by the material in its 
emission colour by exposure to volatile organic compounds or gases. It is 
closely related to solvatochromism.32 

- Halochromism: this is a phenomenon where a material shows changes in the 
emission colour when pH changes occur. It is related with groups or motifs 
which can suffer protonation or deprotonation processes, which affects their 
electron donating or withdrawing capacity and consequently modifies the 
HOMO-LUMO band gap.33,34 
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Fig. 11. Effect on the emission wavelength of several typical Ir(III) complexes depending on the electronic 
features of their ligands. 
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5. Applications 
As expected from the outstanding properties of Ir(III), Rh(III) and Ru(II) tris-chelate 

complexes, they are suitable for a wide range of applications:  

- Photodynamic therapy (PDT). PDT is a medical strategy used for the treatment 

of skin and ophthalmic diseases, and also in anticancer and antibacterial 

protocols. It has important benefits, since it is a minimally invasive treatment 

compared to surgery, it can be targeted specifically (minimizing of systemic 

toxicity) and it avoids long-term side effects that are common in other 

therapies.35,36 PDT is based on the interaction of three elements: the 

photosensitizer (PS), the light source and oxygen. Its mechanism of action 

involves the following steps: under a suitable light irradiation, the PS (which 

ideally is non-toxic) absorbs one photon of light and is promoted to a singlet 

excited state (1PS*), then it suffers a partial relaxation to a triplet excited state 

(3PS*) by an intersystem crossing (ISC) process;  3PS* can interact with O2 in its 

fundamental state, which is a triplet (3O2), generating the superoxide radical 

anion O2
• (type I mechanism), or alternatively singlet oxygen 1O2 (type II 

mechanism). These species belong to a class of very reactive oxygen 

derivatives, known as Reactive Oxygen Species (ROS), which are able to oxidize 

essential biomolecules like DNA and proteins and induce celular damage and 

death in an efficient and selective way.37,38 Indeed, Ir(III),39,40,41 Rh(III)41 and 

Ru(II)42,43 tris-chelate complexes, have shown promising capacities for this 

purpose. 

- Photocatalysis. Tris-chelate metal complexes can act as photoredox catalysts. 

They can absorb visible light to be promoted to electronic excited states which 

can act as excellent oxidants or reductants. Moreover, these complexes usually 

have long-lived excited states, and their properties are easily modified by 

varying the ligands attached to the metal core. This makes them suitable to act 

as photocatalysts in a variety of chemical transformations under very mild 

conditions (i. e. room temperature).23,44,45 For example, Ir(III) and Ru(II) 

organometallic complexes can catalyse dehalogenations,46,47 alkylations,47,48,49 

trifluoromethylations,23,47,50 benzylations,51,52 [2+2] cycloaditions,44,53,54 

photopolymerizations,55 CO2 reduction.56,57 In fact, photocatalysis is recognised 

as an useful tool for a greener organic synthesis, since it allows to employ light 

as endless energy source and to reduce side-products.47 

- Solid-state lightning (SSL). It is a type of lightning that consists in using 

semiconductors to convert electricity into light in contrast with the 

conventional lightning devices, which create light either from electrically 

heated metal filaments (incandescence), or plasma and gases encased in a glass 

bulb with very low efficiency. In SSL, there are 3 main types of devices: light-
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emitting diodes (LEDs), organic light-emitting diodes (OLEDs; they can also be 

converted into light-emitting electrochemical cells (LECs) by adding mobile ions 

to OLEDs), or polymer light-emitting diodes (PLED).58 Ir(III) and Ru(II) tris-

chelate complexes have found applicability as OLEDs59,60,61 and LECs.59,62,63 

Moreover Ru(II) compounds can also be used in LEDs as phosphorescent 

dopants64 and Ir(III) compounds as coating for light conversion.65 It is also 

remarkable that Ir(III) compounds can also be used for PLEDs,66,67 covering the 

whole range of lightning sources. In the case of Rh(III) compounds, their 

application is restricted to doped thin films for OLEDs.68 

- Fluorogenic probes. 

1. pH sensors. Ir(III) and Ru(II) polypyridine complexes containing an 
acidic or basic functional group on the ligands can be used as pH 
sensors due to the changes in the emission properties caused by the 
loss or the binding of a proton to the functional polypyridine ligand.69,70  

2. Cation sensors. The main strategy for the development of these 
sensors involves the incorporation of a receptor, like a Lewis base or a 
crown ether into the Ir(III) or Ru(II) polypyridine complex. The 
complexes of these metals are able to detect a wide variety of cations 
like Fe2+, Fe3+, Pb2+, Zn2+, Cu2+, Ni2+, Cd2+, Ca2+, Mg2+, Ba2+, Na+, Ag+ and 
Cu+.69,71 They are also capable of detecting Hg2+ when adding sulphur 
atoms to the ligands by a soft-soft interaction between the sulphur 
atom and the Hg2+.69,72  The detection mechanism for cation sensors is 
based on the fact that the addition of these ions leads to a dramatic 
change in the absorption and/or emission properties (partial or total 
emission quenching and shifting of absorption or emission bands; more 
rarely emission intensity enhancement has also been observed).69 

3. Anion sensors. In the case of using Ir(III) or Ru(II) complexes designed 

to detect anions, it is important to consider that the binding of anions 

to the ligands can significantly affect the emission properties of the 

complexes, giving place not only to quenching and shifting phenomena 

in the emission, but important colour changes in the solution due to 

both electronic effects and chemical reactions between the anion and 

the complex. In particular, different photosensitizers have been 

described for the detection of CN−, F−, Cl−, Br−, I−, NO3
−, ClO4

−, and 

HSO4
−.69,73 

4. Oxygen sensors. The luminescence of the Ir(III) and Ru(II) polypyridine 

complexes is effectively quenched by oxygen, allowing them to act as 

oxygen sensors. This occurs due to the interaction between the triplet 

excited state of the photosensitizer and the triplet ground state of 

oxygen, through an energy transfer mechanism. For this purpose, Ir(III) 

complexes are of particular interest because they perfectly match the 
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criteria for oxygen sensors: high emission quantum yields, long 

emission lifetimes, high sensitivity, high reversibility and fast response 

time.69,74,75 

5. Biomolecule sensors. Nucleotides, DNA, proteins and amino acids can 

be easily detected by tuning the functional groups in the ligands of Ir(III) 

and Ru(II) complexes. The binding of these biomolecules with the 

complexes can be readily followed by changes in the emission 

properties of the complexes.69,76 

- Bioimaging. - Bioimaging is a non-invasive process that allows to visualize 

biological activity in a specific period of time, without inhibiting life processes. 

It is very helpful for the observation of subcellular structures and tissues. Ir(III) 

compounds are really interesting for this purpose, since they are able to stain 

a wide variety of targets/organelles through specific ligand tuning. The main 

targets described for Ir(III) compounds are: cytoplasm, mitochondria, 

perinuclear regions, nuclei, plasma membranes, lysosomes, Golgi 

apparatus.74,77,78,79,80 For Ru(II) compounds, nuclei and plasma membrane are 

the main targets.74 

- Data recording and storage devices. Luminescent materials that respond to 

external stimuli (mechanical, electrical, presence of some vapours…) and show 

a change in the emission colours, are very interesting for the design and 

construction of optical data recording and storage devices, which have a great 

significance in our society. Ir(III) complexes can be an interesting option in this 

field.26,81,82 

- Organic photovoltaic devices (OPV) and dye-sensitized solar cells (DSSC). 

These devices convert solar energy to electrical energy, which is very 

interesting if we consider the current energy crisis and the environmental 

problems derived from the use of fossil fuels. Moreover, this type of devices 

possesses multiple benefits in comparison with silicon solar cells: they are 

flexible, ease to produce, with low manufacturing cost, and they have a high 

absorption coefficient. The main difference within OPVs and DSSCs is that DSSC 

is a hybrid technology as it involves organic and inorganic materials in the active 

layer, while in OPV this layer is purely composed by an organic electronic 

material that can be formed by either small molecules or polymers (small 

molecules can be organometallic).83,84,85 Ir(III) compounds can be used in both 

systems,86,87,88 but Ru(II) complexes are preferentially used for DSSC.89,90,91 
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Objectives 
Main Objective: To design and develop new metal-based complexes as potential 

photosensitizers (PSs) for photodynamic therapy (PDT). This objective can be divided in 

various secondary objectives: 

 To study the effect of the structure in the performance of the PS for PDT. 

 To Study the relationship between the structure and the photophysical 

properties. 

 To shed light on the biological mechanism of action, that is, to elucidate the 

uptake pathway, the intracellular localization, and cytotoxicity mechanism 

(ROS generation, DNA damage) and the cell death mechanism of the different 

PSs. 

 To identify the possible molecular targets of the PSs by testing their activity in 

the photooxidation of relevant biomolecules. 
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0. Introduction to cancer 
Cancer represents a major public health problem worldwide and is one of the main 

causes of death, accounting for almost 10 million deceases in 2020 and an estimate of 

20 million new cases.1 Cancer in the broader sense, refers to more than 277 different 

types of cancer diseases. The most common cancer types in Europe are: lung, female 

breast, colorectal and prostate. Moreover, lung cancer is one of the most prevalent 

around the world and the one with the higher mortality.1,2 The most common cancer 

types vary by genre and also by age: men are predominantly affected by prostate, lung 

and bronchus, colon and rectum, and urinary bladder cancers; while in women the 

most common are breast, lung and bronchus, colon and rectum, uterine corpus and 

thyroid cancers;3 and in the case of children, the most common types are blood cancer, 

and cancers related to the brain and lymph nodes.4,5 

But, what is cancer? In a simple way, cancer can be understood like a disease associated 

to an uncontrolled cell growth that can cause tumours, which are able to spread to 

other parts of the body (metastasis). The adult human is composed of approximately 

1015 cells, and it is calculated that there are around 1012 divisions per day in the stem 

cells (the cells with the capacity for division and replenishment), so it is obvious that 

the body has an extremely precise control over cell multiplication, which is 

accomplished by a network of overlapping molecular mechanisms that govern cell 

proliferation and cell death (apoptosis). It is clear that genes, more precisely, the 

random mutations in the genes which control the replication and the death rate of 

individual cells are the cause of the carcinogenic process.6 Most mutations that cause 

cancer are not inherited; they appear spontaneously as a result of some kind of DNA 

damage that alters the function of crucial genes.7 This DNA damage may have several 

sources, for instance, chemical compounds have an obvious role in gene mutation, 

specially, exposure to tobacco, which leads to lung cancer.8 Overall, around 70% of all 

cancer in western populations can be attributed to diet and lifestyle issues; 30% of this 

is related to tobacco and the other 40% is mainly due to an unbalanced diet, 

particularly, a deficient intake of fruits and vegetables, which play a protective role 

against cancer induction.9,10 Viruses, bacteria and electromagnetic radiation also play a 

role, comprising about 7% of all cancers.11 

It is important to note that DNA damage itself is not a mutagenic event; DNA replication 

and cell division are necessary to convert damage into an inheritable variation in the 

DNA, which is what we really call mutation.12 Also, it is worth mentioning that 

spontaneous DNA mutations can occur directly as a consequence of errors in 

replication. However, because of the proofreading capabilities and the fact that 

97% of DNA is non-coding and the redundancy of codon recognition, the error rate 
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during DNA replication is extremely low. Hence, the main causes that trigger the 

cascade of events leading to cancer are those above mentioned.13,14 

 

1. Cancer and treatment: a brief story 
1.1. From surgical treatments to radiotherapy 
Cancer has existed on Earth before human: in some fossils of dinosaurs and prehistoric 
animals, traces of bone tumours (osteosarcomas and bone metastases) have been 
found.15,16 The first historical records of tumours in humans appeared in a papyrus 
from the Egyptian period (around 3000 BC) where a case of breast cancer is 
described,17 but it was only in 400 BC when cancer was recognized as a disease 
and not some kind of curse related to esoteric forces.18 In fact, Hippocrates (460-
370 BC) was the first to describe it with his theory of human humors,19,20 which 
was later refined and improved by Galenus (129–216 AD).21 These theories 
remained the most accepted until the Modern Era. Until the end of the XIX  

century, a healthy diet, cautery and radical surgical approaches were used for 
treating superficial tumours, whereas palliative pain therapies were used for the 
deeper types.18 These inefficient treatments usually led to death of the patient, 
either by the advance of the tumour or by the sequelae of the surgery, like 
infections caused by the surgery itself or by the poor hygienic conditions.  22 

By the end of the XIX century radiotherapy started to be developed and used for 
the treatment of cancer. Claudius Regaud (1870-1940) is considered the father 
of modern radiotherapy when around 1920 discovered that it was possible to 
treat some types of cancers reducing the side effects of the treatment by 
fractioning the radiation doses.23,24 
 

1.2. Chemotherapy 
The serendipitous discover of nitrogen mustard as a DNA alkylating agent during 
the Second World War is considered the dawn of chemotherapy and the 
beginning in the use of cytotoxic compounds for the treatment of cancer.18,25 An 
overview of different chemotherapeutic agents is provided below. 

The first generation nitrogen mustards had important drawbacks, such as high toxicity 
or acquired resistance, and only cyclophosphamide, which is able to interfere with 
cycle of active and quiescent cells, remains in clinical use nowadays.18,26 

Some other alkylating agents that are worth mentioning include nitrosourea 
compounds (streptozocin, nimustine, carmustine, lomustine), alkyl sulfates 
(mannosulfan, busulfan, treosulfan) and triazene compounds (dacarbazine, 
temozolomide).25 
 



Cancer through the history, metals in medicine and photodynamic theraphy (PDT) 

 

69 

Antimetabolites are molecules that mimic the structure of physiological 
metabolites, so they block enzymatic chains, which are essential in the purines 
synthesis, a fact that results in the induction of apoptosis, inhibiting the cell 
proliferation. The main antimetabolites are folate analogs (pemetrexed, aminopterin, 
methotrexate), purine analogs (mercaptopurine) and pyrimidine analogs 
(fluorouracil).18,27,28 

In the late 50s antimitotics of natural origin were discovered. These compounds and 
extracts are able to interfere with the formation of microtubules, thus, blocking cell 
proliferation.18,29 There are several families including the Vinca alkaloids (vinblastine, 
vincristine, vinorelbine and vindesine), which are already broadly used in first and 
second line therapy for treating a wide variety of cancer types, and epipodophyllotoxins 
(teniposide (VM-26) and etoposide (VP-16)) being used for treating acute monoblastic 
leukemia and non-seminomatous testis carcinomas because of their higher selectivity 
and their fewer side effects.18,30  

Then, Paclitaxel, a natural product extracted from the tree Taxus brevifolia, was 

discovered.18,31 This first led to its clinical use (under the brand name Taxol, first 

generation) and later to the synthesis of derived drugs like docetaxel (second 

generation) and cabazitaxel (third generation), which was ground-breaking in the 

treatment of solid tumours such as head cancer, neck cancer, NSCLC, prostatic cancer, 

gastric cancer, metastatic pancreatic cancer and metastatic breast cancer.18,32,33 

There are also antibiotics and derivatives that possess an important cytotoxic activity 

used as chemotherapeutics. These drugs, which are mainly of natural origin, act 

forming covalent bonds with nucleic acids or intercalating between DNA base pairs, 

interfering in this way with the synthesis of DNA.18,34 The most successful, which were 

obtained from Streptomyces, are doxorubicin (initially named as adriamycin) and 

actinomycin D (both are intercalating agents) and bleomycin.35 

The chemotherapeutic agents seen above can be used individually or in combined 

therapeutic protocols. It should be noted that the use of combinations of several 

anticancer agents for treating a tumour has significant advantages. Its efficacy is far 

higher than that of individual drugs, and combined therapeutic protocols prevent, or at 

least, slow down the development of drug resistance. In general, combined protocols 

are more effective options for cancer treatment than individual drugs and the 

development of a wide variety of combined protocols routinely used in different types 

of cancer has significantly improved the prognosis of the patients.36 

 

1.3. Targeted therapies 
In the 1980s, occurred the second revolution in pharmacology for cancer treatment 

with the development of targeted therapies. The advances in immunology and 

molecular and cell biology allowed researchers to study the mechanisms involved in 
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the neoplastic transformations of cells thus identifying druggable molecular targets 

that could be selectively blocked/inhibited by small molecules or monoclonal 

antibodies. Thus, opposite to classic chemotherapy, where the drugs can affect both 

healthy and cancer cells, in targeted therapies only cancer cells are affected, ideally 

causing only minor side effects to the healthy cells.18,37 

 

1.3.1. Monoclonal antibodies 
The production of monoclonal antibodies developed by Köhler and Milstein in 1975 

using the hybridoma technology opened up the possibility of using these proteins for 

the treatment of cancer.18,38 Studies of the human genome and the technologies for 

DNA sequencing also boosted this strategy by the end of the last century.18,39 A wide 

variety of monoclonal antibodies was developed, since then, with 30 different 

monoclonal antibodies approved for cancer treatment and 6 for cancer diagnosis in 

2017. Initially, the produced antibodies were mouse antibodies, but now, there are 4 

types available, which are: chimeric, murine, humanized and human monoclonal 

antibodies; the difference between then lies in the percentage of murine protein 

portion in the immunoglobulin.18,40 Trastuzumab (Herceptin) a human epidermal 

growth factor receptor 2 (HER2)/neu inhibitor41 and Rituximab (IDEC-C2B8), a chimeric 

antibody directed against the CD-20 antigen,42 where among the first monoclonal 

antibodies approved as anticancer agents, starting a new era for cancer treatments. 

There are several monoclonal antibodies that target surface receptors. Cetuximab is a 

chimeric (mouse/human) monoclonal antibody that targets the epidermal growth 

factor receptor (EGFR), which is usually altered in NSCLC, colorectal carcinomas and 

head and neck cancers.18,43 Another human monoclonal antibody used for treating 

metastatic colorectal cancer that acts over EGFR is Panitumumab.44 

It is worth mentioning that the monoclonal antibody Bevacizumab was the first anti-

angiogenic factor developed. Bevacizumab inhibits the vascular endothelial growth 

factor A (VEGF-A), blocking angiogenesis.45 and it is used for treating several types of 

cancer.18,46 

 

1.3.2. Selective kinase inhibitors 
The knowledge of molecular pathways that suffer alterations due to cancer has made 

feasible the development of small molecules which are able to bind selectively to 

molecular targets of cancerous cells, causing in that way their inhibition and 

apoptosis.47 The inhibitors have a wide variety of targets, including cell-cycle proteins, 

growth factors, signalling molecules, modulators of apoptosis and molecules 

promotors of angiogenesis.18,48 
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Examples of Tyrosine kinase inhibitor include Imatinib, a competitive ATP inhibitor of 

the BCR-ABL protein (fusion protein typical of patients with chronic myelogenous 

leukemia (CML) and acute lymphocytic leukemia (ALL)). A second and a third 

generation BCR-ABL inhibitors were later prepared: Bosutinib, Dasatinib, Nilotinib, 

Ponatinib…18,49 

Another group of tyrosine kinase inhibitors was designed to target the EGFR ATP-

binding site, being capable in that way to inhibit the abnormal activation of MAPK and 

PI3K/AKT pathways, which are commonly overexpressed in cancerous cells.50 Gefitinib 

and Erlotinib are two examples.18,51 

Another type of tyrosine kinase inhibitors are those known as VEGF (Vascular 

Endothelial Growth Factor) inhibitors (directed to the ATP binding pocket of VEGF).18,52 

examples of this class of drugs are Sorafenib, Sunitinib, Aflibercept and Pegaptanib 

sodium. VEGF inhibitors are useful for the treatment of several types of cancers.53 

Other group of selective inhibitors are the mTOR inhibitors. mTOR is an intracellular 

serine/threonine kinase that takes part in both the regulation of gene expression and 

the progression of the cell cycle from G1 to S phase.18,54 The first developed mTOR 

inhibitor was rapamycin, from which Temsirolimus and Everolimus, two inhibitors 

already in use, were derived.55 

Other group of serine/threonine kinase inhibitors are BRAF and MEK inhibitors. The 

BRAF inhibitors Vemurafenib and Dabrafenib, both approved in 2010, are used for 

treating melanomas with mutated BRAFV600E. Both drugs act by the same mechanism; 

they interfere with the B-Raf/MEK/ERK pathway triggering cancerous cell apoptosis. If 

we consider that a high percentage (40–60%) of melanoma patients are positive to the 

V600E mutation, the development of these inhibitors is a clear milestone in melanoma 

treatment.18,56 

 

1.3.3. Proteasome inhibitors 
Another interesting type of selective inhibitors are the proteasome inhibitors. Their 

action mechanism consists in inhibiting the proteasome, thus preventing the 

degradation of pro-apoptotic factors, which favors the apoptosis of cancerous cells. Of 

this type of inhibitors, Bortezomib and Carfilzomib are approved for their use in the 

treatment of haematological malignancies, such as multiple myeloma and mantle cell 

lymphoma.18,57 

All of these target therapeutic agents mentioned above, are frequently used in 

combined therapies with other chemotherapeutic agents or monoclonal antibodies 

and/or selective inhibitors.18,58 This has made clinical treatments more effective and has 

made possible to overcome drug resistances in several cases.59 
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1.3.4. Molecular radiotherapy 
Molecular radiotherapy (MRT) is a therapeutic approach which uses radioactive 

compounds, known as radiopharmaceuticals, for treating several diseases. The first 

MRT agent that was developed was Iodine-131, which is essentially sodium iodide in 

the form of the radioactive isotope 131 of iodine.18,60 This compound is mainly used for 

treating thyroid cancer because of the great affinity of iodide for the thyroid gland, but 

it can also be used for treating benign diseases where the beta radiation of the 

radioiodine can have a beneficial effect.18,61 

Other MRT agents such as Strontium-89 chloride, Radium-223 chloride, and Samarium-

153 EDTMP are used as palliative treatments for secondary bone metastatic 

disseminations of various cancer types.18,62 Strontium and Radium mimic calcium, and 

they can be incorporated by the bone whereas in the case of samarium, it is thanks to 

its covalent bond to tetraphosphate EDTMP that is taken by the osteoblasts.18,63  

Other MRT agents are Phosphorus-32 and Yttrium-90, which are used for treating the 

colorectal liver metastasis,18,64,65 131I-MIBG metaiodo-benzylguanidine, which is used for 

the treatment of phaeochromocytoma and neuroblastoma,18,66 and Yttrium-90 and 

Lutetium-177, both used for treating neuroendocrine tumours.18,67 

 

1.4. Immune checkpoint inhibitors 
After 2010, new treatments known as immune checkpoint inhibitors were introduced, 

representing a new milestone in modern cancer therapies.18,68 These inhibitors are anti-

cytotoxic T-lymphocyte-associated antigen 4 (anti-CTLA4; located in the membrane 

surface of T-cell) and anti-programmed cell death protein 1 antibody (anti-PD1; located 

in the membrane surface of cancer cells). These drugs facilitate the activation of T cells, 

which attack and destroy cancer cells. Examples of approved immune checkpoint 

inhibitors are Ipilimumab, Nivolumab, Nivolumab and Pembrolizumab.18,69 

Immune checkpoint inhibitors, like other types of drugs seen before, are usually used 

in combined therapies with each other or with other chemotherapeutic drugs. In this 

way a higher efficacy with less side effects can be achieved. Particularly, the 

combination of anti-PD1 and anti-CTLA-4 inhibitors has demonstrated a high efficacy. 

It is worth mentioning that the immune checkpoint inhibitors caused an epochal 

turning in the treatment of incurable tumours like NSCLC and metastatic melanoma.70 
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1.5. New directions in cancer therapy 
Oncology is constantly evolving, and new approaches to cancer treatment appear 

regularly. CAR-T (Chimeric-Antigen Receptor) cell therapy is one of them. CAR-T cell 

therapy is based in inserting designed receptors, specific for antigens of the cancer 

cells, to the T cells, which acquire in this way a high specificity against cancer cells. The 

designed receptors are known as chimeric receptors, because they are formed with 

protein structures derived from DNA of different organisms and sources.18,71 To 

accomplish the CAR-T cell therapy, it is necessary to take T cells from patients to make 

their genetic modification in vitro, which allows to add the receptor of interest to them. 

Then, the modified T cells are reinfused to the patient, inducing in this way a selective 

cell death of the cancerous cells mediated by the immune system. Technically, it is 

possible to treat any type of cancer with this technique.72 Despite the high cost of these 

treatments they are very effective for treating relapsed/refractory cancers. Approved 

CAR-T cell therapies for treating non-solid tumors related to malignant B cells include 

axicabtagene ciloleucel (Axi-cel) therapy and tisagenlecleucel. Currently, there are 

ongoing studies which try to apply CAR-T therapy in the treatment of solid tumours by 

the use of heterogeneous cells produced in cell factories.18,73 

In the last years, another approach against cancer has been developed, the anticancer 

vaccines. These vaccines are designed based on the specific characteristics of the 

tumour with the aim of activating the immune system against cancer cells and 

improving their eradication. The first anticancer vaccine, the Oncophage vaccine, was 

approved in 2008. It consists of the heat shock protein 96, which is extracted from the 

tumour tissue itself, being able to stimulate immune response against cancerous cells 

of the same tumour. This vaccine, is used for treating renal cancer, glioma and 

metastatic melanoma.18,74 In 2010, another vaccine, known as sipuleucel-T, was 

approved. Sipuleucel-T, which is used for treating metastatic, hormone-refractory, 

prostate cancer, consists of pulsed patient’s dendritic cells with recombinant prostatic 

acid phosphatase, which appears in the 95% of prostate cancer cells. In this way, there 

is an increase in the immune response selectively directed against cancer cells, causing 

their death. There are other vaccines under study, but the production system has to be 

improved, being this the mayor drawback, which makes it a particularly expensive 

therapy.18,75 

It is worth mentioning other new approaches to cancer treatment under development. 

For example, some of these are based on genomic editing using CRISPR/Cas9 

technology, with the aim of correcting the genetics aberrations responsible for cancer 

development itself.18,76 
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2. Metals in medicine 
Metals in medicine is an interesting topic that is usually underrated because of the 

widespread general opinion against metals in health, being considered as toxic and 

pollutants that should be avoid in our daily life. 

Although ancient civilizations like Mesopotamian, Egyptian, Indian and Chinese, have 

known that metal ions possess a key role in the processes of the organism, being used 

for therapy in the treatment of several diseases,77,78 medicinal inorganic chemistry or 

the more mature and precise version we know today, biomedical inorganic chemistry, 

is a recent area of the knowledge. This area is based in a deep and accurate knowledge 

of the nature of formulated metallodrugs and in the understanding of their biological 

mechanisms of action.79,80,81,82  

Nowadays, we know that there are 24 essential elements (H, C, N, O, F, Na, Mg, Si, P, 

S, Cl, K, Ca, V, Mn, Fe, Co, Ni, Cu, Zn, Se, Mo, Sn, and I). We also know that nonessential 

and even radioactive elements can be useful in medicine for treating a wide variety of 

diseases (arthritis, inflammation, depression, ulcers, gastrointestinal disorders, 

microbe and bacteria related disease, cancer…) and in diagnosis as detailed below.83,84 

 

2.1. Properties of metal complexes 
Metal complexes have properties that makes them an interesting option for several 

applications in medicine: 

-Charge Variation: In aqueous solution, the metal ions exist as cationic species, but 

depending on the coordination environment of the metal, the charge can be modified. 

This allows to generate cationic, anionic or neutral species, which can be very useful for 

binding different types of charged biomolecules.85 

-Structural diversity: metal complexes have a vast range of coordination geometries. 

Moreover, the bond lengths and angles at the coordination site are different for each 

metal and oxidation state. If we compare metal complexes with organic compounds, 

we can see that whilst a carbon atom with four different substituents only can have 

two enantiomers, an octahedral transition metal complex with six substituents has 

thirty possible structural isomers.85,86,87 

-Metal-ligand Interactions: there are different forms of interactions between the metal 

and the ligands, and the thermodynamics and kinetics of these interactions influence 

the ligand exchange reactions. This type of reactions eases the interaction and 

coordination between the metals and biological molecules, which is of great 

importance.85 
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-Lewis acid properties:  metals are characterized by high electron affinity, which causes 

that their ions can easily polarize groups coordinated to them. This behaviour eases the 

hydrolysis of these groups, facilitating the interaction with several biomolecules of 

interest.85,88 

-Redox activity: transition metals tend to undergo reduction and oxidation reactions. 

The oxidation state of the metal in a coordination compound is a key fact, because in 

biochemical redox catalysis metal ions usually are the centers responsible of the 

activation of the coordinated substrates and participate in redox active sites for charge 

accumulation.88 

-Partially filled D shell: the number of electrons in the D shell, for transition metals, or 

the F shell, for lanthanides, influences the electronic and magnetic properties of the 

complexes, providing them with a wider range of possibilities compared to organic 

compounds.88 

 

2.2. Imaging and Diagnosis 
Imaging techniques are based on the use of fluorescent compounds, radionuclides and 

contrast-enhancing agents, which can be combined with antibodies and proteins to 

enhance their target specificity. These agents should have some properties for their 

clinical use: they have to preferentially accumulate in target tissues, be cleared by non-

target organs, possess low toxicity to normal cells and be cost-effective.80,89  

Small molecules that possess intrinsic fluorescence can be used as probes for dual 

mode optical and positron emission tomography (PET). For instance, Zn(II) complexes 

have found their place in these techniques, for example, {Bis(4-allyl-3-

thiosemicarbazonato) acenaphthenequinone} fluorescent complexes of Zn (II) (Fig. 1) 

have been used to image MCF-7 breast cancer cells.80,90 

 

 
Fig. 1. Fluorescent Zn(II) complex. 

 

Diagnostic radiopharmaceuticals are used to assess the state of organs and tissues 

previous to or during the treatment.80,91 For diagnostic radio-imaging, the radionuclide 
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mean lifetime has to be long enough to allow the synthesis of the radiopharmaceutical 

complex, the accumulation in the target tissue and the removal through the non-target 

organs. However, the half-life also has to be short enough to minimize the patient’s 

exposure time to radiation .79,80,92 There are two different types of clinical radio-imaging: 

-Single-photon emission computed tomography (SPECT): generally used for tumour 

imaging, thyroid imaging, infection imaging and bone scintigraphy. This technique 

requires a pharmaceutical labelled with a γ-emitting radionuclide. Some of the γ-

emitting nuclides used clinically are: 67Ga, 111In, 99mTc and 201Tl, being 99mTc the most 

used.93,94 

-Positron emission tomography (PET): PET allows to visualize and measure metabolic 

processes, blood flow and local chemical composition. It is frequently used in the 

imaging of tumours and to make the diagnosis of metastases, but it can also be used 

for the diagnosis of diffuse brain diseases. PET requires a pharmaceutical labelled with 

a positron, β+ emitting radionuclide. Some of these positron emitting nuclides used in 

medicine are: 55Co, 64Cu, 66Ga, 68Ga, 82Rb and 86Y.93,95 

It is also worth mentioning the possibility to use radiopharmaceuticals as therapeutic 

agents. This application of radiopharmaceuticals is based on the selective delivery of 

cytotoxic doses of ionizing radiation, which comes from α particles (helium-4 nuclei, 
4

2He2+) or β− particles (electrons), to the target tissues. Some well-known examples of 

clinically used β− emitters radiopharmaceuticals are: 131I, 32P, 89Sr, 153Sm and 186Re. 

Indeed, 131I is really effective in the treatment of both thyroid cancer and 

hyperthyroidism.96 

Another relevant imaging technique is the magnetic resonance imaging (MRI), which is 

a non-invasive technique used in clinical diagnosis. It uses a harmless magnetic field (1–

1.5 T) and radio frequency (40–70 MHz) to provide information related to several 

diseases like cancer, musculoskeletal disorders, stroke, hearth and vascular 

diseases.97,98 The MRI is able to detect the spatial distribution of the protons in the 

body; hence, diseases are detected from the differences in the 1H NMR (nuclear 

magnetic radiation) resonances between healthy and unhealthy tissues. Most of the 

detected NMR signals come from water and fat, which are the components that contain 

most of the hydrogen in the human body.98 

The most used metal ion in MRI contrast agents is Gd (III). Some approved Gd(III) 

contrast agents are: [Gd(DOTA)(H2O)]− (Dotarem), [Gd(DTPA-BMA)(H2O)] (Omniscan), 

[Gd(HP-DO3A)(H2O)] (ProHance), [Gd(BOPTA)(H2O)]2− (MultiHance) and [Gd(DO3A-

butrol)(H2O)] (Gadovist) (Fig. 2). These complexes are kinetically inert (the release of 

GdIII is very slow) and thermodynamically very stable. In fact, both features are 

important to prevent adverse effects in humans.99,100 
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Fig. 2. Gadolinium MRI contrast agents. 

 

2.3. Metal complexes as therapeutic agents 

2.3.1. Gold antiarthritic drugs 
Gold complexes act over the immune system, although the mechanism of action is not 

totally understood.80,101,102 

Au(I) complexes are currently in use for treating rheumatoid arthritis. These Gold 

complexes include the water-soluble sodium aurothiomalate (Myocrisin), 

aurothioglucose (Solganol) and sodium aurothiopropanol sulfonate (Allochrysine) (Fig. 

3).103 These Au(I) thiolate derivatives have complex structures in solution, forming 

chains and rings, with sulphur atoms bridging metal centers.104,105 

 

 
Fig. 3. Injectable antiarthritic gold drugs. 

 

Gold antiarthritic complex in clinical use auranofin (Ridaura) (Fig. 4) is the first example 

of a drug that contains a phosphine. Auranofin has some interesting properties: it is 

able to inhibit cathepsins K and S (proteases that are able to destroy joint tissue), it is 

highly cytotoxic to cancer cells in culture and it is active against psoriasis.106,107,108 
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Fig. 4. Oral antiarthritic gold drug auranofin. 

 

[Au(CN)2]- is a common metabolite that is present in urine and plasma of patients 

treated with gold complexes. This metabolite, easily enters the cells and it is able to 

inhibit the oxidative burst of white blood cells. Hence, it is thought to be an active 

metabolite of the gold drugs.109 

 

2.3.2. Antimicrobial and antiviral agents 
Bismuth compounds have been used in medicine for over 200 years, for a wide variety 

of clinical applications mainly because of their low toxicity. However, recent interest is 

focused in the antimicrobial activity of Bi(III).110,111,112  

The best known examples are the citrate complexes, whose structure is based in 

dimeric units like [(cit)BiBi(cit)]2− (cit is tetradeprotonated citric acid) (Fig. 5), These 

oligomers have an important antiulcer activity in the treatment of Helicobacter pylori, 

as they are deposited on the surface of the ulcers, covering them.113,114 

 

 
Fig. 5. Citric acid and dimeric Bi(III) citrate complex. 

 

Antimicrobial activity of Ag(I) ions is well known although the mechanism of action is 

not completely understood. It seems that is related to targeting some enzymes which 

are involved in the biosynthesis of the cell wall. The silver sulfadiazine (Ag(I)) (Fig. 6) is 

a polymeric insoluble complex used clinically as antibacterial agent (also has antifungal 

properties) for treating severe burn wounds, that are easy to become infected.115 
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Fig. 6. Antibacterial silver sulfadiazine. 

 

It is worth noting, that metal complexation can increase the efficacy of organic 

antiparasitic drugs. Following this feature, ferroquine (Fig. 7), the ferrocene conjugate 

of chloroquine, has been developed for treating malaria, showing really interesting 

results.116,117 

 

 
Fig. 7. Antimalarial agents chloroquine and ferroquine. 

 

There are several metal complexes displaying antiviral activity. Thus, bismacrocycle 

xylyl-bicyclam AMD3100, as well as the Zn(II) bicyclam complex (Fig. 8), are able to 

block the early stages of the replication of the human immunodeficiency virus (HIV) and 

block its entry into the cells by interacting with the co-receptor protein CXCR4. 

However, AMD3100 has important side-effects, so its use for treating AIDS has been 

stopped.118,119 But the interest in this drug is still alive because of its ability to mobilize 

stem cells, being approved for this purpose in 2008.120 
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Fig. 8. HIV inhibitors AMD3100 and Zn(II) bicyclam complex. 

 

Aurocyanide, [Au(CN)2]−, a natural metabolite of gold antiarthritic drugs, is able to 

inhibit proliferation of HIV in white blood cells even at low concentrations (20 nM), so 

it might be useful in combined therapies against AIDS.121  

Another interesting complex with anti HIV-1 activity is the VIVO-porphyrin complex 

functionalized with an aminosulfonyl group (Fig. 9). This compound is able to inhibit 

the HIV-1 replication in Hut/CCR5 cells even at low concentrations (5μM).122,123 

 

 
Fig. 9. HIV-1 inhibitor VIVO-porphyrin complex. 

 

2.3.3. Insulin mimetics 
Drugs with low toxicity that can mimic the effects of insulin (insulin mimetics) can be 

an interesting option for treating diabetes. Some vanadium124 and chromium125 

complexes are under study for this purpose. 

Oxo vanadium complexes of both oxidation states, 4 (vanadate) and 5 (vanadyl), are 

able to stimulate the synthesis, uptake and oxidation of glucose. They are sometimes 

described as insulin-enhancing agents. The complex Bis(maltolato)oxovanadium (IV) 

(BMOV) (Fig. 10), acts lowering the plasma glucose levels. Its analogue 
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bis(ethylmaltolato)oxovanadium (IV) (BEOV) (Fig. 10) has completed Phase I of clinical 

trials,80,124,126 and another maltol analogue, bis(isopropylmaltolato)oxovanadium (IV) 

(BIOV) (Fig. 10), is more active than BMOV without significant toxicity in trials.127 It is 

important to mention that the mechanism of action of these compounds is not totally 

clear and it is also not clear whether V(IV) or V(V) is the active species in insulin 

mimetics.128 

 

 
Fig. 10. Maltolate oxovanadium insulin mimetics. 

 

Chromium, which is an essential element, improves the action of insulin and it has been 

found that patients with type 2 diabetes have lower levels of chromium in blood. 

Moreover, it affects the metabolism of lipids, proteins and carbohydrates. The widely 

used weight-loss supplement chromium picolinate ([CrIII(picolinate)3]) (Fig. 11) is able 

to reduce fructosamine and glucose levels in patients affected by diabetes of type 2. 

and to lower the insulin resistance and hyperglycemia.125,129 

 

 
Fig. 11. Chromium picolinate complex. 
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2.3.4. Cardiovascular system 
The Fe(II) complex sodium nitroprusside (Fig. 12), which is the only metal-nitrosyl 

complex used medically, is used to reduce blood pressure. Its hypotensive effect is very 

effective and fast, allowing to achieve the desired blood pressure in one or two 

minutes.130 Moreover, it is useful for emergency hypertension, heart attacks, and 

surgery.131,132 Its mechanism of action is based on the release of nitric oxide (NO) which 

is able to cause the relaxation of vascular smooth muscle; it is thought that the 

mechanism in vivo involves the reduction to [Fe(CN)5(NO)]3-, then the release of a 

cyanide anion to produce ([Fe(CN)4(NO)]2-) and finally the release of nitric oxide.133,134 

 

 
Fig. 12. Sodium nitroprusside Fe(II) complex and JM1226. 

 

Ruthenium complexes like K[Ru(Hedta)Cl] (JM1226) (Fig. 12) have been suggested as 

nitric oxide scavengers with the aim of controlling its levels in medical applications. For 

instance, to improve the poor response of artery vasoconstrictor drugs, an important 

fact when treating septic shock, which is related with a dangerous low arterial 

pressure.135 

 

2.3.5. Anticancer agents 

2.3.5.1. Platinum anticancer agents 

Platinum drugs are the most successful metal anticancer drugs, with several complex 

being used in the clinic.136 Cisplatin (cis-diamminedichloroplatinum(II)) (Fig. 13) is the 

most employed.137 Cisplatin was first synthesized in 1844, but its anticancer properties 

were not discovered until 1965 (Rosenberg).138 Cisplatin is very effective for treating 

ovarian carcinoma and testicular cancer, and is also used for treating head and neck, 

lung, bladder and cervical cancer among others.137 

Cisplatin is administered intravenously in saline media, because it readily suffers 

aquation (hydrolysis) in aqueous and low chloride media.139 In plasma, the dominant 
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species of cisplatin are the dichloro and the chloro-hydroxo species. Whereas in cell 

nucleus and cytoplasm, where chloride concentration is lower, there is a higher 

concentration of the aqua species. Thus, the aquation occurs easily inside cells and this 

is very important, because the aqua species are more reactive than cisplatin and can 

bind the DNA.140 However, these species are also more damaging to kidney.141 

The major target site of cisplatin in DNA is N7 of guanine, because it is the electron 

richest site on the DNA molecule. This is the easiest position to oxidize, and it is also 

easily accessible (located in the major groove of B-DNA) for cisplatin.139,140,142 Other 

important binding site is N7 of adenine.136,139 These binding sites are located in the 

dinucleotide sequences GG and AG, so the main intrastrand adducts formed are 1,2-

d(GG), 1,2-d(AG)143 and 1,3-d(GG),144 respectively. The formation of these adducts 

causes major structural changes in DNA (it causes DNA to kink) which leads to the arrest 

of the replication, the inhibition of the transcription, the arrest of the cell cycle, and 

finally, the cell death by apoptosis.137,144 Interstrand adducts (1,3-d(GG)) are rarer, but 

are also important for cytotoxicity.145 

Cisplatin toxicity and side effects (peripheral neuropathy, nephrotoxicity, ototoxicity…) 

spurred the interest in developing new platinum based drugs active against more 

cancer types (breast, lung, colon…), and which are not cross-resistant to cisplatin in 

treatments extended in time.146,147 

In this regard, it is important to consider the 3 main structural features related to the 

activity of platinum drugs: they are neutral in charge, they have square-planar Pt(II) or 

octahedral Pt(IV) geometries bearing two monodentate N ligands or one bidentate 

diamine (the amines have to be primary or secondary), and they have two 

monodentate leaving groups or one bidentate leaving group, like Cl− or carboxylate, 

which are reactive enough without being excessively reactive.146,147,148 

The second clinically approved drug was carboplatin (cis-diamine[1,1-

cyclobutanedicarboxylato]platinum(II)) (Fig. 13). Carboplatin differs from cisplatin in 

the fact that it has a bidentate dicarboxylate ligand (CycloButane DiCarboxylic Acid, 

CBDCA) instead of the two chloride ligands. It is used for treating a wide variety of 

cancers which include lung, head and neck, ovarian and brain cancer, and 

neuroblastoma. It can also be used for treating testicular cancer, but is less effective 

than cisplatin for this purpose. The main benefits of carboplatin, compared with 

cisplatin, are that it is less toxic and less reactive, so the side effects are reduced. 

Nephrotoxic (kidney poisoning) effects are not present in the treatment with 

carboplatin and nausea and vomiting are weaker.147,148,149 

Nedaplatin (Cis-Diammine(Glycolato)platinum(II)) (Fig. 13), also has a chelated ligand 

(a glycolate) instead of the chlorides that possess cisplatin. It was approved for clinical 
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use in Japan in 1995 (the only country where it has been approved so far) for treating 

oesophageal, ovarian, cervical, head and neck, testicular and NSCLC. Nedaplatin causes 

less nephrotoxicity than cisplatin, but other adverse effects like nausea and vomiting, 

and mild peripheral neuropathy can appear during the treatment. Also, the ototoxicity 

(loss of high frequency hearing) is similar to the one caused by cisplatin. Like cisplatin 

and carboplatin, nedaplatin is administered with intravenous injections.147,148,150 

 

 
Fig. 13. Cisplatin, carboplatin and nedaplatin. 

 

The complexes with the bidentate ligand 1,2-diaminocyclohexane (dach) are usually 

active against cancer cells with cisplatin resistance. Based on this, the third generation 

platinum anticancer drug oxaliplatin ((trans-R,R-1,2-

diaminocyclohexaneoxalato)platinum(II)) (Fig. 14) was designed. Structurally, 

oxaliplatin has a bidentate 1,2-diaminocyclohexane instead of the two monodentate 

ammine ligands seen in the platinum compounds above. Its clinical use was approved 

in 2002 for treating colorectal cancer in combination with 5-fluorouracil. It has several 

advantages compared with cisplatin and carboplatin: (a) it has a higher cytotoxicity and 

DNA synthesis inhibition, (b) it is active against cisplatin resistant cancer cells and it is 

less nephrotoxic.147,148,151 

Picoplatin (cis-(2-methylpyridine)(ammine)dichloroplatinum(II)) (Fig. 14) has very 

similar structure to cisplatin; the only difference is the substitution of one of the 

ammine ligands for 2-methylpyridine (2-picoline). It reacts slower than cisplatin due to 

the slower aquation of the chloride ligand cis to 2-picoline (2-5 times slower). This 

occurs because the steric effect of the methyl group, which difficult the attack on 

platinum. Picoplatin is in phase III clinical trials for SCLC, colorectal and prostate cancer; 

it has proved to be active against platinum-sensitive, -resistant, and -refractory cancer 

cells without significant nephrotoxicity and neurotoxicity.148,152 
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Fig. 14. Oxaliplatin and picoplatin. 

Other examples of third generation anticancer platinum compounds include lobaplatin 

(1,2-diamino-methyl-cyclobutaneplatinum(II)-lactate) and heptaplatin (cis-

malonato[(4R,5R)-4,5-bis(aminomethyl)-1,3-dioxolane] platinum(II)) (Fig. 15). These 

complexes are approved for its clinical use in China, Japan and South Korea. The 

structure of these compounds differs from that of cisplatin in the fact that they have a 

bidentate diamine derivative instead of the two monodentate amine ligands and a 

bidentate lactate group (lobaplatin) or a dicarboxylate group (heptaplatin) instead of 

the two chlorides; the substitution of de chlorides for the carboxylates makes the 

complexes less reactive and so less toxic.147,148 Lobaplatin is a mixture in an 

approximately 1:1 proportion of the two diastereoisomers SSS (LP-D1) and RRS (LP-D2), 

and it is approved for the treatment of chronic myeloid leukemia and NSCLC.147,148,153 

Heptaplatin is effective against cisplatin resistant gastric cancer cells, showing a low 

nephrotoxicity compared to cisplatin, so it is used for this purpose. Also, it seems to be 

active against colorectal and NSCLC.147,148,154 

 

 
Fig. 15. Lobaplatin and heptaplatin. 

 

Platinum(IV) octahedral complexes are more inert than their analogues of platinum(II) 

and offer more design options, due to the two additional coordination sites. These 

Pt(IV) compounds are reduced to Pt(II) in vivo by the action of reductants like thiols or 

ascorbate.155,156 

Satraplatin (bis(acetato)amminedichlorocyclohexylamine platinum(IV)) (Fig. 16) is a 

fourth generation platinum complex. It presents an octahedral structure with two 

chlorides, two monodentate acetates, one ammonia ligand and one cyclohexylamine 

ligand. Its mechanism of action is similar to that of cisplatin, it binds to the DNA 

molecule of cancer cells, making them unable to divide. It has activity against cisplatin 

resistant cancers like ovarian, prostate and SCLC, being preregistered in Europe for the 
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treatment of prostate cancer and in phase II/III in Europe and USA for other cancers. It 

is worth to mention that Satraplatin is an oral drug.147,148,157 

 

 
Fig. 16. Satraplatin. 

 

A new type of potential platinum anticancer drugs are the multinuclear platinum 

complexes. These compounds act by an interstrand DNA cross-linking mechanism. 

Being positively charged, these compounds have an important increased uptake 

compared with cisplatin and suitable drug delivery methods are being explored. 

Examples of this type of drugs include BBR3464 (trinuclear) and BBR3571 (dinuclear) 

(Fig. 17). Both compounds can induce cell cycle arrest in the G2/M phase without 

causing cell death (cisplatin causes apoptosis).158 

 

 
Fig. 17. BBR3464 and BBR3571. 

 



Cancer through the history, metals in medicine and photodynamic theraphy (PDT) 

 

87 

Another BBR dinuclear compound, BBR3610 (CT-3610) (Fig. 18 induces apoptosis via a 

caspase 8-dependent mechanism, being more cytotoxic than cisplatin, oxaliplatin and 

BBR3464 on several colon and rectal cancer cell lines.159,160 

 

 
Fig. 18. BBR3610. 

 

2.3.5.2. Other metal-based anticancer agents 

The tetrahedral titanium(IV) complex titanocene dichloride, [TiCp2Cl2] (Fig. 19), has 

shown good activity against breast, lung, and gastrointestinal cancers in mice, even 

though this has not been confirmed in humans yet.161,162 

Variations in the ligands lead to Titanocene Y (bis-[(p-methoxybenzyl)cyclopentadienyl] 

titanium dichloride) and Titanocene Z ([1,2-di(cyclopentadienyl)-1,2-bis(3´,5´-

dimethoxyphenyl)-ethanediyl] (Fig. 19). Titanocene Y shows specific activity against 

renal cancer cells,163,164 whereas Titanocene Z is used for treating advanced prostate 

cancer.165 The mechanism of action of titanocenes is not clear. It is known that they lose 

both chloride ligands in two steps (the first one faster than the second),166 but it is not 

clear which is the primary target of the titanocenes: they can bind to the phosphate 

groups of the DNA or to some proteins like transferrin (Fe(III) transport protein), 

interfering with iron biochemistry. However, they could also bind to other 

biomolecules.167,168 

 

 
Fig. 19. Titanium anticancer agents. 
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Ruthenium complexes are gaining interest in medicinal chemistry, for example, the 

octahedral Ru(III) complexes cis-[RuCl2(NH3)4]Cl and fac-[RuCl3(NH3)3] (Fig. 20) have an 

important anticancer activity, although their low solubility has prevented their clinical 

use.169 Ru(III) complexes with imidazole or indazole are also interesting for cancer 

treatment.170,171 An example is NAMI-A,((ImH)[trans-RuIIICl4(Me2SO)(Im)])) (Fig. 20), 

which entered clinical trials in 2000, being the first ruthenium complex to achieve it. 

This complex is not very toxic to cancer cells, but prevents metastasis.172,173 The second 

ruthenium compound to reach clinical trials (2003), is KP1019 ((IndH)[trans-

RuIIICl4(Ind)2]) (Fig. 21), which has shown interesting results against colon carcinomas 

with low toxicities.174 Its mechanism of action is based on mitochondrial mediated 

apoptosis, being effective against primary and secondary tumours.175 

 

 
Fig. 20. cis-[RuCl2(NH3)4]Cl, fac-[RuCl3(NH3)3] and Nami-A. 

 

The mechanism of action of these Ru(III) compounds is complex and involves several 

steps and possibilities, which are not totally clear up to date. In a first step, the 

complexes suffer aquation and in the second, the Ru(III) is reduced to Ru(II) (tumours 

are hypoxic and contain reductants like thiols). The formation of Ru(II) weakens the 

bonds between the metal and the σ-donor ligands, which promotes ligand substitution 

reactions. Ruthenium, both (II) and (III), binds to DNA (preferently to G-N7). Ru(III) also 

binds to proteins like transferrin (a Fe(III) transport protein), so maybe, part of the 

activity of these compounds can be related to interfering with the biochemistry of iron 

in cancer cells, which is needed for cell division. Also, it is important to note that Ru–

transferrin complexes show anticancer activity by themselves.176,177,178 
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Fig. 21. KP1019 and [(η6-bip)Ru(en)Cl]+. 

 

Another type of structure of ruthenium anticancer complexes is the one known as 

“piano-stool” or “half-sandwich”. A paradigmatic example of this type of Ru(II) 

compounds is [(η6-arene)Ru(en)Cl]+ (en=ethylenediamine), which is shown in Fig. 21 

with a biphenyl as the arene. The chloride bonded to the ruthenium atom in these 

compounds suffers aquation easily.179 The mechanism of these complexes is based on 

their capacity to bind to DNA through N7 of Guanine, and also, by hydrogen bonding 

from NH of ethylenediamine to OC6 of G. Moreover, if the arene is big enough, like a 

biphenyl or a tetrehydroanthracene, arene-purine base stacking is also possible, and 

therefore a dual interaction mode can take place, namely, covalent binding plus 

intercalation into DNA.180,181 

The Au(III) compounds are isostructural (square planar) and isoelectronic (5d8) with 

Pt(II) compounds. Nevertheless, they suffer a faster ligand substitution and their 

reduction potentials are higher; this can be seen with the gold analogue of cisplatin, 

which is excessively reactive and is quickly reduced. However, there are also more 

stable Au(III) complexes with anticancer activity, which are achieved with a design that 

includes strong σ-donors and rigid ligand scaffolds.182 An example is the Au(III) 

porphyrin complex [Au(TPP)Cl] (Fig. 22), which has shown a high efficacy against several 

cancer cell lines, even versus those resistant to cisplatin and multidrug treatments. 

Also, it is important to consider its selectivity toward cancer cells, causing a very low 

toxicity to normal cell compared to cancer cells. It is thought that the complex acts by 

a mechanism based on the release of cytochrome c, which causes the activation of 

caspases, which subsequently, triggers an apoptotic cell death.183,184 
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Fig. 22. Au(III) porphyrin complex [Au (TPP)Cl]. 

 

Square planar Rh(I) complexes, as for instance, the rhodium cyclooctadiene derivative 

(Fig. 23) and Rh(III) analogues of the Ru compounds discussed before, had shown 

anticancer activity.185,186,187 Moreover, rhodium(II) propionate, [Rh2(prop)4], and its 

anologues with nicotinate (nic) and isonicotinate (isonic), [Rh2(prop)4(nic)2]2- and 

[Rh2(prop)4(isonic)2]2- show good antitumour activity against the Ehrlich ascites 

tumours.188 

There are iridium compounds with anticancer activity such as the “half-sandwich” Ir(III) 

analogues of the above-mentioned Ru(II) arene-complexes. The iridium derivatives 

typically exhibit three different ligands: the Cp* (1,2,3,4,5-

pentamethylcyclopentadiene), a bidentate diamine and a chloride.189,190 Another type 

of biologically active Ir(III) complexes are the polypyridyl iridium complexes of the 

general formula fac-[IrCl3(DMSO)(L^L)] (L^L can be a 2,2′-bipyridine, 1,10-

phenanthroline, 1,8-Bis(diphenylphosphino)naphthalene, etc). These compounds have 

shown to be active against breast cancer and colon carcinoma cells; a representation 

of this type of compounds with a phenanthroline as the polypyridyl ligand can be seen 

in Fig. 23.191  
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Fig. 23. Rhodium cyclooctadiene derivative and fac-[IrCl3(DMSO)(phen)]. 

 

Some Cu(I) and Cu(II) compounds have also anticancer properties against various types 

of cancers like colon, breast, prostate and lung cancer. Examples of these are the 

phenanthroline and thiosemicarbazone derivatives (A and B in Fig. 24).192,193 Cobalt(III) 

compounds of the type alkylcobalt, like the one showed in Fig. 24, can be used like 

precursors for generating alkyl radicals, which are able to damage DNA. This opens the 

door to a new type of strategy for the design of anticancer drugs.194 

 

 
Fig. 24. Cu-phenanthroline (A) and -thiosemicarbazone (B) derivatives, and alkylcobalt type compound (C). 

 

Fe(II) complexes are also a promising class of anticancer drugs. For instance, ferrocene 

derivatives with tamoxifen based ligands such as hydroxyferrocifens are very active 

against hormone-dependent and hormone-independent breast cancers. Coordinating 

the organic ligand to a metal has an important enhancing effect in the biological 

activity, and the iron complex is active even against breast cancer cell lines (MDA-

MB321) for which tamoxifen or its derivatives like hydroxytamoxifen are inactive.195,196 

Finally, it is also worth mentioning that Ni(II) compounds with Schiff bases as ligands 

feature high capacity to inhibit telomerase, which finally leads to the inhibition of the 

cell division of cancerous cells itself.197 An example of this type of drugs is shown in Fig. 

25. 
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Fig. 25. Hydroxyferrocifen and telomerase inhibiting Ni(II) complex.  

 

3. Photodynamic therapy (PDT) 
3.1. Historical development of photodynamic therapy 
The therapeutic effect of light has been known since 3000 years ago. Ancient 

civilizations like the Egyptian, Indian and Chinese used it, combined with reactive 

chemicals (mainly some plant extracts) in most cases, for treating several diseases like 

psoriasis, vitiligo and skin cancer.198,199 

In the second half of the 19th century, the interest in heliotherapy (therapy based in the 

patient exposure to sunlight for treating skin conditions) grew.200 In 1877 Downes and 

Blunt discovered that sunlight was able to kill anthrax bacilli,201 and in 1890, Palm 

suggested that sun light could help treating rachitis, but he was ignored (it was only in 

1919 when phototherapy started to be used for treating rickets).202 Also in 1890, König 

presented the results he obtained in the treatment of peritoneal tuberculosis with sun 

exposure.203 By the end of the 19th century, people started to perceive that UV rays 

from the sun were the most important wavelengths for therapeutic purposes. This 

prompted the use of artificial light sources and filtered solar radiation.201 

In 1893, Niels Finsen used filtered sunlight for treating lupus vulgaris, opening a new 

avenue for medicine, and in 1894 Lahmann constructed and used a carbon arc lamp, 

combined with a parabolic mirror, to heal patients suffering from lupus vulgaris in the 

nose. With these advances, heliotherapy started to be surpassed by phototherapy.201 

The first book devoted to phototherapy (Die Heilkraft des Lichtes) was published in 

1898 by Willibald Gebhardt. This book gathers the methods and equipment for treating 
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through phototherapy a variety of diseases such as lupus vulgaris, prurigo, psoriasis, 

leprosy, acne, syphilis and pellagra.204  

In 1901, Niels Finsen published the results obtained from treating lupus vulgaris with 

UV radiation from a carbon arc lamp, which made/allowed him to be rewarded with 

the Nobel prize in 1903.205 At the same period of time, in 1900, Raab, a student of the 

group of Von Tappeiner, found by accident that acridine killed paramecia in the 

presence of day light when he was looking for new antimalarials; observing for the first 

time the so-called photodynamic effect.206 Von Tappeiner thought that fluorescent 

substances could be used along with light for therapeutic purposes, so in 1903, he 

started, along with Jesionek, the first experiments in humans using an eosin dye; the 

study was centred in treating skin diseases (syphilitic, cancerous and tuberculous skin 

conditions) because their easy accessibility.207 In 1904 Von Tappeiner and Jodlbauer 

demonstrated that oxygen was essential in this therapeutic action and coined the term 

photodynamic.208 

In 1908, Hausmann studied the photodynamic effect of hematoporphyrin (Hp)209,210 and 

in 1912, Meyer-Betz made a self-experiment: he injected himself Hp and then 

irradiated his forearm with a Finsen lamp; ulceration appeared in the area of 

irradiation, and even days later, casual exposure to daylight caused a phototoxic 

reaction.211 

There were several studies using Hp for treating psoriasis (in combination with UV 

light)212 and for tumour localization (red fluorescence appears in the tumours due to 

the accumulation of Hp),213,214 with the final aim of using Hp as a photosensitizer for 

treating cancer thanks to its tumour localization.215 But there were several problems 

such as the impurities and the fact that Hp was obtained as a mixture of distinct 

porphyrins, which caused undesired phototoxic reactions and subsequently the use of 

Hp for these purposes was abandoned.216  

In 1955 there was a key discovery in the photodynamic field. Samuel Schwartz achieved 

the isolation of the hematoporphyrin derivative (HpD, later known as Photofrin) by 

acetylation and reduction of hematoporphyrin.217 Then, Lipson used HpD for tumour 

localization in animals and humans,218,219 and, in 1966, he reported for the first time the 

use of HpD combined with light irradiation for breast cancer treatment.220 The term 

photodynamic therapy (PDT) appeared for the first time in 1972.221 In 1978, Dougherty 

reported the first controlled human clinical study in cancer treatment with PDT. In this 

study, dihematoporphyrin-ether (DHE) or HpD in combination with filtered light from a 

xenon arc lamp (600-700 nm) were used on 25 patients for treating cutaneous or 

subcutaneous tumours with good results (111 of the 113 tumours showed complete or 

partial remission). Since this first study, more than 283 clinical trials based on PDT have 

been launched (44 are active nowadays).222  
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In 1993, the first PDT agent, photofrin, was approved. Then, several PDT agents such as 

visudyne, levulan, foscan, etc., were approved.223 All of these agents and the state-of-

the-art of the photodynamic therapy will be discussed later in this section. It is worth 

mentioning, as evidence of the current interest in this area, that in the last two decades 

more than 300 reviews treating the PDT topic have appeared in the literature.224 

 

3.2. Cellular Mechanisms of PDT 
There are 3 main elements, whose individual effects are non-toxic for cells, to be 

considered in photodynamic therapy. These elements are: the photosensitizer (PS), 

light of an adequate wavelength () and the molecular oxygen of the cells (O2). The 

typical PDT process starts with the administration of the PS either topically or by 

injection and its subsequent transport to tissues. Then, the PS is uptaken by cells , 

ideally is in its innocuous form. Once the PS reaches a maximum concentration in the 

vasculature and in the tumour,225,226,227 the cancerous tissue is irradiated with a suitable 

light source. The PS absorbs a photon of this light and is promoted to a singlet excited 

state (1PS*). Then, it suffers a partial relaxation to a triplet excited state (3PS*) by a 

process known as intersystem crossing (ISC).228 3PS* can reduce cellular O2 generating 

the superoxide radical anion O2
•- (hydrogen peroxide H2O2 and hydroxyl radicals •OH 

are also generated) through an electron transfer mechanism or type I mechanism. 

Alternativelly, the 3PS* can interact with the ground state of oxygen to generate singlet 

oxygen 1O2 by energy transfer (ET) (type II mechanism). Singlet oxygen is an 

electronically excited state form of molecular oxygen and is very reactive.229,230 In 

general, all these oxygen species are very reactive, being called as ROS (reactive oxygen 

species), and can damage essential biomolecules like DNA and proteins through 

oxidation reactions, which ultimately can trigger cancer cells death in an efficient and 

selective manner (the mechanism of action in PDT is depicted in Fig. 26).231,232 

 



Cancer through the history, metals in medicine and photodynamic theraphy (PDT) 

 

95 

 
Fig. 26. Mechanism of action in PDT. 

 

Potential advantages of PDT over other treatments are: (a) it is a localized therapy, only 

affecting the area of interest thanks to the application of directed light and the selective 

accumulation of the PS in the tumour, (b) the cytotoxic mechanism of action does not 

damage connective tissues, (c) the possibility of repeating the treatment multiple 

times, (d) the fact that PDT inhibits the drug resistance mechanisms and (e) the 

activation of immunological responses caused by PDT, which makes it an interesting 

option for its use in combined therapies along with immunotherapy.225,233 

 

3.3. Requirements for the photosensitizers (PS) 
The following requirements are critical for PSs used in PDT: 

- Non-toxic soluble counterion: this requirement is mainly for metallic complexes used 

in PDT, which are positively charged. The counterion has an effect over the solubility of 

the complex, and a poor water solubility can cause the formation of colloids and 

nanoaggregates and decrease the cellular uptake.234,235 Hexafluorophosphate (PF6
−) is a 

widely spread counterion for this type of compounds, because it facilitates the isolation 

of the products and it is non-toxic, but it has the important drawback of its low solubility 

in water, which can affect negatively the biological activity of the complex. To 

overcome this, chloride ion (Cl−) is an interesting alternative as counterion for biological 

studies.236,237 

- High absorption in the visible range: the absorption is a key parameter for PDT 

because it determines the excitation window for the PS. The wavelength of the 

irradiation source affects the penetration depth of the light across the tissues. So, while 

for topical applications visible light of short wavelengths is used, for treatments where 

the target tissues are deeper, longer wavelengths, in the so-called therapeutic window 
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(600-900 nm), are needed. Red light is the most common light used for PDT, because it 

possesses the longest wavelength (618-780 nm) in the visible spectrum. Also, it is 

important to note that PSs must possess large molar extinction coefficients () for the 

wavelengths of interest. The best and most used light sources for PDT in clinical 

applications are diode lasers and LED array lasers.238,239 

- Long excited state lifetime: as seen before, when 1PS* undergoes a relaxation by an 

ISC pathway, 3PS* is formed. This triplet excited state is able to interact with oxygen to 

form ROS, generating in this way the photodynamic effect of interest.228,229,230 So, to 

enable this interaction with oxygen, 3PS* needs to be long lived. In this regard, the 

metal core of the complex plays a key role. Alternatively, an easy way to extend the 

lifetime of the excited state of a complex, is to introduce iodide atoms in the ligand to 

take advantage of the heavy atom effect.240 

- Ability to generate reactive oxygen Species: the photocatalytic generation of ROS is 

compulsory for a PS, because these species are responsible for the therapeutic 

phototoxic effect. PSs are distinguished by their mechanism of ROS generation: as 

explained above, type I mechanism, mediated by electron transfer (eT), generates the 

superoxide radical anion O2
•-, and also hydrogen peroxide H2O2 and hydroxyl radicals 

•OH, and type II mechanism, mediated by energy transfer (ET), generates singlet oxygen 
1O2. Most of the PSs used clinically generate ROS by the type II mechanism,241 but 

considering that cancerous tissue usually has a low oxygen concentration (hypoxia), PSs 

that act through O2-independent mechanisms are also desirable for PDT. As it can be 

seen, tumours possess challenging conditions for PSs,242,243 so complexes with high 

singlet oxygen quantum yields (ΦΔ; 20-50 % under normoxia) or high yields for other 

ROS generation are needed to overcome them.241,244 

- High stability and photostability: both stability and photostability are very important 

for PSs.245 The PS has to be stable and avoid degradation in the biological media. The 

metal core of the complex is stable, but the organic moiety can suffer transformations, 

compromising the stability of the whole complex. Moreover, a PS has to be stable upon 

irradiation, which is the moment when ROS are generated. This is more challenging, 

because some complexes that are stable in the dark, decompose easily under light 

irradiation. It is difficult to predict the photostability of the complexes, because small 

changes in the structure can have important effects on their stability.246,247 

- Low dark toxicity: PDT agents are ideally non-toxic in the dark and should not affect 

the functions of the cell, even its metabolic breakdown by-products should be 

innocuous. PDT agents have to be cytotoxic only under light irradiation, through the 

generation of ROS.248 
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- High penetration through three-dimensional cellular architectures: cellular studies are 

good initial models to determine the biological activity of a complex, but they do not 

represent the reality inside the tissue. Many complexes that have an interesting activity 

in a monolayer cell model (2D model) lose their activity when tested in an in vivo model 

(3D model), mainly due to the failure of the drug delivery process.249,250 Multicellular 

spheroids (MCTS) are an interesting model to assay the drug delivery of the 

compounds, being a more accurate approximation to real conditions in the tissues. 

Moreover, MCTS have a hypoxic centre, making them a close approximation to the 

tumours. Using z-stack confocal microscopy it is possible to study the penetration of 

the PSs inside this 3D model. It is worth mentioning that the use of these models does 

not substitute the use of animal models, which present tumours in real conditions.251,252 

- High selectivity for cancer cells/tissue: PDT has intrinsically a first level of selectivity, 

because light activation of the PS allows an spatio-temporal control of its cytotoxic 

activity. But it is interesting to obtain also a second level of selectivity by selective 

accumulation of the PSs in cancer cells. This can be usually obtained through drug 

delivery systems, which are classified into two types: active or passive depending on 

the pathway. In active transport, tumour cells are targeted thanks to specific 

interactions, which are achieved by conjugating to the complex a signalling moiety such 

as a peptide,253,254,255 an oligonucleotide,256,257 a protein,258,259 an antibody260 or others. 

On the other hand, the passive transport takes advantage of the enhanced permeability 

and retention (EPR) effect present in cancer cells.261,262,263 

- Fast clearance from the body: upon selective accumulation into the targeted tissue 

and after the accomplishment of the treatment, a fast clearance of the PS out of the 

body is preferred to prevent patients from suffering photosensitivity.264,265 The PSs 

currently in clinical use are based on a tetrapyrrolic scaffold and exhibit very long 

excretion times, for example photofrin has a half-life time of 452 hours.266 

 

3.4. PDT targets 
3.4.1. Targets at the molecular level 
Cells contain a variety of biomolecules that can be potentially oxidized by the ROS 

generated in the photodynamic process. There are some important factors that 

determine the probability that the generated ROS react with these potential 

substrates: the distance between the PS and the target, the abundance of both PS and 

target and the reaction rate constants for that specific oxidation process. The main 

molecular targets for PDT are: proteins, lipids and nucleic acids.267,268 

-Proteins: They are the main target for PDT, due to their abundance and their high 

reaction rate constants with singlet oxygen (and other ROS). The rate constants are 

very different for each amino acid, depending on the side chains. The most easily 
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oxidized are methionine, cysteine, histidine, tyrosine and tryptophan, so these residues 

are the primary oxidation sites in proteins.269 Regarding the specific transformations 

that they undergo, methionine and cysteine are oxidized to sulfoxides, histidine evolves 

to an endoperoxide which is thermally unstable, tyrosine suffers a phenolic oxidative 

coupling, and tryptophan yields N-formylkynurenine.270 

In the case of the hydroxyl radical (•OH), it reacts with most amino acids at rates 

controlled by diffusion,271 so the damage on proteins depends on the concentration of 

the target amino acid and the reactivity of the products that are formed initially.272 The 

oxidation with •OH causes the formation of the corresponding radical form of the 

amino acid, which then reacts with O2
•- being possible either the regeneration of the 

initial amino acid or the formation of the hydroperoxide derivative of the amino acid 

by the addition of O2
•-.273,274,275 The formation of these hydroperoxides causes protein 

damage by several pathways: it causes the release of Fe from 4Fe-4S clusters, it 

participates in reactions with free radical intermediates, and it generates peroxynitrite 

(ONOO–), which is able to react directly with sulphur containing amino acids or to 

generate the carbonate radical (CO3
•-) which is a strong oxidant itself.276,277 

Apart from the photooxidation of amino acids, other modifications can occur in the 

proteins,278 such as the photo-binding between photosensitizer and protein, as well as 

protein crosslinking, which causes the formation of molecular aggregates.279 Moreover, 

it is important to note that the damage extent over a protein depends not only on the 

amino acids content, but also on the position of vulnerable amino acids, and, therefore, 

the distance (the proximity) between the PS and these sites is a crucial factor.278 

-Lipids: There is a high concentration of unsaturated fatty acids in biomembranes. This 

makes organelles and plasma membranes important targets for singlet oxygen and 

other ROS.280 Moreover, oxygen is very soluble in lipids, which favors the photodynamic 

activity. Radicals can induce lipid peroxidation by hydrogen abstraction, but singlet 

oxygen is far more effective causing oxidative damage. The mechanism of action of 

singlet oxygen is based on its capacity to add directly to the unsaturated fatty acids and 

generate lipid peroxides,281 which in presence of metallic traces decompose into 

peroxyl and alkoxyl radicals.282 These radicals initiate free-radical chain reactions which 

cause the destruction of the biomembranes bilayer.283 So, lipid peroxidation not only 

causes direct damages to the lipids, which affects membrane functions,284 it also causes 

secondary modifications in proteins and nucleotides.285 This can lead to the 

malfunctioning of the cell metabolism and signalling,286,287 which finally causes cell 

death.288 

-Nucleic acids: DNA damage induced by oxidation is one of the main causes of cell death 

triggered by PDT. This can be mediated by one-electron oxidants, O2
• / •OH or 1O2.285,289 

Direct one-electron oxidation happens when a photosensitizer in a triplet excited state 
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abstracts an electron from a nucleobase.290 Guanine is the base that undergoes this 

process more easily, because of its low ionization energy,291 yielding the guanine cation 

radical (G•+). This radical cation can evolve to 2,6-diamino-4-hydroxy-5-

formamidopyrimidine and 8-oxo-7,8-dihydro-2′-deoxyguanosine by one-electron 

oxidation and reduction reactions or to the deprotonated guanine radical, Gua(–H)•, 

which is very reactive and can lead to 2,2,4-triamino-5(2H)-oxazolone by an addition 

reaction with O2
•.291,292 Moreover, G•+ can react with serine, arginine and lysine in 

proteins by a nucleophilic addition, causing DNA-protein cross-links.289 

The hydroxyl radical •OH is the most damaging species generated through the PDT type 

I mechanism, since it can react indiscriminately with all DNA constituents. The hydroxyl 

radical causes base modifications by addition to double bonds, a reaction which 

competes with hydrogen abstraction from the 2-amino group of guanine and methyl 

group of thymine by the hydroxyl radical itself.293 The hydrogen abstraction from the 

DNA backbone causes strand breaks.289,294 

With respect to singlet oxygen, which is very selective regarding DNA modifications.295 

The main target is guanine,293 which is converted into 8-oxo-7,8-dihydro-2′-

deoxyguanosine by a series of reactions.296 1O2 is also able to cause the formation of 

nicks in the DNA by secondary oxidation of 8-oxo-7,8-dihydro-2′-deoxyguanosine, but 

it is not able to cut the DNA backbone, because it cannot react with 2-deoxyribose. 

Finally, singlet oxygen causes an important oxidative stress in the cells, which ultimately 

leads to cell death.295,297 

 

3.4.2. Targets at the cellular level 
The sensitivity of the different cellular compartments to the photo-generated ROS 

differs importantly, so the subcellular distribution of the PSs helps to predict their 

efficacy. The distribution of the PSs in the cells also affects the regulatory pathways of 

the cells and the cell death mechanism.298 

- Lysosomes: Initially, it was thought that lysosomes were the main target for PDT. The 

proposed mechanism for cell death was the disruption of the lysosomal membrane by 

the photo-generated ROS. However, posterior studies demonstrated that even if PSs 

located in the lysosomes can cause cell death, their efficacy is lower than that of PSs 

localized in either mitochondria or other organelles. This could happen because of the 

inactivation of the lysosomal enzymes by the photo-activity of the PSs itself or by the 

inhibition of the enzymes by the cytosolic inhibitors or the cytosolic pH.299 

- Mitochondria: Targeting mitochondria is of special interest in anticancer therapies 

because damaging them and/or inhibiting their function is critical for cell survival 

leading quickly to cell death by apoptosis.300 The photodynamic damage done to the 

mitochondria is a primary event in the chain of events that causes the disruption of the 
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electron transport chain, the collapse of the mitochondrial membrane potential and 

the mitochondrial swelling.301 

- Biomembranes: The efficacy of the activity of a PS is directly related with its capacity 

to interact favourably with the membranes.302 If a PS is able to anchor inside a 

membrane, the triplet excited state of the PS generated after irradiation will be able to 

interact with higher amounts of oxygen to generate more 1O2. Moreover, the 1O2 

generated inside the membrane has more chances to interact with sensitive membrane 

components like polyunsaturated fatty acids. In contrast, a PS located outside the 

membrane (in the cell boundary or in the water environment) will be in contact with 

lower oxygen concentrations, so it will generate less 1O2, and also, more of this singlet 

oxygen will be deactivated before being able to interact with (and oxidize) sensitive 

cellular components.303 Biomembranes have a high complexity and a crucial role in cell 

survival, so it is not a surprise that even a mild oxidation originated in the membrane 

by a PS can cause the loss of the membrane barrier function, the interruption of cell 

signalling cascades and the modification of cell receptors, which finally can cause cell 

death.278,284,304 

- Cytoskeleton: Even if it receives less attention than other cellular targets, cytoskeleton 

is also a very interesting target for PDT. The PSs that are able to interact with non-

polymerized tubulin can cause an important cytotoxic effect. This occurs because these 

PSs, even at low doses, after irradiation, can prevent the polymerization of tubulin, 

causing an effect similar to that of the microtubule function inhibitors.305,306 This leads 

to the formation of micronuclei and giant cells. And also, the accumulation of cells in 

mitosis.299 

 

3.5. Cell death pathways in PDT 
The cell death type caused by PDT varies depending on the PS localization, the quantity 

and the type of ROS produced during the process, because this establishes the extend 

of the oxidative damage.307 It has been observed that the same PS can cause cell death 

by necrosis in normoxic conditions and apoptosis in hypoxic conditions.308 The proposal 

to explain this consists in the fact that under high PDT intensity, enzymes and other 

components of the apoptotic cascade that are essential, are photo-inactivated.309 So, 

sub-lethal damage signals the cell to die by an apoptotic pathway, but lethal damage 

blocks the ATP production, preventing the cell death by apoptosis and obligating the 

cell to die by a necrotic pathway.310,311 

Of special interest is the localization of the PS. If we consider this factor alone, we can 

see that the PSs that target mitochondria usually induce cell death by apoptosis. 

Indeed, apoptosis can be caused not only by the primary ROS generated by the PS, but 

also by the superoxide anion generated as a secondary product because of the photo-
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damage caused on the constituents of the electron transport chain.312 In the case of PSs 

localized in lysosomes, they block, or at least delay, the apoptotic pathway, causing cell 

death by necrosis. For PSs that target the plasma membrane, the cell death mechanism 

depends on the intensity of the oxidative damage: mild damage causes cell death by 

apoptosis, while extensive damage that causes the loss of the integrity of the plasma 

membrane leads to cell death mediated by necrosis. In the case of PSs located in the 

endoplasmic reticulum/Golgi membranes the cell death follows a necrotic 

pathway.298,313,314 

Recent studies have suggested that the cell death pathway caused by PDT is a crucial 

factor in the results of the clinical treatment. Inducing cell death by an apoptotic 

mechanism is usually desirable,315,316 since it lowers side effects, enhances tumour 

control and lessens the morbidity associated to the treatment, without affecting the 

efficacy of the treatment.317,318 

 

3.6. Photosensitizers for PDT 
3.6.1. First generation 
As seen in the historical development (section 3.1.), hematoporphyrin and its 

derivatives were the first studied PSs.209,210,217 After them, by further purification of 

hematoporphyrin, photofrin was obtained, which was the first approved PDT agent 

(1993).318 Nevertheless, they have several drawbacks such as poor chemical purity and 

tissue selectivity, short excitation wavelengths, long clearance times from the body and 

the resulting photosensitivity after treatment.319,320 

 

Photofrin 

Photofrin (Porfimer sodium) (Fig. 27) is still in use for treating bladder, lung and cervical 

cancers, as well as NSCLC.321,322,323 Photofrin is administered intravenously and 

irradiated with laser light of 630 nm for its activation.324 
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Fig. 27. Photofrin. 

 

3.6.2. Second generation 
The second-generation PSs possess a higher purity, they absorb light of longer 

wavelengths (the use of a more penetrating light improves the efficacy of the treatment 

and allows to access deeper tissues), they are cleared from the body faster and cause 

less photosensitivity and they are more selective towards cancer cells. Most of the PSs 

of second generation are based on the structures of Porphyrin and Chlorin (Fig. 28) and 

were designed to target mitochondria. This generation of PSs has been developed for 

several decades and includes compounds as Temoporfin (Foscan or Biolitec), Motexafin 

lutetium (Lutrin or Lutex), Palladium bacteriopheophorbide (Tookad), purpurins 

(Purlytin) and Verteporfin (Visudyne).325,326,327 

 

 
Fig. 28. Porphyrin and Chlorin. 

 

Related with this aim of improving the properties of the PSs, it is worth mentioning the 

use of metals. Compared with organic drugs, metals can offer important advantages 

like more structural diversity, a broader variety of oxidation states, more stability (both 
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chemical and photophysical), better photophysical properties (absorbance at longer 

wavelengths, longer lifetimes for the excited state and higher quantum yields), greater 

solubility and a higher production of ROS among others. So, it is not a surprise that an 

important amount of PSs developed after the first generation are metal-based.328,329 

 

Lutex and Xcytrin 

Lutex (Motexafin lutetium) (Fig. 29) is a second-generation porphyrin-based PS used 

for the treatment of prostate cancer. Thanks to the macrocyclic modification it can 

absorb at longer wavelengths than the PSs seen before. It is irradiated with light of 730-

770 nm for its activation. It is usually administered by an intramuscular injection or by 

a suppository. Recent studies have proved that higher doses of Lutex are more efficient 

than lower doses, which can be related to the PDT-induced photobleaching observed 

for LUTEX in prostate cancer treatment.330,331 

 

 
Fig. 29. Lutex and Xcytrin. 

 

An analogue of Lutex, which has a gadolinium(III) ion instead of the lutetium(III) cation, 

known as Motexafin gadolinium or Xcytrin (Fig. 29), is also used as a PS. This PS, which 

is administerd intravenously, is used for treating brain metastasis and lung 

cancer.332,333,334 

 

Tookad soluble 

Tookad souble (Palladium bacteriopheophorbide) (Fig. 30) is a second-generation PS 

used for vascular targeted PDT.335,336 This PS is accumulated selectively in the blood 

vessels of the tumours, where it stays until it causes the phototoxic damage and 

destroys the tumour, then being quickly cleared from the body.328 For its activation, it 

is irradiated with light of 753 nm, allowing deep tissue penetration. After activation, 

Tookad soluble experiments a systemic circulation, causing an intravascular generation 

of O2
• and •OH which kills cancer cells; it has been observed that there are no serious 



Part 1. Ir(III) and Rh(III) tris-chelate complexes for photodynamic theraphy (PDT) 

 

104 

negative effects due to the treatment.337,338 Tookad soluble has been used for prostate 

cancer in phase II and III, being approved for use in 31 European countries, Israel, and 

Mexico.324 

 

 
Fig. 30. Tookad soluble. 

 

Levulan 

Levulan (5-Aminolaevulinic acid or ALA) (Fig. 31) is a prodrug used for imaging and 

treating superficial cancers, being approved for treating actinic keratosis in Europe and 

United States, and in clinical trials for head and neck tumours, basal-cell carcinoma and 

gynaecological tumours. Levulan is not a PS by itself, but is a crucial precursor in the 

biosynthesis of heme or haem (Fig. 31), which is a naturally occurring porphyrin that is 

a structural component of some haemoproteins like haemoglobin and myoglobin. 

Naturally occurring ALA is produced from succinyl-CoA and glycine in the mitochondria 

and yields to protoporphyrin IX (PPIX) (Fig. 31) by several enzymatic steps, which then 

leads to the formation of haem by coordination of an iron ion to the PPIX. It is important 

to notice, that haem is not a good PS, because the coordination of the paramagnetic 

iron ion causes an important decrease in its excited state lifetime. However, PPIX itself 

is a good PS, so the key for using it for a clinical treatment is administering Levulan to 

the patients, due to the fact that when there is a high concentration of PPIX in the 

organism a significant fraction is not converted into haem.339,340,341 
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Fig. 31. ALA, PPIX and Haem. 

 

Some other second-generation PSs are collected in Fig. 32:328,342 

 
Fig. 32. Second generation PSs. 
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3.6.3. Third generation photosensitizers 
In this section, some new PSs that improve the results of the past PSs will be 

discussed.223,343,344 Regarding these PSs, it is important to note, that I will focus on Ir(III) 

and Ru(II) trischelate complexes, because this type of compounds are closely related to 

those described in our work.  

Redaporfin (LUZ111) (Fig. 33), is a third generation PS based in the bacteriochlorin 

scaffold currently in phase II trials for advanced head and neck cancer. This PS allows a 

better tissue penetration and has a higher efficacy than second generation PSs. It also 

has a very efficient ROS generation. It is worth mentioning that Redaporfin, which is 

administered intravenously and activated with NIR light of 749 nm, causes 

phototoxicity by both type I and type II mechanisms, overcoming through this way the 

drawbacks associated with the hypoxic conditions of certain tumours.345,346 Other 

interesting facts are that Redaporfin targets both the Golgi apparatus and the 

endoplasmic reticulum, and more interestingly, that Redaporfin is able to cause cancer 

cells death by two mechanisms: the typical antineoplastic effect and the immune 

system dependent cancer cell destruction. This occurs because Redaporfin is able to 

induce T cells activation against the cancer cells, which makes it a potential drug to use 

in combined therapies along with immune checkpoint inhibitors.347 

 

 
Fig. 33. Redaporfin. 

 

In 2015, Redaporfin received the orphan drug designation (a drug that is not developed 

by the pharmaceutical industry by itself because it treats an uncommon illness, being 

not profitable, but which is developed with government grants due to its interest for 
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the public health) by EMA (European Medicines Agency) for the treatment of biliary 

tract cancer.348 

 

PS based on iridium(III) complexes 

The tris-chelate Ir(III) complex bearing two 2-phenylpyridinates as bis-cyclometalated 

ligands and one 1,10-Methylenebis(3-butyl-1H-imidazol-3-ium) as the ancillary ligand 

(Fig. 34) showed an outstanding photocytotoxicity index (3488) obtained for A549R 

cells after irradiation with a 365 nm light source. This complex was tested in several 

cancer cell lines like HeLa (human cervical cancer), A549 (human pulmonary 

carcinoma), A549R (cisplatin-resistant A549), showing better results in the dark than 

cisplatin even in cisplatin-resistant cells, being also more selective against cancer cells. 

Moreover, it is interesting to comment that this complex targets mitochondria 

specifically and activates the apoptotic cell death mechanism without causing cell cycle 

arrest.349 

 

 
Fig. 34. Iridium(III) bis-N-heterocyclic carbene complex. 

 

The tris-chelate Ir(III) complex with two N,N-diphenyl-4-(quinolin-2-yl)aniline as the bis-

cyclometalated ligands and one 2-(pyridin-2-yl)pyrimidine derivative with a 

hexyltriphenylphosphine pendant as the ancillary ligand (Fig. 35) was shown to 

selectively accumulate in the mitochondria.  This complex showed no toxicity in the 

dark in HeLa cells (human cervical cancer), but caused an important cytotoxic response 

after irradiation at 475 nm even under hypoxic conditions. This result is of special 

interest, because the hypoxic conditions of the tumours are one of the main drawbacks 

found in PDT, and it is difficult to overcome.350 
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Fig. 35. Iridium(III) hexyltriphenylphosphine complex. 

 

The iridium(III) quinolin-naphtoimidazole complex shown in Fig. 36 was designed to  

target specifically lysosomes. This derivative is more efficient in the singlet oxygen 

production in acidic media, like the one found in the lysosomes (pH 4.5-5.5), than in 

neutral media. Moreover, this PS shows no dark toxicity in the cell lines in which it has 

been tested (HeLa, A549, A549R), but it shows an important photocytotoxicity in all of 

them after activation with a 425 nm light, providing the best results in HeLa cells (PI 

476). This PS causes cell death by a caspase-dependent apoptosis mechanism. 

Moreover, it is worth mentioning that this complex shows anti-metastatic activity.351 

 

 
Fig. 36. Iridium(III) quinolin-naphtolimidazole complex. 

 

Ir(III) half-sandwich complexes are scarce as PS because most of them are non-emissive. 

Nevertheless, The Ir(III) complex with Cp* (1,2,3,4,5-pentamethylcyclopentadienyl), 

lidocaine and 4′-(pyren-10-yl)ethynyl-4-cyanamidobiphenyl as ligands (Fig. 37). has 

some interesting properties to be used as a PDT agent. This PS exhibits a high water 

solubility, is photo-stable, has a good cellular uptake, possesses a high singlet oxygen 
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generation capacity and has a low dark toxicity in HeLa cells, but on the contrary is very 

cytotoxic upon irradiation at 450 nm (PI 417). Moreover, this complex causes DNA 

cleavage after irradiation.352 

 

 
Fig. 37. Iridium(III) half-sandwich with lidocaine and phenylcyanamide derivative complex. 

 

PS based on ruthenium(II) complexes 

A Ru(II) homoleptic tris-chelate complex with three bathophenanthroline (4,7-

diphenyl-1,10-phenanthroline) derivatives with one sulfonate in each of the six phenyl 

rings has been studied as a PS for PDT (Fig. 38). Even though this complex has four 

negative charges, it shows a sufficient cellular uptake and is accumulated in the 

cytoplasm. It has been tested in several cell lines showing no dark toxicity, but 

demonstrating an important photocytotoxicity (with a good singlet oxygen generation 

ability) in all of them after activation with a light source with a longer wavelength than 

400 nm, triggering cell death by an apoptotic pathway. Moreover, it damages DNA after 

activation. This is an interesting example of a well-known complex used for biological 

staining and in solar cells repurposed as PS.353 
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Fig. 38. Ruthenium(II) complex [Ru(Ph2phen-SO3)3]Cl4. 

 

A trinuclear mixed Ru(II) and Rh(III) complex, with two ruthenium and one rhodium 

cations is presented in Fig. 39. The Ru(II) moieties have a tris-chelate type structure 

with two 2,2′-bipyridine and one 2,3-bis(2-pyridyl)pyrazine ligands, and the Rh(III), 

which has two chloride ligands, acts as a bridge between the two ruthenium moieties, 

being coordinated to both 2,3-bis(2-pyridyl)pyrazine ligands. This complex is water 

soluble and presents no dark toxicity against Vero cells (green monkey kidney epithelial 

cells), but shows an important photocytotoxicity after activation with light of a longer 

wavelength than 460 nm. It also shows photo-cleavage of DNA with the same light 

source thanks to the rhodium atom.354,355 

 

 
Fig. 39. Mixed ruthenium(II) and rhodium(III) trinuclear complex [((bpy)2Ru(dpp))2RhCl2]Cl5. 

 

The Ru(II) tris-chelate complex, with two 2,2′-bipyridine ligands and one 5-pyren-1-

ylethynyl-1,10-phenanthroline (5-PEP) ligand (Fig. 40) shows interesting features like 
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water solubility and a high singlet oxygen generation capacity. This complex was 

assayed against HL60 cells (human leukemia cells) demonstrating no dark toxicity and 

a very high photocytotoxicity after activation with white light, providing a phototoxicity 

index of 1747. It is worth mentioning, that this PS can also act by an oxygen-

independent type I mechanism apart from the oxygen-dependent type II mechanism, 

which is very interesting as mentioned above because of the hypoxic conditions of the 

tumours. To verify this point, this PS was tested in a metastatic melanoma model, giving 

good results.356 

 

 
Fig. 40. Ruthenium(II) complex of formula [Ru(bpy)2(5-PEP)](PF6)2. 

 

TLD-1433 is a Ru(II) tris-chelate complex, bearing two 4,4′-dimethyl-2,2′-bipyridine 

ligands and one 2-(2′,2″:5″,2′′′-terthiophene)-imidazo[4,5-f][1,10]phenanthroline 

ligand (Fig. 41). This complex is the first ruthenium PS to enter clinical trials, being 

studied for the treatment of non-muscle-invasive bladder cancer. TLD-1433 is water 

soluble, it has a high singlet oxygen quantum yield and does not present dark toxicity. 

This PS presents an important photocytotoxicity after activation, which is usually 

performed with light of wavelengths around 520 nm, but also, it is possible to activate 

it with light of 850 nm, permitting deeper tissue penetration when needed.357,358 It is 

worth mentioning that TLD-1433 shows a great activity in several cell lines and it is also 

active against bacteria like Staphylococcus aureus and methicillin-resistant 

Staphylococcus aureus.358,359 This important activity is related to the dual mechanism of 

photosensitization, since it is able to act by both type I and type II PDT mechanisms, 

which allows it to work even in hypoxic conditions, maintaining its efficacy against 

bacteria and with different degrees of efficacy in cancer cells, depending on their 

nature. It is assumed that TLD1433, which is administered by injection, is located 

predominantly in either the endoplasmic reticulum, the lysosomes or the 

cytoplasm.223,357,358 

Moreover, the derivative drug called Rutherrin has been studied. Rutherrin consists in 

a formulation of TLD1433 bonded to transferrin (iron transporter protein). It has been 

demonstrated that this formulation improves the properties of TLD1433 
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(photobleaching is lowered and dark toxicity is decreased compared to the PS alone) 

and provides an interesting way of transport for the PS to easily reach the tumour, 

because of the upregulation of the transferrin receptor existing in many types of cancer 

(especially in the bladder cancer).360,361 

 

 
Fig. 41. TLD-1433 ([Ru(dmb)2(IP-TT)](PF6)2). 

 

3.7 Recent advances in PDT 
3.7.1. Two-photon PDT 
As afore-mentioned, metal complexes possess interesting properties to be used as PSs 

for PDT. On the other hand, the short wavelength of the light sources used in their 

activation (which are usually in the range between 380 and 600 nm approximately) 

represents an important drawback. This type of visible light has a poor tissue 

penetration. Thus, disables the use of PDT for non-superficial cancers. In order to solve 

this important issue, the interest in using 2-photon (2P) irradiation instead of 1-photon 

irradiation has grown.362,363 

In 2P-PDT, the PS simultaneously absorbs two photons of long wavelength (600-900 

nm). This reduces the photodamage of the treatment compared with 1P-PDT, because 

these photons are of low energy. Furthermore, 2P-PDT processes allow a deeper tissue 

penetration and take place in a dependent way to the square of the luminescence 

intensity, while 1P-PDT processes occur with a linear dependency to this intensity.364 To 

carry out 2P-PDT process, focused lasers, which have a very high photon density are 

needed. This again is an important drawback, because these lasers have a high cost and 

are not present in the clinic yet, which has prevented the practical application of this 

technique up to date. Moreover, this type of lasers possesses a small irradiation 

volume, which makes vast areas difficult to treat.365,366 

The first 2P-PDT experiments in biological tissues started in the 1980s,367 but there were 

not remarkable advances until 2006, when Wilson and co-workers started using 
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femtosecond NIR Ti:sapphire lasers for this technique.368 Nowadays, there is a 

continuous advance in this technique. Indeed, recently some groups have described 

metal complexes as candidates for 3P absorption.369,370 Some examples of 

iridium371,372 and ruthenium373,374 tris-chelate complexes tested for 2P-PDT are 

summarized in Fig. 42. These complexes can be excited with light of wavelengths 

between 700 and 900 nm (Near-IR), which as mentioned above overcomes one 

of the main drawbacks of PDT. 

 

 
Fig. 42. Iridium and ruthenium tris-chelate complexes tested for 2P-PDT. 

 

3.7.2. Upconverting nanoparticles (UCNPs) for PDT 
Another new approach in PDT, based again in a strategy centred in overcoming the 

poor tissue penetration related to the short wavelengths usually involved in the 

activation of the PSs, is the application of NIR-excitable upconverting nanoparticles 

(UCNPs) in PDT, using them as energy donors to activate the PSs.375,376 UCNPs are 

nanoparticles of 1-100 nm diameter, being frequently lanthanide-doped nanocrystals, 

which are able to convert two or more absorbed photons of low energy (NIR light 

photons) into one emitted photon of high energy (visible or ultraviolet photon). The 

up-conversion luminescence shows some interesting advantages compared with the 

down-conversion fluorescence such as a deeper tissue penetration, an improved 

photochemical stability and a background that is free from auto-fluorescence.377,378,379 
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The most common UCNPs are based on a crystalline host matrix of NaYF4, which 

contains a combination of an up-conversion sensitizer, being the Yb3+ the most 

common option, and an activator, which is a lanthanide ion, being the most frequent 

choices Er3+ and Tm3+. Three habitual methods are employed to load the 

photosensitizers into the nanoparticles: silica encapsulation, non-covalently physical 

adsorption and covalent conjugation via chemical linkages.380,381 

Several PSs have been tried along with this strategy, with various coatings and with 

different cancer types as their target. Some of the most used PSs are: Merocyanine 

540,382,383 zinc phthalocyanine,384,385 TiO2,386,387,388 Chlorin e6,389,390 and Rose Bengal (Fig. 

43).391,392 Even though iridium393 and ruthenium394 tris-chelate complexes have not 

been so widely tested in this approach, there are also examples of this type of 

complexes used in combination with UCNPs (see Fig. 44). 

 

 
Fig. 43. Some of the most used PSs with UCNPs. 
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Fig. 44. Iridium and ruthenium PSs used with UCNPs. 

 

3.7.3. Dual function PSs (theragnosis) 
Theragnosis results from the combination of the words therapy and diagnosis. The 

possibility of using PSs as theragnosis agents has been scarcely exploited until recent 

years.495,496 Cancer imaging is an excellent tool to assess the pre-treatment state of the 

cancer, the uptake, the localization and distribution of the anticancer drugs and the 

state of the cancer after the treatment in patients.395 The luminescent properties of the 

PSs allow them to be used for fluorescence-guided imaging (optical imaging), which 

offers, compared with conventional imaging methods, better spatial and temporal 

imaging, being also much safer for the patient. Other imaging techniques that can also 

be used along with a regular PDT treatment are, for instance, ultrasound imaging, 

magnetic resonance imaging (MRI) and nuclear imaging (PET and SPECT).396,397 

Some iridium398,399 and ruthenium400 complexes that have been studied for their use as 

theragnosis agents can be seen in Fig. 45.  
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Fig. 45. Some iridium and ruthenium complexes studied for their use as theragnosis agents. 

 

Another interesting option for the development of theragnosis agents in PDT, apart 

from the regular PSs, is the use of double functionalized nanoparticles, commonly 

known as theragnostic nanoparticles, that are functionalized with both an imaging and 

a therapeutic moiety.401,402,403 

 

3.7.4. Complexation of a BODIPY-based ligand 
Organic dyes possess interesting photophysical properties, and among them, BODIPY 

(4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) type chromophores are of particular 

interest due to their good absorption in the visible region and their photostability. 

Moreover, it is easy to modify the BODIPY core, which allows to tune diverse properties, 

such as the photophysical parameters or lipophilicity. However, they are not good PSs 

due to the fact that they are very inefficient in populating the triplet state (T1) because 

they possess very high fluorescence quantum yields, so they scarcely generate 

ROS.404,405 
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Nevertheless, there are several ways to improve the performance of the BODIPYs as 

PSs. One of them, which is of special interest, is to coordinate it to a metal centre. The 

connection between both units is usually achieved by -conjugated linkers or through 

acetylide or even acetylacetonate (acac) units. This strategy is of particular interest 

because it solves at the same time several drawbacks of both the BODIPY and the metal 

complex, giving a new complex with improved features: the inefficiency of the BODIPY 

in populating the triplet state disappears thanks to the metal ion, which favours the 

ISC; the metal complex gains absorbance at higher wavelengths (visible region) thanks 

to the BODIPY, making it a more interesting PS for PDT; and also, the complex increases 

its emission, which favours its use as a theragnosis agent.406,407,408 Some iridium409,410 and 

ruthenium411 compounds obtained following this strategy can be seen in Fig. 46. 

 

 
Fig. 46. Some iridium and ruthenium compounds with BODIPYs. 

 

3.7.5. Use of nanocarriers 
As stated before, a frequent drawback typical of many PSs, is the poor water solubility, 

which causes their aggregation under physiological conditions, causing an important 

decrease in their photophysical properties, and thereby in their ROS generation 

ability.412,413 Moreover, even when the PSs have been modified to increase their water 

solubility, another important drawback persists: their selective accumulation in the 

target cells or tissues, which usually is still insufficient for an effective clinical use. To 

overcome these limitations, carriers, specially nanocarriers, have become an 

interesting option.414,415 
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The encapsulation or immobilization process of the PS into the carrier, depending on 

the method used, can be achieved by both physical (electrostatic or hydrophobic 

interactions) and chemical (conjugation reactions) methods.415,416 It is important to 

note, that apart from the increase in the solubility and the selective accumulation of 

the PS mentioned above, nanocarriers also guarantee the stability of the PS in 

physiological conditions and the controlled release of the drug into the site of 

action.415,417 

Nanocarriers can be divided into two big groups: organic nanocarriers and inorganic 

nanocarriers. The main types of organic nanocarriers are liposomes and polymeric 

nanoparticles (they can exhibit natural origin as albumin, chitosan and hyaluronic acid, 

or synthetic, which are organized in five main groups: homopolymers, block 

copolymers, graft copolymers, dendrimers and hyperbranched polymers, and 

hydrogels). The main types of inorganic nanocarriers are quantum dots (QDs), ceramic-

based nanoparticles (SiO2 and TiO2 are among the most popular), metallic nanoparticles 

(gold nanoparticles are the preferred options), carbon materials (fullerene, carbon 

nanotube, and graphene and its derivatives, as for instance graphene oxide). It is worth 

mentioning, that thanks to the great variety of nanocarriers that are available this 

strategy is applicable to almost any PS.415,417,418 

 

3.7.6. Use of targeting biomolecules 
Another way of improving the selectivity of many PSs is the use of targeting 

biomolecules in the ligands or to bind them to the PSs. These biomolecules have a 

special affinity for receptors that are over-expressed in cancer cells, but not in 

normal/healthy cells, so in this way, the PSs containing these functions can accumulate 

selectively in the cancer cells. This would increase the effectivity of the PDT treatment, 

avoiding at the same time undesired collateral damages to healthy tissues and side 

effects. The most common types of biomolecules used for selective targeting are 

proteins, peptides, antibodies, nanobodies, non-protein (biomolecules non-derived 

from proteins) and aptamers.419,420 

In the group of the proteins, the most used is transferrin, which is an iron transporter 

protein. Transferrin receptors (TfR1) are over-expressed in cancer cells and transferrin 

has a high affinity for them.421,422 An interesting example of the use of transferrin as a 

targeting agent, is Rutherrin (see section 3.6.3.), which is a drug made by binding 

TLD1433 to transferrin. In this case, the binding of transferrin to the PS not only 

enhances the selectivity of the PS, it also improves its properties (photobleaching and 

dark toxicity are lowered compared to the PS alone).361 

RGD, Lyp-1, GE11, F3 are among the most popular low molecular weight biocompatible 

peptides used for this purpose. These peptides are easy to prepare and to conjugate. 
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Moreover, they show a high affinity for surface receptors present in cancer cells and an 

enhanced diffusion in the tumours.423,424,425,426 A pair of examples of PS conjugated to 

peptides are shown in Fig. 47. The first one is a Ru(II) tris-chelate complex bearing 

the RGD peptide for αVβ3 integrin targeting,427 and the second one, is a Zn(II) 

phthalocyanine bound to the GE11 peptide for EGFR (epidermal growth factor 

receptor) targeting.428 

 

 
Fig. 47. Ru(II) tris-chelate complex with a RGD peptide and Zn(II) phthalocyanine with a GE11 peptide. 

 

Trastuzumab, Rituximab, Bevacizumab and Cetuximab are good examples of 

monoclonal antibodies (mAb) used for targeting. Antibodies are the preferred option 

for enhancing PSs selectivity thanks to their high affinity to receptors overexpressed in 

the cancer cells surface and their high stability in vivo. However, they also have several 

drawbacks: they can cause immunogenicity, their production is expensive and their 

large size reduces their tumour penetration.429,430,431 An example of this strategy can be 

seen in Fig. 48, where a porphyrin-trastuzumab conjugate is represented.432 
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Fig. 48. Porphyrin conjugate with the monoclonal antibody trastuzumab. 

 

Nanobodies or single-domain antibodies (sdAb), which consist in only one variable 

domain from the heavy chain of an antibody, are also used to improve the selectivity 

of the PSs. Examples of these biomolecules are 7D12, 7D12-9G8 and R2 nanobodies. 

They possess some interesting features like an important targeting capacity, high 

stability and tissue penetration, and a reduced potential for causing immunogenicity 

compared to mAbs.431,433,434 Following this strategy, 7D12, 7D12-9G8 and R2 nanobodies 

have been conjugated to the PS IRDye700DX (Fig. 49), which is a silicon phthalocyanine 

derivative, improving in this way its PDT potency.435 

 



Cancer through the history, metals in medicine and photodynamic theraphy (PDT) 

 

121 

 
Fig. 49. IRDye700DX, a PS to which some nanobodies have been conjugated. 

 

The group of non-proteins includes different types of biomolecules like Folic acid (FA; 

is a type Vitamin B (B9)), Hyaluronic acid (HA; is a polysaccharide) and Bile acids (BAs; 

are steroid acids). Their main features are their high affinity for receptors in the cancer 

cells surface and their minimal immunogenicity. Foscan-bile acid436 and platinum 

porphyrin-folate437 conjugates (Fig. 50) are examples of targeting PSs obtained 

following this strategy. 
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Fig. 50. Foscan-bile acid and platinum porphyrin-folate conjugates. 

 

The last group of targeting biomolecules are aptamers. Aptamers are nucleic acids of 

single chain (ssDNA and RNA) which can recognize several target molecules by folding 

into several secondary and tertiary structures. Common examples of aptamers are A10 

PSMA and AS1411. This group of biomolecules present several advantages like high 

targeting affinity and minimal immunogenicity, high stability and low costs of 

production, being even possible to produce them on a large scale.438,439,440 In Fig. 51, a 

pair of examples of PS-aptamer conjugates are depicted. One is a Chlorin e6 (Ce6) 

linked to AS1411 using PEG (polyethylene glycol) as a linker,441 and the other is a 

Ru(II) polypyridyl complex linked to AS1411 by a thymine chain.442 
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Fig. 51. Aptamer-PEG-Ce6 and AS1411-5´-TTTTT-Ru. 

 

Importantly, this strategy of preparing PSs with targeting biomolecules can be 

combined with nanocarriers. For this purpose, the targeting biomolecules are attached 

to the surface of the nanocarriers instead of being linked directly to the PSs. This 

combined strategy is sometimes preferred, because it is easier to modify the surface of 

the nanocarriers than that of the PSs and this permits more alternatives.443,444,445 

 

3.7.7. X-ray PDT 
Thanks to its high tissue penetration, due to its high energy photons (from keV to MeV), 

X-rays has been extensively used in radiotherapy for cancer treatment. However, in 

order to achieve an efficient treatment, high radiation doses are needed, which also 

damages the healthy tissues surrounding the target. This problem that can be 

overcome with X-ray PDT, because the X-ray doses needed for the treatment are much 

lower.446,447,448 

For the efficient activation of the PSs, a physical transducer, known as a scintillator, is 

needed. A scintillator is a material which is able to absorb X-ray radiation and re-emit 
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it like visible photons that can be absorbed by the PS. This process is known as XEOL (X-

ray excited optical luminescence). Of course, the choice of the scintillator depends 

directly on the PS to be used, because the output radiation varies among them. There 

is a wide range of scintillators available; some of the most used for X-ray PDT are: 

LaF3:Tb, Gd2O2S:Tb, [Hf6O4(OH)4(HCO2)6] SBUs (Secondary building units), 

SrAl2O4:Eu.449,450 

This strategy offers advantages due to the dual mechanism of X-ray PDT: X-ray radiation 

damages DNA, and ROS generated by the PS damage several cellular compartments 

depending on the PS. This multitarget mechanism of action allows to overcome the 

repairing mechanisms of the cancer cells and causes both apoptosis and necrosis 

simultaneously.451,452 

Several PSs have been studied for their use in X-ray PDT, like porphyrins (see section 

3.6.2.)453 and Photofrin (see section 3.6.1.),454 or even [Ir(bpy)(ppy)2]+ and [Ru(bpy)3]2+ 

(Fig. 52), although these two complexes have been integrated in MOLs (metal organic 

layers) for their use.455 

 

 
Fig. 52. [Ir(bpy)(ppy)2]+ and [Ru(bpy)3]2+. 

 

3.7.8. AIE (aggregation induced emission) 
Some PSs display aggregation induced emission (AIE). AIE consists in an increase in the 

emission intensity of a compound upon aggregation or in the solid state relative to its 

emission when is solvated.456,457 The mechanism beyond the AIE involves the restriction 

of intramolecular motions/rotations (RIM/RIR). It is common for compounds 

presenting AIE to possess molecular rotors (rotatable aromatic rings are the most 

frequent chemical motifs), which rotate freely when the compound is solvated, 

consuming in this way the energy of the excited state, leading to a non-radiative decay. 

However, when these compounds undergo aggregation, the interactions between their 

molecules restrict the rotations of the rotatory groups, favoring the radiative decay 

pathway.457,458  



Cancer through the history, metals in medicine and photodynamic theraphy (PDT) 

 

125 

Some examples of iridium459,460 and ruthenium461,462 complexes presenting AIE are 

depicted in Fig. 53. 

 

 

 
Fig. 53. Some iridium and ruthenium complexes that present AIE. 
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0. Abstract 

 
Fig.1. Schematic representation of the biological mechanism of action of the complexes. 

 

Two pairs of Rh(III) and Ir(III) biscyclometalated complexes bearing the ligands 

thiabendazole (L1), and N-benzyl-thiabendazole (L2), named [Ir-a]Cl - [Rh-a]Cl, and [Ir-

b]Cl - [Rh-b]Cl, respectively, have been designed and synthesized to explore the 

photophysical and biological effects that arise from changing both the metal centre and 

the N,N ancillary ligand. In the dark, the four metal complexes exhibit greater 

cytotoxicity than cisplatin against human colon (SW480) and human lung (A549) 

adenocarcinoma cell lines. Moreover, the pair of complexes bearing the ligand L2 is 

markedly more cytotoxic and present higher uptake values than complexes with L1, 
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thereby their biological properties were studied further to determine their mechanism 

of action. Interestingly, in spite of the different metal centre both [Ir-b]Cl and [Rh-b]Cl 

are responsible for the loss of mitochondrial functionality and the activation of 

apoptotic cell death pathways. Moreover, the photodynamic activity of the four 

complexes, [Ir-a]Cl, [Ir-b]Cl, [Rh-a]Cl and [Rh-b]Cl, was tested using visible blue light 

(460 nm) under soft irradiation conditions (20 min, 5.5 mWcm-2). While the Rh 

complexes are not photopotentiated, the phototoxicity index (IC50 non-irradiated/IC50 

irradiated) of [Ir-a]Cl and [Ir-b]Cl was 15.8 and 3.6, respectively. We also demonstrate 

that only the Ir derivatives are capable of photocatalyzing the oxidation of sulfur-

containing L-amino acids under blue light irradiation. Indeed, [Ir-a]Cl is more active 

than [Ir-b]Cl, which provides a reasonable mechanism for their biological action, 

meaning that oxidative stress could be selectively promoted through their 

photocatalytic activity upon irradiation. This different PDT behaviour depending on the 

metal centre and the ancillary substituent may be useful for the future rational design 

of metal-based photosensitizers. 

 

1. Introduction 
A great deal of effort has been invested over the past few decades to develop non-

platinum metal complexes with anticancer activity by mechanisms different from those 

of cisplatin to circumvent the platinum resistance and its undesired side effects. In line 

with this, cyclometalated complexes of various metal centres such as palladium(II), 

gold(III), ruthenium(II), platinum(II), rhodium(III) and iridium(III) constitute an 

interesting field of research due to their variety of cellular targets and mechanisms of 

action.1 Among the formers, mitochondria stands out, as it plays a key role in the cell 

metabolism. It is well known that central metabolic pathways operating in malignant 

cells are different from those in normal cells.2,3 Cancer cells exhibit various degrees of 

alterations in the mitochondria function, such as higher mitochondrial membrane 

potential (MMP) and increased oxidative stress.4 Because of this, recent studies point 

to the potential benefits of targeting mitochondria metabolism for anticancer therapy5 

and several mitochondria-targeted drugs are currently in clinical trials.6 These drugs 

often act by directly disturbing mitochondrial function, which triggers the activation of 

mitochondrial cell death pathways via apoptosis. 

Biscyclometalated complexes of the type [Ir(C^N)2(N^N)] accumulate within a wide 

variety of cellular targets depending on the ancillary ligands. Indeed, 

mitochondria,7,8,9,10,11,12 lysosomes,13,14,15 endoplasmic reticulum,16,17 endosomes18 or 

nucleus19,20 have all been recognized as target organelles for different Ir(III) 

biscyclometalated derivatives. Nonetheless, cyclometalated Rh(III) complexes have not 

received much attention so far, probably due to the lack of the exceptional 
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photophysical properties typical of analogous Ir(III) complexes. However, Rh complexes 

could also be a potential alternative to platinum metallodrugs,21 and their biological 

properties deserve further study.  

In addition, Photodynamic Therapy (PDT) has emerged as a prominent 

chemotherapeutic anti-cancer treatment, as it renders feasible local and transitory 

activation of drugs to achieve spatio-temporal control over its biological action and 

therapeutic effects.22 The resulting selective activity over target (tumour) tissues 

eventually contributes to reducing systemic toxicity. PDT requires the combined action 

of three individually non-toxic elements: light, oxygen and a photosensitizer (PS), in 

such a way that the excited PS agent (PS*) can generate reactive oxygen species (ROS) 

and specifically singlet oxygen (1O2) from triplet oxygen (3O2) through energy transfer 

(ET) upon excitation with UV, visible or even near-infrared (NIR) light of specific 

wavelengths.23 1O2 is a very reactive species and can damage biomolecules such as DNA 

and proteins through redox reactions, which ultimately triggers cancer cells death. 

Alternatively, 1O2 can evolve to other cytotoxic ROS. Cyclometalated Ir(III) complexes 

are currently being studied as potential PDT agents due to their outstanding 

photophysical properties.23,24 The crucial advantage over organic fluorescent molecules 

is the high spin-orbit coupling constant of the iridium metal core ( = 3909 cm-1) that 

favours the singlet-to-triplet intersystem crossing (ISC).25 This peculiarity is responsible 

for other features of these Ir(III) compounds such as their long triplet excited state 

lifetimes, their appropriate energy gap that exceeds the excitation energy of 3O2 and, 

overall, their high capability as O2 photosensitizers.26 

In this context, arylazoles are attractive ancillary N^N ligands, as they can be prepared 

and modified readily and can offer a remarkable structural and chemical diversity. 

Therefore, they can be used to fine-tune the photophysical and chemical properties of 

this type of organometallic compounds.27 Specifically, the imidazole ring can be easily 

functionalized through the reactive N-H bond.28 In this work, we have replaced the N-H 

function of thiabendazole (L1) with a benzyl group N-CH2Ph (L2) in an attempt to 

increase their lipophilicity, which could improve their cellular internalization 

properties,29 and to improve their chemo-stability, since the N-H group can exhibit both 

acid-base and redox reactivity. As a result, we have prepared two pairs of Rh(III) and 

Ir(III) biscyclometalated complexes of general formula [M(ppy)2(N^N)]Cl (M = Rh, Ir; ppy 

= 2-phenylpyridinate) bearing N^N ligands based on the thiabendazole scaffold (L1 and 

L2), and we have studied their potential use as anticancer drugs and PDT agents. First, 

we have demonstrated that actually the rational benzyl modification in L2 yields an 

appreciable improvement in the cytotoxic activity of their complexes in the dark. A 

deeper biological study has demonstrated that both complexes bearing the L2 ligand 

induce apoptosis via mitochondrial perturbation. Secondly, considering the increasing 

interest in finding sensitizers capable of potentiating their cytotoxic activity upon 
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irradiation,27 we have also tested the PDT behaviour of the four complexes under soft 

irradiation conditions, using blue visible light (max = 460 nm) and minimizing the 

exposure time of cells to light. Interestingly, only the Ir complexes, bearing either the 

ligand L1 or L2, present a remarkable photopotentiation of their cytotoxic activity and 

are capable of photocatalyzing the oxidation of sulfur-containing L-amino acids. 

 

2. Results and discussion 

2.1. Synthesis of ligands and complexes 
The ancillary ligand L2 (see Scheme 1) was prepared by reacting 2-(4-

thiazolyl)benzimidazole (thiabendazole, TBZ, L1) with benzyl bromide in the presence 

of K2CO3 as the base and using DMF as the solvent, according to a method adapted 

from the literature.30,31 

The complexes [Rh-a,b]Cl and [Ir-a,b]Cl depicted in Scheme 1 were synthesized 

following the classical two-steps procedure reported by Nonoyama et al.32 and the 

experimental details are given in the SI. These complexes were isolated as white (Rh) 

or yellow (Ir) solids, consisting of racemic mixtures of and  enantiomers with good 

yields and purities according to analytical and spectroscopic data. Moreover, they are 

soluble in common organic solvents such as DMSO, acetone, acetonitrile, methanol and 

dichloromethane and only slightly soluble in water. The structure and composition of 

all the new derivatives were determined by multinuclear NMR, IR, and mass 

spectroscopy, as well as by elemental analysis. 2D NMR experiments were conducted 

to partially assign the signals in the 1H and 13C{1H} NMR spectra (SI Fig. 1-6). 
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Scheme 1. Synthesis of ligand L2 and the new Rh(III) and Ir(III) complexes. Complexes were isolated as 

racemic mixtures, but the structures only show the  enantiomer. 

 

2.2. Characterization of complexes 
The 1H and 13C{1H} NMR spectra of complexes [Rh-a,b]Cl and [Ir-a,b]Cl showed 

resonances for the coordinated ancillary (N^N) and cyclometalated (C^N) ligands with 

the following relevant features: (1) Two different sets of peaks were observed for the 

two inequivalent 2-phenylpyridinate (ppy⁻) ligands of every complex due to their C1-

asymmetric nature; (2) Broad singlets around 15 ppm were recorded for the N-H 

protons of [Rh-a]Cl and [Ir-a]Cl in their 1H NMR spectra; (3) Two mutually coupled 

doublets (2JHH = 17.5 Hz) were detected at 6.2 and 6.1 ppm for the diastereotopic 

protons of the CH2 groups in the 1H NMR spectra of [Rh-b]Cl and [Ir-b]Cl owing to the 

helical chirality implicit in trischelate octahedral complexes, while free L2 (achiral) gave 

a singlet for the CH2; (4) The 13C{1H} NMR spectra of complexes [Rh-b]Cl and [Ir-b]Cl 

exhibited a singlet at around 48 ppm for the CH2 group, whereas the spectra of both 

Rh derivatives showed two doublets (1J(103Rh-13C) ≈ 33 Hz) above 165 ppm, for the 

metalated C atoms of ppy⁻ (see SI Fig. 1–6 for the NMR spectra). 
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The ESI + MS spectra display peaks whose m/z values and isotopic distribution are 

congruent with those calculated for the cationic metal complexes with formula 

[M(ppy)2(Ln)]+ (M = Rh, Ir; Ln = L1, L2) (see Section 4.2.). Molar conductivity 

measurements carried out on solutions of complexes [Rh-b]Cl and [Ir-b]Cl in 

acetonitrile (10-3 M) are consistent with a 1:1 electrolyte nature. However, complexes 

[Rh-a]Cl and [Ir-a]Cl provided very low values of M likely due to ion pairing through N-

H---Cl hydrogen bonding interactions (see Section 4.2.). 

 

2.3. Crystal structures 
Attempts to crystalize the chloride salts [Rh-b]Cl and [Ir-b]Cl were unsuccessful. 

However, single crystals of the respective PF6
 salts, [Rh-b]PF6 and [Ir-

b]PF6·CH3COCH3 suitable for X-ray diffraction analysis were obtained by slow 

diffusion of a saturated solution of NH4PF6 in water into a solution of either 

[Rh-b]Cl in methanol or [Ir-b]Cl in methanol/acetone. The ORTEP diagrams for 

()-[Rh-b]PF6 and ()-[Ir-b]PF6 are depicted in Fig. 2. Selected bond lengths and 

angles are given in Table 1, and crystallographic refinement parameters in SI 

Table 1. The corresponding unit cells show two pairs of the enantiomers () and 

() steming from helical chirality. Furthermore, the unit cell contains four PF6
 

counterions and four CH3COCH3 molecules in the case of [Ir-b]PF6. The metal 

centres display a slightly distorted octahedral coordination geometry with the 

expected cis-C,C and trans-N,N mutual disposition for the C^N ligands. 

The M-Cppy and M-Nppy (M Rh, Ir) bond distances lie within the expected 

ranges for the 2-phenylpyridanate ligands, that is, very close to 2 Å.33,34,35,36,37,38 

The MN bond lengths for the ancillary ligand are significantly longer due to 

the strong trans influence attributed to the C atoms of the C^N ligands,24,39 and 

the effect is even more pronounced in the Rh complex (Table 1).40 The bond 

angles are comparable to those previously reported for similar derivatives.15,41 

Furthermore, the three chelate rings are essentially planar. 

The 3D crystal networks of [Rh-b]PF6 and [Ir-b]PF6·CH3COCH3 are mainly held 

down by intermolecular hydrogen bonding contacts with involvement of PF6
 

anions as acceptors (SI Tables 2 and 3 and SI Fig. 7a and 7b). Remarkably, the 

crystal structure of [Ir-a]PF6, previously reported by some of us,42 features 

dimeric entities as a result of - interactions between the benzimidazole units 

of two neighbour complexes. However, similar contacts have not been found 

either in [Rh-b]PF6 nor in [Ir-b]PF6. Consequently, we surmise that the bulkiness 

of the benzyl group works against these intermolecular interactions, preventing 

the aggregation of complex cations in highly concentrated solutions of [Ir-b]PF6 

or in cellular environments.43 The crystal structure of free L2 has also been 
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determined by X-diffraction (see SI Fig. 8). 

 

 

Fig. 2. ORTEP diagrams for ()-[Rh-b]PF6 and ()-[Ir-b]PF6 forming part of the asymmetric unit of racemic 
[Rh-b]PF6 and [Ir-b]PF6·CH3COCH3. Thermal ellipsoids are shown at the 30% probability level. The molecule 
of CH3COCH3 has been omitted in the diagram of [Ir-b]PF6·CH3COCH3 for the sake of clarity. 

 

 
Table 1. Selected bond lengths (Å) and angles (º) for compounds [Rh-b]PF6·and [Ir-b]PF6·CH3COCH3. 

Distances/angles [Rh-b]PF6 Distances/angles [Ir-b]PF6 

Rh(1)-N(1) 2.162(6) Ir(1)-N(1) 2.144(4) 

Rh(1)-N(2) 2.163(6) Ir(1)-N(2) 2.146(4) 

Rh(1)-N(4) 2.032(5) Ir(1)-N(4) 2.040(4) 

Rh(1)-N(5) 2.038(5) Ir(1)-N(5) 2.031(4) 

Rh(1)-C(24) 1.964(7) Ir(1)-C(24) 2.000(5) 

Rh(1)-C(35) 1.990(7) Ir(1)-C(35) 2.002(5) 

C(24)-Rh(1)-N(4) 81.5(3) C(24)-Ir(1)-N(4) 80.88(18) 

C(35)-Rh(1)-N(5) 81.2(3) C(35)-Ir(1)-N(5) 80.90(18) 

N(2)-Rh(1)-N(1) 76.0(2) N(2)-Ir(1)-N(1) 75.72(15) 

N(5)-Rh(1)-N(4) 176.1(2) N(5)-Ir(1)-N(4) 174.25(16) 

C(24)-Rh(1)-N(1) 171.8(2) C(24)-Ir(1)-N(1) 173.00(16) 

C(35)-Rh(1)-N(2) 173.2(3) C(35)-Ir(1)-N(2) 172.09(17) 

 

2.4. pH stability 
The pH effect in aqueous media was evaluated for the four metal-complexes. 

As expected, [Rh-a]Cl and [Ir-a]Cl undergo deprotonation of the reactive N-H 

group in L1 upon increasing the pH, and display pKa values of 7.30 ± 0.01 and 6.76 

± 0.03 (see SI Fig. 9), respectively, which implies that they would be partially 

deprotonated at physiological pH. On the other hand, [Rh-b]Cl and [Ir-b]Cl do 

not undergo acid-base processes over the whole pH range tested (pH = 312). 
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2.5. Photophysical properties 
The UVVis absorption spectra of complexes [Rh-a,b]Cl and [Ir-a,b]Cl were recorded in 

air-saturated aqueous buffer (SI Fig. 10) and also in deoxygenated acetonitrile (Fig. 3-

A). All the complexes exhibit intense (ε > 30000 M-1 cm-1), broad absorption bands in 

the UV region below 340 nm, attributed to spin-allowed intra-ligand transitions (1IL) 

(1→ *) within the cyclometalated (C^N) and ancillary (N^N) ligands. In the case of 

the Rh(III) complexes, the band at about 370 nm is attributed to a MLCT transition. On 

the other hand, the absorption of the Ir(III) complexes (MLCT) spreads slightly into the 

visible region of the spectrum. 

The emission spectra of the four complexes were also recorded in air-saturated 
aqueous buffer (SI Fig. 10) and deoxygenated acetonitrile (Fig. 3-B) and the 
photophysical parameters are collected in Table 2. The Ir complexes present excitation 

bands at exc = 305 nm and exc = 385 nm and exhibit broad emission bands with one 
maximum for [Ir-a]Cl at 500 nm and two maxima for [Irb]Cl at 480 nm and 506 nm. 

Both Ir complexes display large Stokes shifts, moderate quantum yields (PL) and long 

emission lifetimes () compatible with a phosphorescence emission mechanism. On the 
contrary, the Rh complexes displayed no emission bands at any of the tested excitation 

wavelengths (exc = 290-500 nm). The emission spectra of iridium complexes are 
collected in Fig. 3, revealing the noticeable dependence of the photophysical properties 
on the nature of the metal centre. 
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    Fig. 3. (A) Overlaid UV−vis absorption spectra of the four metal complexes (10−5 M) in CH3CN at 25 °C (left). 
(B) Overlaid emission spectra of [Ir-a]Cl and [Ir-b]Cl (10−5 M) in deoxygenated CH3CN at 25 °C upon 
excitation with λexc = 405 nm (right). 
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Table 2. Photophysical parameters for complexes [Ir-a,b]Cl and the corresponding ligands L1 and L2 in either 
deoxygenated acetonitrile or aqueous buffered solution at pH = 7.0 at 25 ᵒC. 

Compound λexc (nm) λem (nm) PL (%)  (ns) 

L1  295 346 5.1 8.3 

L2 295 350 5.0 7.7 

[Ir-a]Cl 405 494, 509 (sh) 2.3 48.4 

[Ir-b]Cl 405 480, 506 1.8, 6.1a 53.2, 228a 
aValues corresponding to air-saturated aqueous buffer solutions (pH = 7.4). 

 

2.6. Biological properties 
2.6.1. In vitro cytotoxicity 
The in vitro antiproliferative activity of [Ir-a,b]Cl and [Rh-a,b]Cl was evaluated 

against human lung carcinoma (A549) and human colon adenocarcinoma 

(SW480) cell lines to compare the cytotoxic activity of the four metal 

complexes. The IC50 (half maximal inhibitory concentration) values are 

summarized in Table 3. The four metal complexes exhibit lower IC50 values than 

cisplatin against both cell lines. Moreover, the Ir and Rh complexes bearing the 

ligand L2, [Ir-b]Cl and [Rh-b]Cl, exhibit greater cytotoxic activity than their 

analogues bearing ligand L1. 

 
Table 3. IC50 (μM) of [Ir-a,b]Cl, [Rh-a,b]Cl and cisplatin against A549 (human lung) and SW480 (human 
colon) cancer cell lines after 24 h of treatment. Data were obtained from quadruplicates of three 
independent experiments and expressed as mean values ± standard deviation (SD). 

 IC50 (μM) 

Complex A549 SW480 

[Ir-a]Cl 18.9 ± 0.2 10.0 ± 0.1 

[Rh-a]Cl 10.3 ± 0.1 7.7 ± 0.4 

[Ir-b]Cl 4.0 ± 0.4 2.9 ± 0.1 

[Rh-b]Cl 4.1 ± 0.2 3.3 ± 0.1 

Cisplatin 50 ± 3 37 ± 6 

 

2.6.2. Cellular uptake 
The cellular uptake of the two pairs of complexes was evaluated  to assess if the 

benzyl introduction in L2, which provides the complexes with stability against 

acid-base reactions at physiological pH, succeeded in increasing the cellular 

internalization of their complexes. A549 cells were treated with each complex 

at a concentration of 5 mM for 4 h and then harvested and analyzed by ICP-MS. 

Indeed, the uptake of [Ir-a]Cl was a 50.9% (±5) lower than that of [Ir-b]Cl, and 

the uptake of [Rh-a]Cl was a 23.3% (±2) lower than that of [Rh-b]Cl (SI Fig. 11). 

Considering this result, the pair of complexes formed by [Ir-b]Cl and [Rh-b]Cl, 

which are also the most cytotoxic (see Table 3), were selected to carry out a 
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deeper biological study and determine their mechanism of action. 

 

2.6.3. Cell cycle arrest 
The cytotoxicity of many anticancer drugs often is associated with DNA damage 

and cell cycle perturbation.44 For instance, although cisplatin interacts with 

several cell components, its primary biological target is DNA.45 As a result, this 

antitumour complex causes arrest at the G2-phase.46 The effect of [Ir-b]Cl and 

[Rh-b]Cl on cell cycle distribution was investigated by flow cytometry and 

propidium iodide (PI) staining (Fig. 4). Treatment of A549 cells with the 

complexes at a concentration close to their IC50 values (5 mM) caused a marked 

accumulation of cells in the G0/G1 phase. Compared with the vehicle-treated 

(DMSO) control cells, the percentage of cells in the G0/G1 phase increased by 

32.8% and 33.3% at 24 h and 35.9% and 36.9% at 48 h for [Ir-b]Cl and [Rh-b]Cl, 

respectively. Accordingly, the number of cells in the S-phase strongly decreased 

(Table 4). These results point out that both complexes can act through 

mechanisms of action different from cisplatin.46 Although some previously 

reported mitochondria targeted compounds display no effects on the cell cycle 

distribution,47,48 our results concur with recent studies on other Ir(III) complexes 

that also can induce dose-dependent G0/G1 cell cycle arrest.7 

 
Table 4. Percentage (%) of cells in the G0/G1, S and G2-M phases of the cell cycle upon treatment with [Ir-
b]Cl and [Rh-b]Cl at 5 µM for 24 h and 48 h. Differences between % of cells in G0/G1 phase for vehicle-
treated cells and cells treated with [Ir-b]Cl or [Rh-b]Cl are significant at p = 0.0009 after 24 h and at p = 
0.002 at 48 h. Differences between % of cells in S phase for vehicle-treated cells and cells treated with [Ir-
b]Cl or [Rh-b]Cl are significant at p = 0.0004 after 24 h and at p = 0.0008 at 48 h. Data were obtained from 
duplicates of two independent experiments and expressed as mean values ± standard deviation (SD). 

 24 h   48 h 

 G0/G1 S G2/M  G0/G1 S G2/M 

Vehicle 49.7 ± 0.9 27.6 ± 0.1 22.7 ± 0.1  52.8 ± 0.8 25.5 ± 0.7 21.7 ± 0.5 

[Ir-b]Cl 82 ± 1 7.4 ± 0.6 10.6 ± 0.5  89 ± 1 4.7 ± 0.3 6.3 ± 0.1 

[Rh-b]Cl 83.0 ± 0.3 7.9 ± 0.6 9.1 ± 0.9  89.7 ± 0.7 1.8 ± 0.2 8.5 ± 0.5  
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2.6.4. Induction of apoptosis 
The evolution of cell morphology was followed by microscopy and fluorescence 

microscopy for 48 h upon treatment with 5 µM of [Ir-b]Cl or [Rh-b]Cl to seek for 

morphological hallmarks of apoptosis. After 48 h, a net fall in the number of cells was 

observed compared to the vehicle-treated cells. Morphological changes compatible 

with apoptosis: cell shrinkage, rounded forms, membrane blabbing and formation of 

apoptotic bodies were seen and the number of cells affected increased with time (SI 

Fig. 12). Staining with Hoechst and propidium iodide (PI) can help to differentiate 

between apoptotic and necrotic cells. After 24 h of treatment with each complex few 

PI positive cells were found, and they were associated with secondary necrosis with a 

balloon-like morphology (Fig. 5). Thus, necrosis can be excluded as the principal cause 

of dead.  

Fig. 4. Effect of [Ir-b]Cl and [Rh-b]Cl on A549 cell cycle distribution analysed by PI staining with flow 
cytometry after treatment at Ccomplex = 5 µM for 24 h (A) and for 48 h (B). Vehicle-treated cells are 
represented by the grey area and [Ir-b]Cl and [Rh-b]Cl-treated cells by the black line. 
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To further confirm that the cell death occurred via apoptosis, time-lapse fluorescence 

microscopy was used to detect activation of caspase-3/7.  A549 cells were treated with 

[Ir-b]Cl or [Rh-b]Cl (5 µM) and images were recorded every 30 min for 24 h to monitor 

the process. During this procedure, the cells remained continuously under culture 

conditions at 37 oC and 5% CO2. In the case of [Ir-b]Cl, its intrinsic green emission 

interfered with the fluorogenic probe used to detect the activation of caspase-3/7. 

However, this activation was clearly observed for [Rh-b]Cl, with the bulk amount of 

activation events starting after 12 h of the treatment. 

Additionally, A549 cells were treated with [Ir-b]Cl or [Rh-b]Cl for 24 h in the presence 

or absence of 20 µM of the Z-VAD-FMK caspase inhibitor. Fig. 6 shows that caspase 

inhibition increases the survival rate after treatment with both [Ir-b]Cl and [Rh-b]Cl in 

a significant manner (p < 0.03) by 17.4 % and 18.1 %, respectively. This confirms the 

role of apoptosis in the cell death induced by these complexes.4 

Fig. 5. Morphological changes induced by [Ir-b]Cl, [Rh-b]Cl and DMSO (vehicle) in A459 cells after treatment 
at Ccomplex = 5 µM for 24 h. Bright field (BF), Hoechst 33342 nuclear staining (Hoechst) and Propidium Iodide 
necrotic cells staining (PI) (Magnification 20X). [Ir-b]Cl treated cells show an apoptotic morphology (red 
arrows): rounding, membrane babbling, retraction of cytoplasm, nuclear fragmentation, formation of 
apoptotic bodies. Some cells presented secondary necrosis (white arrows). [Rh-b]Cl treatment induced 
cytoplasmic vacuole, rounding cells and emission of cytoplasmic prolongations. No necrotic cells were seen 
with PI staining. 
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2.6.5. Cellular localization 
The subcellular localization of [Ir-b]Cl can be determined by confocal microscopy 

thanks to its intrinsic emission properties. The colocalization experiments were 

performed after treatment with a low dose of [Ir-b]Cl (1.5 μM), in which cell survival 

was nearly 100 %. As shown in Fig. 7, [Ir-b]Cl displays an intense and punctate staining 

pattern as a result of its compartmentalization. Colocalization experiments of [Ir-b]Cl 

with the sensitive probe for mitochondrial membrane potential, TMRM (Fig. 7A) and 

with the lysosome dye LysoTracker (Fig. 7B) demonstrates that [Ir-b]Cl selectively 

accumulates in mitochondria. In fact, Pearson’s colocalization coefficient with TMRM 

is 0.80, whereas with LysoTracker the value is 0.09. 

 

Fig. 6. A549 cells were treated with 5 µM of [Ir-b]Cl or [Rh-b]Cl and co-treated (+ Z-VAD-FMK) or not 
(- Z-VAD-FMK) with the caspase inhibitor Z-VAD-FMK for 24 h. Cell survival was assessed by flow cytometry 
through the Guava ViaCount Assay (Millipore). Difference significant at *p < 0.03 compared to cells not 
treated with the caspase inhibitor. 
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Fig. 7. A) Representative confocal images of A549 cells exposed to [Ir-b]Cl (1.5 μM, 1h) and to TMRM 
(100 nM, 30 min). B) Representative confocal images of A549 cells exposed to [Ir-b]Cl (1.5 μM, 1h) and to 
LysoTracker (75 nM, 30 min). 
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2.6.6. Effect on the Mitochondrial Membrane Potential 
To assess if the accumulation of complex [Ir-b]Cl in mitochondria leads to an actual 

mitochondrial dysfunction, the state of mitochondrial membrane potential (MMP, 

ΔΨm) was analysed by staining living cells with the fluorescent cationic red dye TMRM, 

which accumulates only in active, polarized mitochondria due to their relatively 

negative charge. Depolarized or inactive mitochondria displays decreased membrane 

potential and fail to sequester TMRM. A treatment with 5 μM of [Ir-b]Cl or [Rh-b]Cl 

leads to the quick loss of TMRM fluorescence in less than 2 h (Fig. 8). These results 

indicate that [Ir-b]Cl and [Rh-b]Cl cause mitochondrial depolarization. 

 

 

 

2.6.7. Intracellular ROS detection 
It is well known that mitochondrial depolarization is followed by other mitochondrial 

and non-mitochondrial perturbations. Mitochondria are the major source of 

intracellular reactive oxygen species (ROS), and mitochondrial dysfunction is closely 

related to ROS accumulation in the process of apoptosis.50 To elucidate whether the 

observed depolarization of mitochondria (Fig. 8) leads to ROS accumulation in the cell, 

the intracellular ROS levels were examined by using DHE (dihydroethidium) and 

H2DCFDA (2',7'-dichlorodihydrofluorescein diacetate). DHE allows to measure cytosolic 

superoxide (O2
•–) and H2DCFDA other radical species including hydrogen peroxide 

(H2O2), in intact adherent cells.51 These probes are oxidized by the afore-mentioned 

reactive oxygen species to generate the corresponding fluorescent products, which 

Fig. 8. Effect of [Ir-b]Cl and [Rh-b]Cl treatment on the mitochondrial membrane potential observed by 
TMRM fluorescence (red). Representative images of A549 cells treated with DMSO (vehicle), [Ir-b]Cl (5 µM) 
and [Rh-b]Cl (5 µM) for 2 h under the same experimental conditions. A) Phase contrast image. B) Red 
fluorescence emission. 
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then can be measured by flow cytometry. [Ir-b]Cl could not be included in this assay 

due to its green emission that partially overlapped with that of the fluorescent probes. 

A549 cells were treated with [Rh-b]Cl (5 µM) for 2 or 4 h. A treatment with H2O2 

(0.25 mM) was used as a positive control, as it causes oxidative stress that generates 

ROS overproduction in the cell. Fig. 9A shows that the population of cells with enhanced 

levels of superoxide after treatment with [Rh-b]Cl is even higher than that 

corresponding to the treatment with H2O2. For each experiment, the fluorescence of 

non-treated cells (negative control) is shown in grey. The generation of other radical 

species was also detected (Fig. 9B), but this time the treatment with H2O2 induced a 

greater effect than the treatment with [Rh-b]Cl. These results entail that superoxide is 

probably the main radical species generated in the cell by [Rh-b]Cl. 

 

 
Fig. 9. The level of intracellular ROS was detected by DHE (A, yellow) and H2DCFDA (B, green) assays using 
flow cytometric analysis in A549 cells treated with [Rh-b]Cl (5 μM) or H2O2 (0.25 mM) for 2 or 4 h. Grey: 
control cells; coloured: treated cells. 
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2.6.8. Study of Cardiolipin oxidation 
Because of depolarization, mitochondria overproduce ROS which, in turn, oxidize 

mitochondrial cardiolipins. The damage in mitochondria produced by ROS can be 

determined indirectly by assessing the oxidation state of cardiolipin, a lipid restricted 

to the inner mitochondrial membrane that plays a key role in the apoptotic cell death 

pathway.52 The fluorescent dye 10-N-nonyl acridine orange (NAO) is extensively used 

for location and quantitative determination of cardiolipin in living cells. NAO interacts 

with intact, non-oxidized cardiolipin forming NAO dimers, which can be detected based 

on their red emission.53 Therefore, a reduction in NAO fluorescence indicates a 

decrease in cardiolipin content.54 A549 cells were pre-incubated with NAO and then 

treated for 4 h with [Rh-b]Cl at different concentrations. The fluorescence of NAO in 

the cells was then measured by flow cytometry (Fig. 10). [Rh-b]Cl featured a great dose-

dependent impact on NAO fluorescence intensity in agreement with cardiolipin 

oxidation. Again, [Ir-b]Cl could not be included in this study due to its emission features. 

 

 
Fig. 10. The decrease of NAO fluorescence upon treatment for 4 h with [Rh-b]Cl at different concentrations 
(2.5, 5 and 7.5 µM) was analysed by flow cytometry. Grey: control cells; coloured: treated cells. 
 

2.6.9. Photodynamic activity 
The PDT effect of the [Ir-b]Cl and [Rh-b]Cl was first examined on A549 cells irradiated 

in the UV region at 365 nm (where all the complexes present strong absorption) for a 

short period of 5 min at 20 mW·cm-2. Interestingly, the cytotoxicity of [Ir-b]Cl increased 

significantly, displaying a phototoxicity index (IC50 non-irradiated/IC50 irradiated) of 

18 ± 2, whereas no significant changes were observed for the [Rh-b]Cl complex that 

displayed a photoindex of 1.1 ± 0.1 (SI Fig. 13). Although the phototoxicity index quoted 
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for [Ir-b]Cl is a promising result, the use of visible light and non-toxic photosensitizers 

is preferable in PDT therapy. Hence, irradiation of cells treated with the four metal 

complexes included in this work with blue light (λmax = 460 nm) was tested. Fig. 11 

summarizes the cytotoxic activity of complexes [Ir-a,b]Cl and [Rh-a,b]Cl with and 

without irradiation for 20 min with blue LED light at 5.5 mW·cm-2. Control experiments 

were carried out to check whether irradiation itself under these experimental 

conditions can affect cell survival. After 20 min of irradiation with blue LED light at 5.5 

mW·cm-2 the survival rate obtained for non-treated A549 cells (control) was 97.7 % 

(± 0.8 %). The phototoxicity index values obtained for complexes [Ir-a]Cl and [Ir-b]Cl 

were 15.8 ± 0.7 and 3.6 ± 0.3, respectively, whereas [Rh-a]Cl and [Rh-b]Cl did not 

display significant difference in their IC50 values with and without irradiation. It is worth 

noting that the IC50 for [Ir-a]Cl and [Ir-b]Cl  after blue light irradiation is nearly the same 

for both complexes (1.2 ± 0.1 µM and 1.1 ± 0.1 µM, respectively). However, the 

phototoxicity index of [Ir-a]Cl is considerably higher due to its lower cytotoxicity in the 

dark. 

Thus, despite the similar biological properties of the Ir and the Rh complexes in the 

dark, the different photophysical features give rise to very distinct photodynamic 

activity. The explanation could lie on the heavy atom effect provided by the Ir(III) core 

within complexes [Ir-a,b]Cl, which favours an intersystem crossing process and long-

lived triplet excited states, which in turn promotes the excitation of the triplet 

molecular oxygen molecule to generate singlet oxygen. This circumstance is absent for 

the [Rh-a,b]Cl complexes. 
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Fig. 11. IC50 (μM) values obtained for A549 cells treated with [Ir-a,b]Cl and [Rh-a,b]Cl for 24 h with (grey 
columns) and without (black columns) irradiation for 20 min with blue LED light at 5.5 mW cm-2. Difference 
significant at **p = 0.0019 and ****p = 0.00001. 
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2.7. Ir(III)-promoted singlet oxygen photo-generation and photooxidation 

of sulphides 
The results obtained for complexes [Ir-a,b]Cl on A549 cells irradiated with blue light 

prompted us to assess the potential ability of the Ir complexes to photo-catalyze the 

generation of  ROS and the photooxidation of different substrates under irradiation 

with blue light. The results could provide a reasonable mechanism for the biological 

action of these Ir(III) complexes under irradiation. For comparison purposes, the Rh(III) 

complexes were also included in this study.  

 

2.7.1. Photo-stability of complexes [Ir-a]Cl and [Ir-b]Cl 
The photo-stability of complexes [Ir-a]Cl and [Ir-b]Cl was studied by 1H NMR over a 

period of 24 h under irradiation (blue LED light, λmax = 460 nm) in an NMR tube open to 

air atmosphere (SI Fig. 14 and 15). Both complexes undergo slight photo-

decomposition to give the same degradation product which we attribute to 

[IrCl(ppy)2(CD3SOCD3)]. The photo-degradation percentages were calculated from the 

corresponding integration values as 1.6 and 1.3% after 6 h and 6.0 and 4.7% after 24 h 

for [Ir-a]Cl and [Ir-b]Cl, respectively, suggesting that the photolysis process is slightly 

slower for [Ir-b]Cl. Conversely, equivalent solutions of [Ir-a]Cl and [Ir-b]Cl are stable in 

the dark after 5 days. 

 

2.7.2. Photo-oxidation of thioanisole 
To properly analyze the ability of the new complexes to photo-catalyze the potential 

generation of 1O2 or other ROS, we evaluated the oxidation of thioanisole by 1H NMR 

in the presence of [Rh-a,b]Cl and [Ir-a,b]Cl under irradiation at room temperature with 

a blue LED strip (blue LED light, λmax = 460 nm, 24 W). This model reaction (eq (1)) was 

reported previously as an illustrative 1O2-mediated photo-oxidation process.55 The 

respective sulfoxide (methyl phenyl sulfoxide, MPS) was obtained in a chemo-selective 

manner in the presence of both Ir(III) PS, although the conversion values determined 

experimentally demonstrate certain degree of dependence on the coordinated 

ancillary ligand. Thus, complex [Ir-a]Cl bearing L1 gave full conversion after 12 h, 

whereas [Ir-b]Cl with L2 gave 82 % conversion under the same conditions (entries 1 and 

2, ¡Error! No se encuentra el origen de la referencia.5 and SI Fig. 16). On the other 

hand, negligible conversions were obtained in the presence of either the free ligands 

or their Rh(III) derivatives (entries 3 to 6 in ¡Error! No se encuentra el origen de la 

referencia.5).  

To gain some insight into the reaction mechanism, several control experiments were 

performed. Thus, the oxidation of thioanisole was inhibited in the absence of light 

(entry 7 in ¡Error! No se encuentra el origen de la referencia.5) or in the absence of 

the Ir(III) PS (entry 8, ¡Error! No se encuentra el origen de la referencia.5), which 
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proved the Ir(III)-induced photocatalytic nature of the transformation. On the other 

hand, the low conversion obtained under nitrogen atmosphere (N2 bubbling) 

supported the role of O2 as the oxidant source (compare entries 2 and 9 in Table 5). 

Nonetheless, two mechanisms have been described in the literature for the 

photocatalytic oxidation of sulfides with O2 under visible light.56 The first one put 

forward the formation of 1O2, by means of an ET process and its involvement as the 

actual oxidant, whereas the second involves the formation of superoxide via electron-

transfer processes. In particular, in our photocatalytic oxidation system the 

participation of 1O2 was established by using NaN3 (11 mM), a specific 1O2 scavenger, 

which dramatically inhibited the formation of the sulfoxide (entry 10, ¡Error! No se 

encuentra el origen de la referencia.5). Moreover, the presence of a scavenger of the 

superoxide radical anion O2
•‾, such as 1,4-benzoquinone, also led to a relative decrease 

in the conversion (entry 11, Table 5), suggesting that O2
•‾ could also contribute to some 

degree to the oxidation of organo-sulfides. Hence, both the energy transfer and 

electron transfer pathways seem to play a role in this reaction.57  

 
Table 5. Catalyst screening and control experiments in the photo-oxidation of thioanisole under an O2 
atmosphere and blue-LED irradiation. 

 

Entry Conditions (Cat / Light / Gas)a Conv (%, 12 h)b 

1 [Ir-a]Cl / Yes / O2 100 

2 [Ir-b]Cl / Yes / O2 82 

3 [Rh-a]Cl / Yes / O2 1.1 

4 [Rh-b]Cl  / Yes / O2 1.3 

5 L1 / Yes / O2 6.7 

6 L2 / Yes / O2 3.3 

7 [Ir-b]Cl  / No / O2 0 

8 No / Yes / O2 1.7 

9 [Ir-b]Cl / Yes / N2 8.3 

10 [Ir-b]Cl / Yes / O2 / NaN3
c 0.2 

11 [Ir-b]Cl / Yes / O2 / bzqd 23.6 
aThioanisole (10 mM), PS (10-2 mM), see experimental part. bConversion yields were determined by 
integration from 1H NMR spectra of the crude mixtures as average values of two independent experiments. 

cNaN3 (11 mM). dp-benzoquinone (bzq, 11 mM). 
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2.7.3. Photo-oxidation of L-cysteine and L-methionine 
In addition, the photo-oxidation of L-cysteine (eq (2)) and L-methionine (eq (3)) in Table 

6 were proved under similar conditions in the presence of [Ir-a]Cl and [Ir-b]Cl. Both PSs 

produced the disulfide derivative of L-cysteine (cystine) in a quantitative manner, 

whereas the control experiments in the absence of light or PS gave only partial 

conversions (Table 6, entries 1 to 4 and SI Fig. 17). The oxidation of L-methionine 

afforded methionine sulfoxide very efficiently with both PS, while the control 

experiments without PS or in the dark did not produce the sulfoxide (Table 6, entries 5 

to 8 and SI Fig. 18). The irreversible oxidation of exposed L-cysteine and L-methionine 

residues in tissue enzymes can alter the weak interactions responsible for their 

secondary and tertiary structure leading to misfolding and consequently rendering 

these enzymes dysfunctional.26 Hence, the aforementioned results suggest a possible 

mechanism for the potential photo-cytotoxic activity of the Ir(III) complexes [Ir-a]Cl and 

[Ir-b]Cl. 

 
Table 6. Photo-oxidation of L-cysteine and L-methionine under an O2 atmosphere and blue-LED irradiation. 

 

 

Entry Substrate Conditionsa %Conv, 12 h (18 h)b 

1 Cys [Ir-a]Cl / Blue light / O2 > 99 

2 Cys [Ir-b]Cl / Blue light / O2 > 99 

3 Cys [Ir-b]Cl / No light / O2 45 

4 Cys No Cat / Blue light / O2 44 

5 Met [Ir-a]Cl / Blue light / O2 100 

6 Met [Ir-b]Cl / Blue light / O2 79 (100) 

7 Met [Ir-b]Cl / No light / O2 0 

8 Met No Cat / Blue light / O2 0 
aL-cysteine/L-methionine (10 mM), PS (10-2 mM, 0.1 mol %), see experimental part. bConversion yields 
were determined by integration from 1H NMR spectra of the crude mixtures as average values of two 
independent experiments.  
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3. Conclusions 
Two pairs of Rh(III) and Ir(III) biscyclometalated complexes of general formula 

[M(ppy)2(N^N)]Cl (M = Rh, Ir) bearing N^N ligands based on the thiabendazole scaffold 

(L1 and L2) have been designed, synthesized and their potential as anticancer and PDT 

agents has been evaluated. In the dark, the Rh and Ir benzyl‐derivatives are one order 

more cytotoxic against human lung carcinoma (A549) and human colon carcinoma 

(SW480) cell lines than cisplatin. Additional biological studies with the Rh and Ir benzyl‐

derivatives show that both complexes interfere with mitochondria functionality, 

causing the activation of apoptotic cell death pathways. Moreover, the [Ira]Cl and 

[Irb]Cl complexes exhibit enhanced cytotoxic activity after irradiation with visible blue 

light and photo‐oxidation of sulphur‐containing aminoacids was successfully 

demonstrated, suggesting that under irradiation conditions oxidative stress could be 

selectively promoted through a photocatalytic activity. On the contrary, the non‐

photoluminescent Rh complexes, which are unable to induce this photooxidation, do 

not exhibit enhanced cytotoxicity upon irradiation with neither UV nor visible light. 

 

4. Synthesis and characterization 
4.1. L2 

Ligand L2 
In a 100 mL Schlenk flask, K2CO3 (0.500 g, 3.62 mmol) was 

added to a solution of 2-(4-Thiazolyl)benzimidazole 

(thiabendazole, TBZ) (0.450 g, 2.24 mmol) in DMF (7 mL). 

The mixture/suspension was stirred at room temperature 

for 30 minutes. Benzyl bromide (0.500 g, 3.62 mmol) was 

then added. The stirring was extended for 4 hours at room 

temperature. The solvent was removed under vacuum and 

the residue was redisolved in DMSO (5 mL). Water (10 mL) 

was added to precipitate a white solid that was filtrated and 

dried under vacuum. Yield: 0.425 g (1.46 mmol, 65%). Mr (C17H13N3S) = 291,37 g/mol. 1H NMR 

(400 MHz, CDCl3, 25 ºC) δ 8.89 (dd, J = 7.9, 2.0 Hz, 1H, Hd), 8.33 (dd, J = 15.2, 2.0 Hz, 1H, Hb), 

7.86 (d, J = 7.8 Hz, 1H, Hr), 7.38 – 7.24 (m, 7H), 7.18 (d, J = 6.6 Hz, 3H), 6.11 (s, 2H, Hn, Hn) ppm. 

FT-IR (ATR, cm-1) selected bands: 3028 (w, νC=CH), 1603 (s, νC=C + C-N), 1450 (s, νC=N), 1155 (m, νC-

C), 1067-1027 (m, δC-Hip), 782 (m, δC-C), 749-737-724 (vs, δC-Hoop). Solubility: soluble in dimethyl 

sulfoxide, dichloromethane, methanol, acetone. 
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4.2. Rh(III) and Ir(III)-complexes 
[Rh(ppy)2(L1)]Cl: [Rh-a]Cl 

In a 100 mL Schlenk flask, previously purged with 

nitrogen, the ancillary ligand L1 (0.0553 g, 0.273 mmol) 

was added to a solution of [Rh(µ-Cl)(ppy)2]2 (0.1001 g, 

0.093 mmol) in a mixture of dichloromethane (14 mL) 

/ methanol (14 mL), and the mixture was stirred at 55 

ºC for 24 hours under a N2 atmosphere. The resulting 

solution was concentrated to half the volume under 

vacuum and diethyl ether (15 mL) was added to 

precipitate a crude solid that was isolated by filtration 

and washed with diethyl ether (2×5 mL). Ethanol (3 

mL) was added to the crude solid to remove soluble 

impurities and the resulting suspension was kept in 

the cooler for 16 hours, then the solid was recovered 

by filtration. Finally, the product was washed with diethyl ether (2×5 mL) again and was dried 

under vacuum to produce a white powder. Yield: 0.0755 g (0.117 mmol, 52%). Mr 

(C32H23ClN5RhS) = 647,98 g/mol. Anal. Calcd for C32H23ClN5RhS(H2O)(CH3OH): C 56.78; H 4.19; N 

10.03; S 4.02; Found: C 56.82; H 4.28; N 9.69. 1H NMR (400 MHz, DMSO-d6, 25 ºC) δ 14.86 (s, 

1H, HN-H), 8.96 (s, 1H, Hd), 8.57 (d, J = 1.8 Hz, 1H, Hb), 8.27 (d, J = 8.2 Hz, 1H, H3), 8.21 (d, J = 8.1 

Hz, 1H, H3´), 8.03 – 7.92 (m, 4H, H4, H4´, H9, H9´), 7.70 (d, J = 5.7 Hz, 2H, H6, Hi), 7.66 (d, J = 8.2 Hz, 

1H, H6´), 7.28 – 7.17 (m, 3H, H5, H5´, Hj), 7.14 (t, J = 7.5 Hz, 1H, H10), 7.08 (t, J = 7.4 Hz, 1H, H10´), 

7.02 – 6.91 (m, 3H, H11, H11´, Hk), 6.33 (d, J = 7.7 Hz, 1H, H12), 6.29 (d, J = 7.6 Hz, 1H, , H12´), 6.11 

(d, J = 8.3 Hz, 1H, Hl) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 ºC) δ 164.16, 159.09, 149.18, 

148.93, 144.28, 144.14, 138.68, 138.54, 132.58, 132.34, 129.54, 129.25, 124.57, 124.49, 123.77, 

123.37, 122.97, 119.97, 119.73, 116.38, 113.47 ppm. FT-IR (KBr, cm-1) selected bands: 3374 (w, 

νN-Hasociado), 3060 (w, νC=CH), 1605- 1577-1566 (m, νC=C + C-N), 1420 (w, νC=N), 1227 (m) 1152 (m, νC-

C), 1061-1026 (m, δC-Hip),  795 (w, δC-C), 754-738 (vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): 

m/zexp (%) = 612.0730 (100) (m/zcalcd [C32H23N5RhS]+ = 612.0729). Molar Conductivity (CH3CN): 

24 S·cm2·mol-1. Solubility: soluble in dichloromethane, methanol, dimethyl sulfoxide and 

acetone. 
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[Ir(ppy)2(L1)]Cl: [Ir-a]Cl 

In a 100 mL Schlenk flask, previously purged with 

nitrogen, the ancillary ligand L1 (0.0375 g, 0.186 

mmol) was added to a solution of [Ir(µ-Cl)(ppy)2]2 

(0.100 g, 0.093 mmol) in a mixture of 

dichloromethane (8 mL) / methanol (10 mL), and the 

mixture was stirred at 60 ºC for 24 hours under a N2 

atmosphere. The resulting solution was concentrated 

to half the volume under vacuum and diethyl ether 

(15 mL) was added to precipitate a crude solid that 

was isolated by filtration and washed with diethyl 

ether (2×5 mL). The product was dried under vacuum 

to produce a yellow powder. Yield: 0.110 g (0.153 

mmol, 82%). Mr (C32H23ClIrN5S) = 737.3069 g/mol. 

Anal. Calcd for C32H23N4SClIr·(CH2Cl2)0.7(H2O)0.8: C 49.27; H 3.29; N 7.03; S 4.02; Found: C 49.32; 

H 3.33; N 7.11; S 4.19. 1H NMR (400 MHz, CDCl3, 25 ºC) δ 15.73 (s, 1H, HN-H), 10.09 (d, J = 1.3 Hz, 

1H, Hd), 8.13 (d, J = 2.1 Hz, 1H, Hb), 7.89 (d, J = 8.7 Hz, 1H, H3), 7.85 (d, J = 7.8 Hz, 1H, H3’), 7.78 

(d, J = 8.2 Hz, 1H, Hi), 7.76 – 7.70 (m, 2H, H4, H6), 7.70 – 7.62 (m, 3H, H4’, H9, H9’), 7.52 (d, J = 5.8 

Hz, 1H, H6’), 7.25 (t, J = 8.2 Hz, 1H, Hj), 7.07 (t, J = 7.5 Hz, 1H, H10), 7.00 (t, J = 7.5 Hz, 1H, H10’), 

6.98 – 6.85 (m, 5H, Hk, H5, H5’, H11, H11’), 6.45 (d, J = 7.9 Hz, 1H, H12), 6.40 (d, J = 7.3 Hz, 1H, H12’), 

6.16 (d, J = 8.3 Hz, 1H, Hl) ppm. 13C{1H} NMR (101 MHz, CDCl3, 25 ºC) δ 168.4 (s, 1C, C2), 168.1 

(s, 1C, C2’), 155.1 (s, 1C, Cb), 149.8 (s, 1C, C6), 148.6 (s, 1C, C7), 148.29 (s, 1C, C6’), 148.25 (s, 1C, 

Ce), 146.73 (s, 1C, C7’), 146.65 (s, 1C, Cf), 144.5 (s, 1C, C8), 144.3 (s, 1C, C8’), 139.8 (s, 1C, Cm), 

137.9 (s, 1C, C4), 137.7 (s, 1C, C4’), 134.9 (s, 1C, Ch), 132.5 (s, 1C, C12), 132.3 (s, 1C, C12’), 130.5 (s, 

1C, C11), 130.1 (s, 1C, C11’), 125.6 (s, 1C, Cd), 125.1 (s, 1C, Cj), 124.59 (s, 1C, C9), 124.56 (s, 1C, C9’), 

124.2 (s, 1C, Ck), 123.2 (s, 1C, C5), 122.9 (s, 1C, C5’), 122.5 (s, 1C, C10), 122.4 (s, 1C, C10’), 119.3 (s, 

2C, C3, C3’), 117.1 (s, 1C, Cl), 114.4 (s, 1C, Ci) ppm. FT-IR (KBr, cm-1) selected bands: 3372 (w, νN-

H), 3034 (w, νC=CH), 2618 (w, ν-CH), 1606-1579 (m, νC=C + C-N), 1476 (s), 1455 (w, νC=N), 1416 (s), 1267 

(m), 1227 (m) 1161 (m, νC-C), 1060-1030-1011-994 (m, δC-Hip), 830 (m), 795 (w, δC-C), 751 (vs, δC-

Hoop), 630 (m), 560 (m), 436-421 (m). FAB+ MS (DCM/DMSO, 4:1): m/zexp (%) = 703 (100) (m/zcalcd 

[C32H23IrN5S]+ = 703); m/zexp (%) = 502 (58) (m/zcalcd [C22H16IrN2]+ = 502). Molar Conductivity 

(CH3CN): 21 S·cm2·mol-1. Solubility: soluble in dichloromethane, chloroform and acetone. 

Partially soluble in methanol and insoluble in water. 
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[Rh(ppy)2(L2)]Cl: [Rh-b]Cl 

[Rh-b]Cl was synthesized from [Rh(µ-

Cl)(ppy)2]2 (0.1002 g, 0.093 mmol) in a 

similar manner to that of [Rh-a]Cl except 

that the ancillary ligand was replaced with 

L2 (0.0817 g, 0.280 mmol). Yield: 0.131 g 

(0.178 mmol, 79%). Mr (C39H29N5RhSCl) = 

738.121 g/mol. Anal. Calcd for 

C39H29RhN5SCl·(H2O)2: C 60.51; H 4.30; 

N 9.05; Found: C 60.60; H 4.64; N 9.14. 1H 

NMR (400 MHz, DMSO-d6, 25 ºC) δ 8.91 (s, 

1H, Hd), 8.57 (s, 1H, Hb), 8.30 (d, J = 7.9 Hz, 

1H, H3), 8.23 (d, J = 8.0 Hz, 1H, H3´), 7.99 (dd, 

J = 15.6, 8.4 Hz, 4H, H4, H4´, H9, H9´), 7.83 (dd, 

J = 12.4, 6.9 Hz, 2H, H6, Hi), 7.66 (d, J = 5.4 Hz, 1H, H6´), 7.37 – 7.21 (m, 6H, Hq, Hq, Hr, Hj, H5, H5´), 

7.16 (t, J = 7.5 Hz, 1H, Hp), 7.12 – 6.93 (m, 6H, Hp, H10, H10´, Hk, H11, H11´), 6.35 (d, J = 7.7 Hz, 1H, 

H12), 6.28 (d, J = 7.6 Hz, 1H, H12´), 6.25 – 6.18 (m, 1H, Hl), 6.15 (s, 1H, Hn), 6.07 (d, J = 17.6 Hz, 1H, 

Hn) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 ºC) δ 166.19 (d, 1C, 1J(103Rh-13C) = 33.0 Hz, 

Rh-C), 165.58 (d, 1C 1J(103Rh-13C) = 33.8 Hz, Rh-C), 164.17 (d, J = 1.7 Hz), 164.13 (d, J = 1.7 

Hz), 158.72, 149.24, 148.80, 147.01, 144.32, 144.03, 142.16, 139.08, 138.83, 138.72, 136.25, 

135.16, 132.64, 132.33, 129.65, 129.37, 129.04 (s, 2C, Co N-Bn), 127.89, 126.04 (s, 2C, Cm N-

Bn), 125.54, 125.12, 124.70, 124.63, 124.47, 123.83, 123.68, 123.15, 123.08, 120.11, 119.87, 

116.98, 112.28, 47.64 (s, 1C, N-CH2-Ph) ppm. FT-IR (ATR, cm-1) selected bands: 3031 (w, 

νC=CH), 2969 (w, ν-CH), 1605 (s, νC=C + C-N), 1580 (s, νC=C + C-N), 1559 (s, νC=C + C-N), 1428 (s, νC=N), 

1159 (m, νC-C), 1062 (m, δC-Hip), 1030 (m, δC-Hip), 792 (m, δC-C), 755 (vs, δC-Hoop), 728 (vs, δC-Hoop). 

HR ESI+ MS (DCM/DMSO, 4:1): m/zexp (%) = 702.1185 (100) (m/zcalcd [C39H29N5RhS]+ = 

702.1199). Molar Conductivity (CH3CN): 133.6 S·cm2·mol-1. Solubility: soluble in dimethyl 

sulfoxide, dichloromethane, methanol, acetone. 
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[Ir(ppy)2(L2)]Cl: [Ir-b]Cl 

[Ir-b]Cl was synthesized from [Ir(µ-Cl)(ppy)2]2 

(0.100 g, 0.093 mmol) in a similar manner to 

that of [Ir-a]Cl except that the ancillary ligand 

was replaced with L2 (0.068 g, 0.233 mmol). 

Yield: 0.123 g (0.149 mmol, 80%). Mr 

(C39H29IrN5SCl) = 827.416 g/mol. Anal. 

Calcd for C39H29IrN5SCl·(H2O)2: C 54.25; H 

3.85; N 8.11; Found: C 53.93; H 3.82; N 8.10. 
1H NMR (400 MHz, DMSO-d6, 25 ºC) δ 8.93 (d, 

J = 1.7 Hz, 1H, Hd), 8.48 (d, J = 1.7 Hz, 1H, Hb), 

8.28 (d, J = 8.4 Hz, 1H, H3), 8.20 (d, J = 8.4 Hz, 

1H, H3´), 8.04 – 7.79 (m, 6H, H4, H4´, H9, H9´, H6, 

Hi), 7.70 (d, J = 5.9 Hz, 1H, H6´), 7.42 – 7.26 (m, 

4H, Hq, Hq, Hr, Hj), 7.19 (t, J = 6.6 Hz, 2H, H5, H5´), 7.14 – 6.98 (m, 5H, Hp, Hp, H10, H10´, Hk), 6.98 – 

6.82 (m, 2H, H11, H11´), 6.36 (d, J = 7.6 Hz, 1H, H12), 6.27 (d, J = 7.6 Hz, 1H, H12´), 6.24 – 6.15 (m, 

2H, Hn, Hl), 6.10 (d, J = 17.5 Hz, 1H, Hn) ppm. 13C{1H} NMR (101 MHz, CD3SOCD3, 25 ºC) δ 

167.11, 166.99, 158.83, 149.44, 148.83, 148.44, 148.35, 147.29, 144.61, 144.43, 142.83, 138.83, 

138.69, 138.55, 135.95, 135.10, 131.80, 131.44, 129.91, 129.59, 129.13 (s, 2C, Co N-Bn), 128.03, 

126.68, 126.14 (s, 2C, Cm N-Bn), 125.44, 124.91, 124.83, 124.77, 123.86, 123.64, 122.13, 122.08, 

119.93, 119.59, 116.84, 112.51, 47.75 (s, 1C, N-CH2-Ph) ppm. FT-IR (ATR, cm-1) selected 

bands: 3031 (w, νC=CH), 2969 (w, ν-CH), 1605 (s, νC=C + C-N), 1580 (s, νC=C + C-N), 1559 (s, νC=C + C-

N), 1428 (s, νC=N), 1159 (m, νC-C), 1062-1030 (m, δC-Hip), 792 (m, δC-C), 755-728 (vs, δC-Hoop). HR 

ESI+ MS (DCM/DMSO, 4:1): m/zexp (%) = 792.1777 (100) (m/zcalcd [C39H29IrN5S]+ = 

792.1773). Molar Conductivity (CH3CN): 132.5 S·cm2·mol-1. Solubility: soluble in dimethyl 

sulfoxide, dichloromethane, methanol, acetone. 
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0. Abstract 

 
Fig.1. Schematic representation of the photo-biological pathway of action of the complexes. 

 

Photodynamic therapy is an alternative to classical chemotherapy due to its 

potential to reduce side effects by a controlled activation of a photosensitizer 

through local irradiation with light. The photosensi tizer then interacts with oxygen 

and generates reactive oxygen species. In this context, iridium biscyclometalated 

complexes are very promising photosensitizers due to their exceptional 

photophysical properties and their ability to target mitochondria. Four Ir(III) 

biscyclometalated complexes of formula [Ir(C^N)2(N^N’)]Cl, where N^N’ is a ligand 

containing a benzimidazolyl fragment, have been synthesized and characterized. 
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The C^N ligands were 2-phenylpyridinate (ppy) and 2-(2,4-difluorophenyl)pyridinate 

(dfppy). The complexes exhibited high photostability. The electrochemical and 

photophysical properties were modulated by both the cyclometalating and the 

ancillary ligands. The dfppy derivatives yielded the highest emission energy values, 

quantum yields of phosphorescence and excited state lifetimes. All these complexes 

generated 1O2 in aerated solutions upon irradiation. Biological studies revealed that 

these PSs have a moderate cytotoxicity in the dark against different human cancer cell 

lines: prostate (PC-3), colon (CACO-2) and melanoma (SK-MEL-28), and against non-

malignant fibroblasts (CCD-18Co). However, derivatives with ppy ligands ([1a]Cl, 

[2a]Cl) yielded a relevant photodynamic activity upon light irradiation (450 nm, 24.1 

J·cm−2), with phototoxicity indexes (IC50,dark/IC50,light) of 20.8 and 17.3, respectively, 

achieved in PC-3 cells. Mechanistic studies showed that these complexes are taken 

up by the cells through endocytosis and preferentially accumulate in mitochondria. 

Upon photoactivation, the complexes induced mitochondrial membrane 

depolarization and presumably mt-DNA damage, thus triggering cell death, mainly 

by apoptosis. Complex [1a]Cl is also able to oxidize NADH. This mitochondria-

targeted photodynamic mechanism greatly inhibited the reproductive capacity of 

cancer cells and provides a valuable alternative to traditional chemotherapy for the 

controlled treatment of cancer. 

 

1. Introduction 
Cancer has a great incidence in modern societies. One of the most successful strategies 

in the battle against cancer is chemotherapy. Metal complexes with antiproliferative 

activity constitute a proven alternative to conventional organic drugs. Although 

platinum compounds are widely used in this context, they generally exhibit a number 

of side effects, a limited range of activity and a certain degree of tumour resistance.1,2 

Consequently, numerous research groups have devoted a great deal of effort to the 

development of new complexes of metal cations other than Pt.3,4 Furthermore, 

different strategies are being developed with the aim of reducing side effects and these 

include the use of targeted drug delivery to cancer cells5,6 or the use of prodrugs that 

are activated in the tumour environment. In the context of the latter approach, 

photodynamic therapy7,8,9,10,11 (PDT) is a very promising alternative that provides spatial 

and temporal control over the activation of a prodrug. PDT refers to the “damage or 

destruction of living tissue by the combined action of visible light, a photosensitizer and 

oxygen”.12 Irradiation of the photosensitizer (PS) leads to the promotion of the latter 

from its ground state (S0) to its singlet excited state (S1). From this unstable and typically 

short-lived state, the PS can either return to its ground state by emitting light 

(fluorescence) or heat, or either can populate the triplet excited state T1 by a process 
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called intersystem crossing (ISC is favoured by second or third row transition metals). 

The activated PS in the T1 state can produce chemical changes in nearby molecules by 

two competing pathways: (i) Type-I, where the transfer of electrons to oxygen or other 

molecules leads to the formation of a radical anion. These radicals will react with 

molecular oxygen to produce ROS (reactive oxygen species); (ii) Type-II, which involves 

an energy transfer process from the PS T1 excited state to the oxygen ground state (3O2), 

which is transformed into the very reactive 1O2. Both type-I and type-II photochemical 

reactions usually occur in parallel, and the ratio between them depends on parameters 

such as the photosensitizer features and the oxygen concentration.13 

PDT has been used for cancer treatment since the 1990s using Photofrin® and a 

significant number of porphyrinoid and non-porphyrinoid PSs have been reported as 

potential PDT agents. Indeed, some of these compounds have been approved by the 

FDA.14 However, their clinical use is limited by the short lifetime of their excited-state.15 

An interesting alternative to these organic PSs for PDT are complexes based on 

transition metals.16,17 As stated above, systems that contain heavy atoms exhibit 

enhanced ISC and a favourably long lifetime of their triplet MLCT (metal to ligand 

charge transfer) excited state, both of which may enhance 1O2 production. In addition, 

these materials offer a bathochromic shift in the absorption spectra with respect to 

organic molecules and this favours a deeper tissue penetration ability of the 

corresponding light stimulus. More specifically, transition metal complexes with d3 and 

d6 electronic configurations are particularly promising due to the advantageous 

photophysical properties and their relative low lability.18 A large number of metal 

complexes screened as PSs are octahedral polypyridine Ru(II) complexes19,20 and, in 

fact, a Ru(II) polypyridyl complex reported by McFarland (TLD-1433) has entered clinical 

trials.21 Octahedral cyclometalated iridium(III) complexes are especially attractive in 

this context due to their exceptional photophysical properties and photostability.15 

Such complexes have been tested in cellular imaging as biomolecular probes,22,23,24,25 as 

anticancer agents and as PDT photosensitizers.26,27,28 The cellular targets of Ir(III) PSs28 

include lysosomes,29,30,31 the endoplasmic reticulum (ER),32 the nucleus, some cellular 

proteins33 and very frequently, mitochondria.34,35,36,37 The localization in mitochondria 

arises from the negative potential of mitochondrial membranes and the cationic nature 

of these PSs and it is also favoured by a lipophilic nature of the complex.38,39 

Mitochondria play numerous basic functions in cells and these include energy 

production, regulation of cell death and redox balance.34,40,41 Thus, mitochondria have 

gradually become more attractive as target organelles for developing selective 

anticancer drugs,42,43 especially for PDT treatment.11,41 It has been reported that even 

low levels of 1O2 generated either inside or close to the mitochondria are more effective 

than a large amount produced in the cell nucleus.44 
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In a previous paper45 we reported on the biological and photocatalytic properties of 

two sets of neutral Ir(III) bis-cyclometalated complexes of general formula 

[Ir(C^N)2(N^O)] with a phenolate ring. It was found that complexes containing the 

scaffold benzimidazolyl as the N donor fragment in the N^O ligand presented enhanced 

cytotoxic activity after irradiation. In addition, the C^N ligand had an influence on the 

biological properties, since a complex with 2-(2,4-difluorophenyl)pyridinate gave a 

better Phototoxicity Index (PI). Thus, in this work we decided to synthesize, 

characterize and analyse the biological properties of a set of complexes of the type 

[Ir(C^N)2(N^N’)]Cl with N^N’ ligands that contained a benzimidazolyl unit bonded to 

either a pyridinyl or a thiazolyl ring (see Scheme 1). Two different C^N ligands were 

chosen, namely 2-phenylpyridinate (ppy) and 2-(2,4-difluorophenyl)pyridinate (dfppy), 

with the aim of evaluating the effect of both the cyclometallating (C^N) and the 

ancillary (N^N’) ligands on the biological properties of the complexes and, more 

specifically, on the ability to behave as photosensitizers in PDT processes. According to 

several studies, higher quantum yields and longer triplet excited state lifetimes are 

expected for the biscyclometalating complexes with dfppy versus those with ppy 

ligands45,46,47,48,49,50,51,52 and one aim was to ascertain whether a high value of these 

parameters could favour PDT activity. Considering the positive results in anticancer 

activity of some complexes that contain an amide group,53,54 including selectivity for 

cancer cells,55 we decided to include an amide group in the benzimidazolyl ring. 

Moreover, this functional group could facilitate further derivatization or conjugation in 

the future development of the leading compounds. 

 

2. Results and discussion 
2.1. Synthesis and general characterization 
The ligands were prepared by reaction of 2-bromoacetamide with the 

corresponding benzimidazole precursors, i.e., 2-(4- thiazolyl)benzimidazole for 

L1 or 2-(2-pyridyl)benzimidazole in the case of L2. L1 and L2 were then reacted 

with the chloro- bridged dimeric iridium(III) complexes56 rac-[Ir(µ-Cl)( ppy)2]2 ( ppy 

= 2-phenylpyridinate-C2,N)57 or rac-[Ir(µ-Cl)(dfppy)2]2 (dfppy = 2-(2,4-

difluorophenylpyridinate-C2,N)45,58,59 (see Scheme 1) to give the ionic complexes 

[1a]Cl, [1b]Cl, [2a]Cl and [2b]Cl of formula [Ir(C^N)2(N^N′)]Cl in moderate to 

good yields as yellow or orange solids. The compounds are soluble in common 

organic solvents and partially soluble in water. 
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Scheme 1. Synthesis and molecular structures of the iridium complexes, including atom labelling for NMR 
discussion. 
 

The new compounds have C1 molecular symmetry and helicoidal chirality due 

to the presence of three bis(chelate) ligands. The complexes were isolated as 

racemic mixtures and characterized by multinuclear NMR, IR, mass 

spectrometry, and elemental analysis. X-ray diffraction studies were also 

carried out to determine the molecular and crystalline structures of [1a]PF6 and 

[2a]PF6. The 1H, 13C{1H}, and 19F NMR spectra of the new complexes contain one 

set of peaks for each of the two inequivalent C^N ligands due to the asymmetric 

nature of the N^N′ ligands, but it was possible to assign all the 1H and 19F NMR 

resonances by using 2-D NMR experiments. It is worth noting that some 

protons undergo strong shielding due to the effect of the ring current 

anisotropy of nearby rings. For example, the protons ortho to the metalated C 

atom (H12, H12′) appear in the range 6.12–6.32 ppm or 5.72–5.76 ppm for the 

ppy or dfppy complexes, respectively. This effect has previously been reported 

for the dimeric precursors.57 Besides, the H6, H6′ protons appear much more 

shielded (7.63–7.80 ppm) than in the chloro-bridged complexes (>9 ppm)57 and 

this is due to the effect of the rings of the N^N′ ligands. A marked shift to higher 

field is also observed for the Hl (L1) or Hm (L2) protons  belonging to the N^N′ 
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ligands (shift of around 1.3–1.5 ppm with respect to the free ligands). It is also 

worth noting that in the four complexes, one of the two broad singlets of the 

NH2 group is shifted to lower field with respect to the free ligands (about 1 

ppm), a change that is likely due to the formation of a hydrogen bond with the 

chloride counteranion.60,61,62 The fluoro-substituents give rise to two quartets 

(F11, F11′) and two triplets (F9, F9′) (partially overlapped in the case of [1b]Cl), with 

similar values for the 4JF–F and 3JF–H coupling constants. The HR ESI mass spectra 

show envelope peaks whose m/z ratio and isotopic distribution are consistent 

with those of the [M]+ cations. In addition, peaks due to [Ir(C^N)2]+ fragments 

are observed in all the spectra, which suggests that the N^N′ ligands are more 

labile than the corresponding cyclometalated ligands (see SI Fig. 1–26 for the 

NMR and mass spectra). 

 

2.2. X-ray diffraction 
The molecular and crystalline structures of complexes rac-[1a] PF6 and rac-

[2a]PF6 were determined by X-ray diffraction. Suitable single crystals were 

obtained by slow diffusion of a saturated aqueous solution of NH4PF6 into 

solutions of [1a]Cl and [2a]Cl in methanol/dichloromethane. Both complexes 

crystallize in the monoclinic system and in the space groups C2/c ([1a]PF6) and 

P21/c ([2a]PF6), respectively. Selected bond distances and angles are gathered 

in Table 1 and the corresponding crystallographic data are compiled in SI Table 

1. The ORTEP representations for one optical isomer are provided in Fig. 2, 

although both enantiomers are present in the crystals. As one would expect, 

the complexes exhibit a distorted octahedral geometry with the typical trans-

N,N and cis-C,C relative disposition for the C^N ligands. The bite angles of the 

C^N ligands are in the range 80.0(4)–80.4(3)°, whereas for the two N^N′ ligands 

the values are very similar (75.8(3)° for [1a]PF6 and 75.3(5)° for [2a]PF6). The Ir–

N distances of the N^N′ ligands (2.121(13) to 2.186(14) Å) are longer than those of 

the cyclometalating ligands (2.032(6) to 2.052(5) Å), thus demonstrating the high 

trans influence of the carbon atoms in the phenyl rings.36,63,64,65 The Ir–NbzIm 

distance is shorter than the other Ir–N distances of the ancillary ligands. The 

Ir–C distances are within the expected range (2.000(6)– 2.032(7) Å).36,64,65 The 

torsion angles of the cyclometalated ligands (0.6–8.3°) and the N^N′ ligands (4.1–

57.9°) are low, which imparts a high degree of planarity on all the ligands in 

both complexes. The 3D-structure is built up through the formation of 

hydrogen bonds involving the PF6
− anions, the C=O group and the S atom 

(for L1) as H-bond acceptors and the NH2 fragment and different CH groups of 

the rings as H-bond donors. 
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Fig. 2. ORTEP representations of: (a) cation -[1a]+ and (b) cation -[2a]+. Ellipsoids are represented at the 
30% level. Hydrogen atoms and counteranions have been omitted for the sake of clarity. 

 
Table 1. Bond Lengths (Å) and Angles (o) for [1a]PF6 and [2a]PF6. 

[1a]PF6 [2a]PF6 

Bond Lengths Angles (o) Bond Lengths Angles (o) 

Ir1- N3 2.148(9) N1- Ir1- N2 175.0(3) Ir1- N3 2.121(13) N2- Ir1- N1 174.4(4) 

Ir1- N5 2.163(8) C22- Ir1- N5 172.9(4) Ir1- N1 2.032(6) C11- I r1- N3 173.2(5) 

Ir1- N1 2.053(5) C11- Ir1- N3 172.7(3) Ir1- N5 2.186(14) C22- Ir1- N5 173.7(5) 

Ir1- C22 2.001(11) C31- S1- C32 90.0(6) Ir1- N2 2.031(8) O1- C35- N6 125.1(16) 

Ir1- N2 2.052(9) O1- C34- C33 122.7(13) Ir1- C11 2.035(8) O1- C35- C34 120.5(16) 

Ir1- C11 2.002(6) O1- C34- N6 121.6(13) Ir1- C22 2.021(8) N6- C35- C34 114.4(14) 

S1- C32 1.700(12) N6- C34- C33 115.6(13) O1- C35 1.22(2) C11-Ir1-N1 80.0(4) 

S1- C31 1.668(13) C11-Ir1-N1 80.4(3) N4- C34 1.46(2) C22-Ir1-N2 80.3(4) 

O1- C34 1.207(17) C22-Ir1-N2 80.3(4) N6- C35 1.31(2) N3-Ir1-N5 75.3(5) 

N4- C33 1.445(13) N3-Ir1-N5 75.7(3)     

N6- C34 1.333(17)       

(a) 

(b) 
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2.3. Electrochemical measurements 
The redox potentials of complexes [1a]Cl, [1b]Cl, [2a]Cl and [2b]Cl were 

experimentally determined by cyclic voltammetry (CV) in acetonitrile solutions (5 

× 10−4 M) using [nBu4N][PF6] (0.1 M) as the supporting electrolyte with a 

three-electrode setup that included a glassy carbon working electrode. Oxygen 

was removed from the solutions by bubbling argon through them. Potentials 

are referenced to the ferrocenium/ferrocene (Fc+/Fc) couple. The cyclic 

voltammograms are shown in SI Fig. 31 (see also data in Table 2). Two peaks 

can be observed in the anodic region: (i) an irreversible peak between +0.54 and 

+0.61 V (see SI Fig. 31), which is assigned to the oxidation of the Cl− counteranion 

(Cl−/Cl2 redox couple),65 and (ii) a reversible peak that differs depending on the 

cyclometalating ligand (0.83–0.86 V for the ppy complexes and 1.18–1.19 V for 

those containing the dfppy ligand). According to DFT studies, the HOMO orbital 

in this kind of complexes is composed of a mixture of Ir(III) dπ orbitals (t2g) and 

phenyl π orbitals of the C^N ligands66,67,68 and thus the resulting oxidized species 

can be described by the combination of three canonical structures that involve 

the oxidation of either the iridium centre ([IrIV(C^N−)2(N^N′)]2+) or one of the 

C^N ligands ([IrIII(C^N−)(C^N•)(N^N′)]2+. This HOMO is more stabilized for the dfppy 

complexes due to the electron-withdrawing effect of the fluoro-substituents,46 

a fact that explains the higher values for the oxidation peaks of [1b]Cl and 

[2b]Cl. The values for [1a]Cl and [2a]Cl compare well with those reported for 

other ppy complexes with N^N ligands65,69 including [Ir(ppy)(bpy)]PF6 (0.87 V 

vs. Fc+/Fc).70 On considering the features of the HOMOs for this class of 

complexes, the ancillary ligand has usually a minor effect on these oxidation 

values. Two reduction potentials are observed in the cathodic region. With the 

exception of the two first reduction peaks of complexes with ligand L2, which 

are quasi reversible, the other peaks are irreversible and this indicates the 

instability of the reduced species. Considering that the main contribution to the 

LUMO comes from the ancillary ligand,66,67,68 the peaks should correspond to 

stepwise reduction processes on L1 or L2 and should be affected by the 

electronic properties of these ligands. In fact, in the first reduction peaks, 

values in the range −2.11 to −2.04 V or −1.78 to −1.71 V are observed for complexes 

with L1 or L2, respectively, and the nature of the cyclometalating ligands has only 

a minor effect. The less negative values found for complexes with L1 are in 

accordance with the destabilizing effect of replacing a pyridine for a thiazolyl 

fragment found for the LUMO in ppy iridium complexes that contain N^N’ 

ligands.71 Moreover, a very low intensity irreversible peak is observed for [2a]Cl 

and [2b]Cl at −1.88 and −1.82 V, respectively. This peak is only observed in the 

return scan and is assigned to the oxidation of a species formed by chemical 

decomposition during the respective CV experiments. 
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Table 2 Redox potentials recorded by cyclic voltammetry referenced to Fc+/Fc in acetonitrile solution and 
excited-state redox properties of [1a]Cl, [1b]Cl, [2a]Cl and [2b]Cl.a 

Complex 
Eox1

1/2 

(V) 

Eox2
1/2 

(V) 

Ered1
1/2 

(V) 

Ered2
1/2 

(V)b 

E1/2 

(V)c 
Eem (eV) 

E 

(PS+/PS*) 

(V)d 

E 

(PS*/PS−) 

(V)e 

[1a]Cl 
+0.61 

(irr) 

+0.83 

(rev) 

–2.11 

(irr) 

–2.26 

(qr) 
2.94 2.505 –1.675 0.395 

[1b]Cl 
+0.55 

(irr) 

+1.18 

(rev) 

–2.04 

(irr) 

–2.20 

(qr) 
3.22 2.649 –1.469 0.609 

[2a]Cl 
+0.59 

(irr) 

+0.86 

(rev) 

–1.78 

(qr) 

–2.32 

(qr) 
2.64 2.043 –1.183 0.263 

[2b]Cl 
+0.54 

(irr) 

+1.19 

(rev) 

–1.71 

(qr) 

–2.26 

(qr) 
2.90 2.262 –1.072 0.552 

a Voltammograms recorded in acetonitrile solution (5 × 10−4 M) using 0.1 M [nBu4N][PF6] as supporting 

electrolyte and recorded with scan rate of 0.10 V·s−1 and referenced to Fc+/Fc.b Two minor irreversible 

peaks are also observed for [2a]Cl and [2b]Cl at –1.88 and –1.82 V, respectively. c E1/2 = Eox2
1/2  Ered1

1/2. 
dE (PS+/PS*) = Eox2

1/2 – Eem. eE (PS*/PS) = Eem – Ered1
1/2. 

 

The redox potentials for the excited states were calculated using the redox 

potentials of the ground state and the emission energy (see below),72 as the 

reducing and oxidizing ability of the T1 excited states can be crucial in the 

biological properties of our PSs under light excitation (see below) and may be 

critical to induce cell death. The values are provided in Table 1. The 

complexes, with the exception of [2a]Cl, exhibit higher oxidation power (E 

(PS*/PS−)) in the excited state than the archetypal complex [Ir(ppy)2(bpy)]PF6 

(complex A, bpy = 2,2′-bipyridine), for which the value is +0.28 V. The complexes 

with ligand L1 also showed stronger excited state reducing ability (E (PS+/PS*)) than 

complex A (−1.19 V). 

 

2.4. Photophysical properties 

The UV-vis spectra of complexes [1a]Cl, [1b]Cl, [2a]Cl and [2b]Cl show strong 

absorption bands in the UV region 250–315 nm (Fig. 3 and Table 3) and these 

are assigned to singlet spin-allowed ligand-centred transitions (1LC, π–π*) in both 

the cyclometalated (C^N) and the ancillary (N^N′) ligands. Medium intensity 

bands are observed in the lower energy region (350–400 nm) and these are 

assigned to 1MLCT and 1LLCT transitions. The weak absorptions with tails that 

extend into the visible region should correspond to 3MLCT 

transitions.29,65,71,73,74 We are aware that the poor absorption of our 

complexes in the phototherapeutic window (650–850 nm) limits its practical 

application. However, this drawback could be overcome in future 

developments of these photosensitizers by mean of two different strategies 

recently reported in the literature: (a) two-photon activation75 and (b) 
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conjugation of the complex to suitable organic chromophores76,77 through the 

amide group of the N,N′ligand. 

The emission spectra of the four complexes in deoxygenated DMSO/water 

(6:94) at room temperature are gathered in Fig. 3 and the corresponding data 

are provided in Table 3. Complexes with ligand L1 exhibit a structured band 

while derivatives with ligand L2 give rise to broad and structureless emission 

spectra. The presence of a structured band is indicative of a pronounced LC 

π–π* character for the emiting state and a weaker MLCT contribution, while the 

absence of this structure suggests a substantial MLCT character for the emitting 

state.78,79 On comparing complexes with the same ancillary ligand, blue shifted 

emissions were observed for the dfppy derivatives, as one would expect for the 

afore-mentioned stabilization of the HOMO orbitals typical of this C^N ligand. 

However, a more marked effect on the emission energy is attributed to the 

N^N′ ligands, with blue shifted emissions for complexes with ligand L1. This is 

consistent with the higher energy values expected for the LUMO orbital in 

[1a]Cl and [1b]Cl containing the thiazolyl fragment71 and fits well with the 

higher values found for the reduction potential for these derivatives relative to 

complexes with L2. As far as the quantum yields (ΦPL) and the excited-state 

lifetimes are concerned, clearly higher values are found for the dfppy 

derivatives (Table 3, ΦPL = 75–76 %, τ = 1320–1357 ns) with only a small 

influence of the N^N′ ancillary ligands. In the case of the ppy complexes, a 

certain influence of the N^N′ ligand was observed and higher values for both 

parameters were determined for derivatives containing ligand L1. The 

radiative and the overall non-radiative rate constants (kr and knr, respectively) 

were calculated from the ΦPL and the τ values80 on assuming an intersystem 

crossing efficiency of 1 (kr = ΦPL/τ and knr = (1 −ΦPL)/τ). The data are gathered 

in Table 3. On comparing complexes with the same N^N′ ligand (similar excited 

states expected), the energy gap law is observed, as ln(Knr) increases with 

decreasing energy of the emission maxima.81 Thus, the complexes that contain 

ppy as a cyclometalating ligand have higher Knr values. 
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Table 3. Photophysical properties for complexes [1a]Cl, [1b]Cl, [2a]Cl and [2b]Cl (10–5 M) in DMSO/water 

(6:94) at 25 C. 

Complex 
abs 

(nm) 

 

[M–1 cm–1] 

 (at 450 

nm) 

[M–1 cm–1] 

λem (nm)a 
φPL 

(%) 

τ 

(ns) 
kr (s–1) knr (s–1) 

[1a]Cl 

246 

304 

351 

39100 

28500 

6200 

400 
479 

507 
27 262 10.30  106 2.79  106 

[1b]Cl 

245 

305 

364 

34100 

23000 

3600 

0 
453 

482 
76 1320 5.75  105 1.82  105 

[2a]Cl 
249 

315 

62100 

41300 
2000 607 6 82 7.32  105 1.15  107 

[2b]Cl 
243 

315 

39300 

22000 
500 548 75 1357 5.53  105 1.84  105 

a ex = 405 nm 

 

 

The photostability of the four complexes was evaluated in DMSO-d6:D2O (3:2) at 

25 °C after irradiation with blue LED light (λir = 460 nm). The complexes were very 

photostable and the values found for decomposition were in between 0% 

([2a]Cl) and 7% ([1b]Cl) after 24 hours of irradiation (SI Fig. 27–30). 

 

2.5. 1O2 generation 
Singlet oxygen is considered to be the main cytotoxic species in PDT. Therefore, 

the ability to generate singlet oxygen (1O2) was evaluated for [1a]Cl and [2a]Cl 

in acetonitrile by monitoring, through UV-Vis spectroscopy, the oxidation of 

1,3-diphenylisobenzofuran (DPBF, yellow) to 1,2-dibenzoylbenzene (colorless) in 

the presence of our PSs under blue light irradiation (see Material and Methods 

Fig. 3. (A) Overlaid UV-Vis spectra of complexes [1a]Cl, [1b]Cl, [2a]Cl and [2b]Cl (10-5 M) in DMSO/Water 

(6:94) at 25 C. (B) Emission spectra for complexes [1a]Cl, [1b]Cl, [2a]Cl and [2b]Cl (10–5 M) in 

deoxygenated DMSO/water (6:94) at 25 C under a nitrogen atmosphere (λex = 405 nm). 
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section for details). DPBF was selected as the 1O2 scavenger due to its fast 

reaction with 1O2. A decrease in the intensity of the DPBF bands was observed 

with time, thus demonstrating the formation of 1O2 in the presence of both 

complexes (see SI Fig. 32 for [1a]Cl and 33  for [2a]Cl). 

 

2.6. Phototoxicity studies and internalization kinetics 

The efficacy of this family of compounds for cancer PDT was initially explored in PC-3 

prostate cancer cells (Table 4). Based on the absorption spectra of the complexes (Fig. 

3), blue light (450 nm) was used to photoactivate the complexes. The light dose applied 

was 24.1 J·cm–2, which is in the typical range used to activate other Ir(III) PSs.82 All the 

complexes were moderately cytotoxic in the dark and they showed a similar behaviour 

(IC50 values between 24.3 ± 5.9 μM and 31.1 ± 4.3 μM), although a slightly higher 

cytotoxicity was found for the complexes with ligand L1. However, upon irradiation the 

activities of complexes [1a]Cl and [2a]Cl increased markedly, with IC50,light values of 2.7 

± 1.2 μM and 2.4 ± 1.4 μM, respectively. These values are similar to the IC50 of cisplatin 

in this cell line. The resulting photocytotoxic indexes (PI = IC50,dark/IC50,light) calculated for 

[1a]Cl and [2a]Cl were 11.7 and 10.7. In contrast, the activity of the fluorinated 

complexes was only slightly enhanced after photoactivation for [2b]Cl (PI: 2.2), 

whereas [1b]Cl did not display photoinduced cytotoxic activity (PI: 1.1). The result for 

[1b]Cl can be easily explained due to the lack of absorption at ex = 450 nm observed 

for this complex (see Table 3). Moreover, the difference in the antitumour activity upon 

light exposure is mainly determined by the cyclometalating ligand. As stated previously, 

the PL and lifetime of the excited state were clearly higher for complexes with dfppy 

ligands. However, an increase in these parameters did not improve the PDT ability, at 

least for our complexes. Furthermore, the most active compounds had higher Knr 

constant values (Table 3). In any case, we consider that there are insufficient data to 

draw clear conclusions about the effect of this parameter. 

Considering the photocytotoxic activity of the new complexes, we focused our 

attention on complexes [1a]Cl and [2a]Cl for further studies on their mechanism of 

action. 
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Table 4. Cytotoxic activity against PC-3 cells. 

Complex IC
50,dark

 (μM) IC
50,light

 (μM)a PIb 

[1a]Cl 31.1 ± 4.3 2.7 ± 1.2 11.7 

[1b]Cl 29.8 ± 5.0 28 ± 6.0 1.1 

[2a]Cl 25.8 ± 0.9 2.4 ± 1.4 10.7 

[2b]Cl 24.3 ± 5.9 11.2 ± 1.2 2.2 

Cisplatin 2.53 + 0.73 -- -- 

a PC-3 cells were pre-incubated with the compounds for 1 h and then activated with a blue LED light (1 h, 

6.7 mW/cm2, λ: 450 nm) or kept in the dark. 48 h later, IC50 values were determined by an MTT assay. Data 

represent the mean ± SD of three independent experiments, each performed in quadruplicate. b PI: 

phototoxicity index = IC50,dark/IC50,light.  

 

The cellular internalization kinetics of these compounds were analysed first in order to 

determine the time required for their optimal accumulation inside the cells before 

photoactivation. To this end, the intracellular luminescence properties of [2a]Cl were 

evaluated after excitation with the blue laser (488 nm) used in flow cytometry. As 

shown in Fig. 4, the intracellular fluorescence levels, which correspond to the uptake 

of the complex, increased in a linear manner during the first six hours. The 

internalization rate then dropped markedly. Based on these results, it was considered 

that an incubation period of six hours would allow the accumulation of most of the 

compound within the cells before irradiation, thus optimizing its photocytotoxic 

potential. 

 

 
Fig. 4. Internalization kinetics of [2a]Cl. PC-3 cells were incubated for 1, 4, 6, and 16 h at 37 C with the 
compound at 5 μM, and the median fluorescence intensity of 10000 cells was determined by flow cytometry 

(ex = 488 nm). Data represent the mean ± SD of three independent experiments. 

 

Based on the above result, further photocytotoxicity experiments were performed with 

[1a]Cl and [2a]Cl while extending the pre-incubation time to six hours. In addition, the 

study was expanded to other cancer cell lines (CACO-2: colon cancer and SK-MEL-28: 

melanoma) as well as to CCD-18Co non-cancerous fibroblasts in order to assess the 
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degree of selectivity exhibited by these complexes. In all cell lines, [1a]Cl and [2a]Cl 

exerted a dark cytotoxic activity that increased sharply after irradiation (Table 5). In 

particular, photoactivated [1a]Cl and [2a]Cl were very active against SK-MEL-28 cells, 

with IC50,light values in the nanomolar range (0.77 ± 0.19 μM and 0.62 ± 0.08 μM) and PI 

values of 9.9 and 11.4, respectively. Furthermore, it should be noted that in PC-3 cells, 

a longer incubation time resulted in enhanced photocytotoxicity, with PI values almost 

doubling those obtained with one hour of pre-incubation (PI of 20.8 for [1a]Cl and PI of 

17.3 for [2a]Cl), thus confirming that the optimal intracellular accumulation of the 

compounds enhanced their photocytotoxic capacity. In contrast, upon irradiation both 

[1a]Cl and [2a]Cl displayed a moderate cytotoxicity against CACO-2 cells (IC50,light values 

of 3.48 ± 1.38 μM and 2.31 ± 0.54 μM, respectively) and CCD-18Co fibroblasts (IC50,light 

values of 4.49 ± 0.35 μM and 2.41 ± 0.10 μM). It should be noted that the IC50,light values 

of [1a]Cl and [2a]Cl in the SK-MEL-28 cell line were, respectively, 30.6 and more than 

80.6 times lower than the corresponding IC50,dark values in non-cancerous fibroblasts. 

Therefore, the dose required for PDT-based treatment of a melanoma would not be 

toxic to healthy cells that are not exposed to light irradiation. In addition, haemolytic 

assays revealed that neither of the two compounds display toxicity against red blood 

cells at the corresponding IC50,dark (Table 5). 

 
Table 5. Cytotoxic activities of [1a]Cl and [2a]Cl against different cell lines. 

 [1a]Cl [2a]Cl 

Cell line IC
50,dark

 (μM) IC
50,light

a (μM) PIb IC
50,dark

 (μM) IC
50,light

a (μM) PIb 

PC-3 31.05 ± 4.29 1.49 ± 0.48 20.8 25.78 ± 0.69 1.49 ± 0.57 17.3 

CACO-2 16.65 ± 4.65 3.48 ± 1.38 4.8 26.49 ± 4.20 2.31 ± 0.54 11.5 

SK-MEL-28 7.66 ± 1.36 0.77 ± 0.19 9.9 7.04 ± 0.79 0.62 ± 0.08 11.4 

CCD-18Co 23.83 ± 4.48 4.49 ± 0.35 5.3 >50 2.41 ± 0.10 -- 

Haemolytic 

activityc 
< 5 % < 5 % 

a Cells were pre-incubated with the compounds for 6 h and then irradiated with a blue LED light (1 h, 6.7 

mW/cm2, λ: 450 nm) or kept in the dark. 48 h later, IC50 values were determined by an MTT assay. Data 

represent the mean ± SD of at least two independent experiments, each performed in quadruplicate. 

Complexes with IC50 values greater than 50 μM were considered to be inactive. b PI: phototoxicity index = 

IC50,dark/IC50,light. c Percentage of haemolysis at the IC50, dark. 

 

2.7. Internalization mechanism and intracellular distribution 
The internalization mechanism of a compound has implications on its cell-type 

specificity, uptake rate and intracellular distribution.83 Different cell entry 

pathways have been proposed for Ir(III) complexes and these include passive 
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diffusion through the membrane, protein-mediated transport and 

endocytosis.84,85,86 These pathways can be energy-independent, as is the case of 

passive diffusion and transport across channels or protein carriers, or energy-

dependent as for endocytosis and active protein-mediated transport. In an 

effort to gain an insight into the uptake mechanism of our complexes, flow 

cytometry experiments were carried out after blocking different internalization 

pathways. Based on its luminescence properties, [2a]Cl was selected for the 

experiments. PC-3 cells were incubated with [2a]Cl at 5 μM for one hour at 37 

°C to allow any possible cellular uptake mechanism to occur and the median 

fluorescence of the cells was set as 100 % of compound internalization (Fig. 5). 

The incubation of the cells at a lower temperature (4 °C) caused a decrease in 

the intracellular fluorescence levels by 90.4%, which shows that the uptake of 

the compound requires metabolic energy. In addition, treatment at 37 °C in the 

presence of dynasore, an endocytosis inhibitor that blocks the formation of 

endocytic vesicles from the plasma membrane, reduced the internalization of 

the complex by 81.7%. Overall, these results indicate that the complex 

internalizes into the cells primarily by an energy-dependent endocytic 

mechanism, as previously described for other Ir(III) biscyclometalated 

complexes.87 The experiments were performed in serum-free culture medium 

and therefore the endocytosis of the compounds does not involve serum lipids 

or proteins. 

 

 
Fig. 5. Cellular uptake mechanism for [2a]Cl. PC-3 cells were incubated with the compound at 5 μM for 1 h 

under different conditions: at 37 C, at 4 C (metabolic inhibition) or at 37 C in the presence of dynasore 
(endocytosis inhibition). The median fluorescence intensity of the cells, corresponding to the internalization 
of [2a]Cl, was determined by flow cytometry. The % of internalization under different conditions was 

calculated in comparison to cells incubated at 37 C (100 % internalization). Each bar represents the median 

fluorescence intensity of at least two independent experiments ± SD. *p<0.05 vs cells treated at 37 C. 
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To be effective, the compound must reach the target location inside the cells.83 

In particular, the intracellular localization plays a key role in the photodamage 

displayed by a PS, since ROS act close to their site of generation.7 The subcellular 

distribution of [1a]Cl and [2a]Cl was examined by confocal microscopy after 

exposure of the cells to the compounds for one hour. For co-localization 

studies, cells were co-stained with the red-fluorescent dye MitoTracker™ Red 

CMXRos. As shown in Fig. 6, a dotted green fluorescent staining with a cytosolic 

distribution was detected in cells exposed to both [1a]Cl and [2a]Cl, while 

fluorescence emission was not observed from inside the nucleus. Merged 

images of [1a]Cl or [2a]Cl and MitoTracker™ Red CMXRos staining showed that 

the green dots are mainly located in the mitochondria, as indicated by the 

yellow fluorescence. These results reveal that, once internalized, [1a]Cl and 

[2a]Cl mainly accumulate in the mitochondria. This distribution is chemically 

favoured by the cationic nature of [1a]Cl and [2a]Cl  and the negative potential 

across the mitochondrial membrane, as described for other positively charged 

cyclometalated Ir(III) complexes with lipophilic character steming from their 

ligands.38,39 

 

Additional studies on mitochondrial functional damage were performed in 

order to understand better the mechanism of action of [1a]Cl and [2a]Cl. 

Fig. 6. Subcellular localization of [1a]Cl and [2a]Cl. SK-MEL-28 cells were incubated with the compounds 
at 25 µM or with medium alone (control) for 1 h at 37 °C. Mitochondria were stained in red with 
MitoTracker™Red CMXRos. The localization of the compounds is indicated by the green fluorescence. 
Colocalization is observed in yellow in the merged images. 
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2.8. Mitochondrial membrane damage 
Mitochondria use the energy released by the metabolic oxidation of substrates 

to establish a proton gradient across their inner membrane through the 

electron transport chain, thus generating a mitochondrial membrane potential 

(MMP) that is essential in the process of energy storage in the form of 

adenosine triphosphate (ATP). ATP drives fundamental biochemical  reactions 

in the cell.40 Therefore, disruption of the MMP can effectively compromise the 

cell viability. The effect induced by [1a]Cl and [2a]Cl on the MMP was analyzed 

by observing the fluorescence of the JC-1 dye by flow cytometry. JC-1 is a 

cationic dye that aggregates inside mitochondria in healthy cells and emits red 

fluorescence; however, upon mitochondrial membrane depolarization, JC-1 is 

disaggregated and remains in the cytosol in the form of monomeric molecules 

that emit green fluorescence. PC-3 cells were incubated with the compounds 

at the corresponding IC50,light in the dark or under light irradiation. In control 

untreated cells, red emission from JC-1 aggregates was detected in 74.19 % of 

the cells while 24.96 % of the cells only emitted green fluorescence 

corresponding to JC-1 monomers (Fig. 7). A very similar fluorescence pattern was 

observed in PC-3 cells exposed to [1a]Cl and [2a]Cl in the dark, indicating that 

the MMP was not altered. However, under light irradiation, the fluorescence of 

JC-1 was green-shifted and only 20.82% and 24.21% of the cells exposed to 

photoirradiated [1a]Cl and [2a]Cl, respectively, were positive in the red channel 

(FL2), thus revealing a loss of MMP. Similar results were obtained in cells 

treated with carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a 

mitochondrial uncoupler that increases the proton permeability across the 

mitochondrial inner membrane and dissipates the MMP. These results 

confirmed that the photodynamic activity of [1a]Cl and [2a]Cl generates an 

important mitochondrial membrane depolarization that may affect important 

functions of mitochondria and activate apoptotic cell death. 
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Fig. 7. Flow cytometry analysis of the mitochondrial membrane potential (MMP) after treatment with 
[1a]Cl and [2a]Cl using the JC-1 dye. PC-3 cells were incubated with medium alone as a control or with 
the compounds at the corresponding IC50,light and then keep in the dark or irradiated with light. CCCP, 
a mitochondrial uncoupler, was used as a control to induce membrane depolarization. Plots 
represent fluorescence intensities of Green JC-1 monomers (FL1) and red JC-1 aggregates (FL2) in the 
cells. The percentage of positive cells is given in the respective quadrants. Decrease of red fluorescence 
indicates the loss of MMP. 

 
 

2.9. Photocatalytic oxidation of NADH 
NADH (1,4-dihydronicotinamide adenine dinucleotide) plays a very important 

role in numerous biological processes88,89,90 and is a coenzyme in more than 400 

oxidoreductases.91 It is the main electron source in the mitochondrial electron 

transport chain (ETC) and participates in the maintenance of the intracellular 

redox balance.92 The potential of iridium complexes as photocatalysts for the 

oxidation of NADH has recently been explored in several works.88,90,93 

With these premises in mind, we decided to verify the ability of [1a]Cl to oxidize 

NADH to NAD+. The study was performed by monitoring through UV-vis 

spectroscopy the evolution of a solution of NADH in MeOH/H2O (1:1) in the 

presence of [1a]Cl under air and with exposure to blue light at room 

temperature for 24 hours (see Fig. 8). Although there were no clear changes 

after 30 minutes, the intensity of the band centred at λ = 339 nm (maximum of 

NADH) decreased notably after 24 hours, whereas the band at 259 nm 

(maximum of NAD+) increased, thus revealing the oxidation process of NADH. The 
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measured TON and TOF values were 1193.86 and 49.74 h−1, respectively. Control 

experiments without catalyst (SI Fig. 34) or in the presence of [1a]Cl without 

light exposure (SI Fig. 35) showed the absence of oxidation, thus disclosing the 

photocatalytic nature of the process. Thus, it is concluded that NADH could be 

a mitochondrial target for our complexes, which could induce an imbalance 

of the redox homeostasis and the loss of the mitochondrial membrane 

potential and hence it might lead to apoptosis. 

 

 
Fig. 8. Evolution of the UV-Vis spectrum of NADH (100 µM) in MeOH/ H2O (1:1, v/v, 2.5 mL) in the 
presence of [1a]Cl (5 µM) at room temperature during 24 h under air and blue light exposure (λir = 460 
nm). 

 

2.10. DNA interaction 
Since mitochondria have their own genome, we were interested in validating 

mitochondrial DNA (mtDNA) as a possible molecular target of the 

photodynamic activity of [1a]Cl and [2a]Cl. Oxidative damage to mtDNA can 

lead to lethal injury through the subsequent loss of electron transport, 

mitochondrial membrane potential and ATP generation.94 The potential effect 

on mtDNA was assayed as the ability of [1a]Cl and [2a]Cl to modify the 

conformation of the pUC18 plasmid. This plasmid has a natural supercoiled 

conformation (SC) that can be relaxed by a single strand break upon external 

damage, which leads to an open circular conformation (OC) with a reduced 

electrophoretic mobility. When the damage is severe, the plasmid is highly 

fractionated by double strand breaks, which generate fragments that elute 

from the gel without being detected. Electrophoretic mobility experiments 

were carried out after exposing the plasmid in the dark or upon irradiation in 

the presence of the compounds at concentrations ranging from 0 to 100 µM, 

based on previous experiments.95 As shown in Fig. 9, in response to hydrogen 
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peroxide-induced oxidative DNA damage (control experiment), an intense band 

corresponding to the OC form of the plasmid was generated (lane 2). Treatment 

with [1a]Cl or [2a]Cl at 25 µM and 50 µM in the dark barely altered the 

electrophoretic mobility of the plasmid. However, the OC band became more 

intense for the corresponding irradiated samples, thus revealing a 

photoinduced nuclease activity. At 50 µM, a general reduction of the intensity 

of the bands revealed more extensive damage to the plasmid DNA, especially 

in the case of [2a]Cl. At 75 µM the bands were almost undetectable both in the 

dark or upon irradiation, which indicates massive cleavage of the DNA. These 

results indicate that the photodynamic activity of these compounds may induce 

mtDNA damage that would contribute to mitochondrial dysfunction. 

 

 
Fig. 9. Electrophoretic mobility of the pUC18 plasmid exposed to the complexes [1a]Cl (A) and [2a]Cl (B). 
Treatments are indicated under each lane of the gel. Bands corresponding to untreated pUC18 can be 
observed in the first lane as a control. SC: supercoiled conformation of the plasmid, OC: open circular 
conformation of the plasmid. : incubation in dark conditions, : incubation under irradiation. 

 

2.11. Effect on cell cycle 
The therapeutic action of metal-based anticancer drugs such as cisplatin is 

mostly related to genomic DNA damage and cell cycle perturbation. However, 

[1a]Cl and [2a]Cl do not reach the cell nucleus and their nuclease activity is most 

likely restricted to mtDNA. In order to explore whether their photodynamic 

activity has an effect on cell cycle progression, PC-3 cells were exposed for 24 

hours to photoactivated [1a]Cl and [2a]Cl at their respective IC50,light or cisplatin 

as control, and the cell cycle distribution was analyzed by propidium iodide (PI) 
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staining. Treatment with cisplatin led to a significant decrease in the 

proportion of cells in G1 and to an increase in the percentage of cells in S and 

in G2/M phases (41.8 ± 7.6% in G1, 25.0 ± 7.1% in S and 31.3 ± 13.8% in G2/M) in 

comparison to control untreated cells (63.2 ± 8.4 in G1, 10.3 ± 2.3 in S and 25.0 

± 5.55% in G2/M) (Fig. 10), which is in agreement with previous reports.96 In 

contrast, complexes [1a]Cl and [2a]Cl exerted a modest effect on the cell cycle. 

Only an increase in the percentage of subdiploid population (subG1), 

corresponding to apoptotic cells, was observed (14.4 ± 6.3% and 8.2 ± 4.2% 

respectively versus 1.5 ± 0.6 in control cells). These results indicate that [1a]Cl and 

[2a]Cl induce cell death through a mechanism that activates apoptosis 

without interfering with the cell cycle progression, as previously reported for 

other mitochondrial targeted compounds.35 

 

2.12. Cell death mechanism 
PSs that target mitochondria are the most likely to induce apoptotic cell death.97 In 

order to gain further insights into the cell death mechanism induced by [1a]Cl and 

[2a]Cl, flow cytometry experiments were carried out to detect the phosphatidylserine 

externalization in apoptotic cells and the membrane permeabilization in late apoptotic 

and necrotic cells by annexin V/PI staining. After 24 hours of treatment, 9.63 % of cells 

exposed to cisplatin showed a positive staining for annexin V and PI (Fig. 11). Similarly, 

9.56 % of the cells treated with [1a]Cl and 26.37 % of the cells treated with [2a]Cl at 

their respective IC50,light under photoactivation conditions were positive for annexin V 

and PI. This percentage increased markedly to 53.71 % when the concentration of 

[1a]Cl was increased to 5 M. Double stained cells are considered to be in a late 

apoptosis although they can also be necrotic cells. In fact, after treatment with [1a]Cl 

at 5 M, 9.71 % of the cells were in early apoptosis (annexin V positive) and 7.91 % 

were necrotic cells (PI positive), thus revealing that both cell death mechanisms were 

activated in response to the treatment. Since [1a]Cl and [2a]Cl have been shown to 

damage the mitochondrial membrane, they are most likely to trigger an apoptotic 

response by leakage of cytochrome c into the cytosol and activation of the caspase 

pathway.7 However, increasing photodamage can provoke a shift from apoptotic to 

necrotic cell death due to enhanced ROS production or intense depletion of ATP 

levels.98 
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Fig. 10. Effect of [1a]Cl and [2a]Cl on cell cycle distribution. PC-3 cells were treated for 24 h with 
medium alone as a control, cisplatin (5 µM) or with [1a]Cl and [3a]Cl at the IC50,light under 
photoactivation conditions. (A) Representative cell cycle profiles of propidium iodide-stained cells 
obtained by flow cytometry. (B) Bar graph of the mean cell cycle distributions obtained in three 
independent experiments is shown. *p < 0.05 versus control cells. 
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Fig. 11. Cell death mechanism induced by [1a]Cl and [2a]Cl. PC-3 cells were treated with medium alone as 
a control, cisplatin (25 µM) or with [1a]Cl (1.5 µM and 5 µM) and [2a]Cl (1.5 µM) under photoactivation 
conditions. After 24 h, cells were double stained with propidium iodide and Annexin V-FITC and analysed 
by flow cytometry. The x-axis shows annexin V-FITC staining and the y-axis shows propidium iodide staining. 
The percentages of cells in each quadrant are indicated. 

 

2.13. Clonogenic assays 
Finally, the effect of the compounds on the reproductive viability of the cells was 

examined by measuring the capacity of [1a]Cl and [2a]Cl to inhibit the ability of single 

cells to divide and form colonies after survival. PC-3 cells were incubated with [1a]Cl 

and [2a]Cl at the corresponding IC50,light for six hours and then photoactivated for one 

hour. Cisplatin was used as positive control. Cells were immediately plated at low 

density, allowed to reproduce for 10 days and the number of colonies in each plate was 

determined. As shown in Fig. 12, following the treatments, clonogenicity was almost 

abolished in cells exposed to [1a]Cl, while the number of colonies was inhibited by 

91.5% in cells exposed to [2a]Cl, which revealed a greater inhibitory activity than 

cisplatin (89.9%). These results indicate that the phototoxic activity of our compounds 

markedly inhibits the capacity of the cells to reproduce. 
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Fig. 12. Clonogenic assay. (A) Colony formation of PC-3 cells after exposure to [1a]Cl and [2a]Cl for 6 h at 

the IC50, light followed by 1 h irradiation. Control cells were treated with medium alone. Cisplatin at 5 M 
was used as a positive control. (B) Bar charts represent the number of colonies after each treatment (mean 
± SD of 3 experiments. *p < 0.05 versus control cells). 

 

3. Conclusions 
Four new Ir(III) biscyclometallated complexes of general formula [Ir(C^N)2(N^N’)]Cl 

(C^N = 2-phenyl- pyridinate, ppy, and 2-(2,4-difluorophenyl)pyridinate, dfppy) 

with N^N′ ancillary ligands have been prepared and characterized as 

photosensitizers for PDT studies. The N^N′ ligands contain an amide-

substituted benzimidazole fragment and thiazolyl (L1) or pyridine (L2) rings. 

The variation of the electrochemical and photophysical properties of these 

complexes is determined by two factors: (a) the stabilizing effect on the 

HOMO attributed to the fluoro-substituents of dfppy relative to ppy, regarding 

the C^N ligands and (b) the destabilizing effect on the LUMO ascribed to the 

thiazolyl ring of L1 relative to the py ring in L2. In general, a strong reducing and 

oxidizing power of the excited states was found. The complexes are 

photostable. Blue shifted emission was observed for the dfppy derivatives 

compared to the ppy analogues, although a stronger effect was produced by 

the ancillary N^N′ ligand, with blue-shifted emissions for complexes with ligand 

L1 relative to derivatives with L2. The ΦPL and the excited-state lifetime were 

clearly higher for the dfppy derivatives (ΦPL = 75–76%, τ = 1320–1357 ns) with 

negligible influence of the N^N′ ancillary ligands. The generation of 1O2 was 

demonstrated, but the formation of O2
•− cannot be ruled out. Biological 

studies showed that these complexes are moderately toxic to cells in the dark. 
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Moreover, in the case of complexes bearing ppy ligands ([1a]Cl and [2a]Cl), the 

cytotoxic activity can be enhanced by up to 20 times upon blue light irradiation. 

However, [1b]Cl did not display photo-activation of its cytotoxicity under blue 

light exposure because of its lack of absorption in the visible region and [2b]Cl 

showed a PI of only 2.2. It is concluded that, at least for our complexes, high 

values of both ΦPL and excited state lifetimes are not enough for a suitable PDT 

behavior, since their absorption profiles do not allow excitation with visible 

light. The photoactivatable complexes ([1a]Cl and [2a]Cl) are particularly active 

against prostate cancer cells (PC-3) and melanoma cells (SK-MEL-28) upon 

irradiation and IC50 values in the nanomolar range were found. Moreover, a high 

degree of selectivity for melanoma cells was observed with respect to CCD-18Co 

non-malignant cells that had not been exposed to light irradiation. Regarding 

the mechanism of action, it was demonstrated that the complexes are 

efficiently taken up by cells through endocytosis, with a maximum cellular 

internalization achieved after six hours of incubation. Indeed, longer pre-

incubation times before irradiation resulted in better uptake into cells and this 

led to an enhanced photocytotoxic response. Hence, we speculate that [1a]Cl 

and [2a]Cl are accumulated primarily in mitochondria, where their 

photodynamic activity alters membrane potential, disrupts the electron 

transport chain via the photocatalytic oxidation of NADH and presumably 

induces mtDNA damage, effectively compromising mitochondrial function and 

activating cell death by apoptosis. This multi-action mechanism strongly 

inhibits the capacity of cancer cells to survive and reproduce. It should be noted 

that [1a]Cl and [2a]Cl do not alter the cell cycle progression, which indicates 

that they do not target nuclear DNA and exert their anticancer activity through 

mechanisms that are different from that of cisplatin. Therefore, in addition to 

their promising activity in PDT, these mitochondria-targeted complexes have 

great potential to overcome resistance developed towards current 

chemotherapeutic drugs in many cancer treatments. However, future 

developments of these photosensitizers should involve conjugation to organic 

chromophores aiming to operate in the phototherapeutic window. 
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4. Synthesis and characterization 

4.1. Ligands 
L1 

In a 100 mL Schlenk flask, K2CO3 (0.3288 g, 1.990 mmol) was 
added to a solution of 2-(4-Thiazolyl)benzimidazole 
(thiabendazole, TBZ) (0.4008 g, 1.992 mmol) in DMF (11 mL). 
The mixture/suspension was stirred at room temperature for 
30 minutes. 2-bromoacetamide (0.2748 g, 1.992 mmol) was 
then added. The stirring was extended for 22 hours at room 
temperature. The solvent was removed under vacuum and the 
residue was redissolved in DMSO (5 mL). Water (10 mL) was 
added to precipitate a white solid that was filtrated, 
redissolved in ethanol (15 ml) and took to dryness (2 times) 

and then redissolved in toluene (15 ml) and took to dryness. The white solid was dried under 
vacuum. Yield: 0.3848 g (1.490 mmol, 75%). Mr (C12H10N4OS) = 258.30 g/mol. Anal. Calcd for 
C12H10N4OS((CH3)2SO)0.15: C 54.71; H 4.07; N 20.75; Found: C 54.45; H 3.87; N 21.10. 1H NMR 
(400 MHz, DMSO-d6, 25 ºC) δ 9.30 (dd, J = 2.1, 0.6 Hz, 1H, Hd), 8.51 (dd, J = 2.1, 0.6 Hz, 1H, Hb), 
7.69-7.66(m, 2H, Hp, Hi), 7.55 – 7.48 (m, 1H, Hl), 7.29 – 7.22 (m, 2H, Hj, Hk), 7.20 (s, 1H, Hp), 5.46 
(s, 2H, Hn, Hn) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 ºC) δ 168.76, 155.14, 147.17, 146.93, 
142.33, 136.39, 122.66, 122.21, 122.13, 118.89, 110.54, 47.07 ppm. FT-IR (KBr, cm-1) selected 
bands: 3305 (w, νN-H), 3099 (w, νCar-H), 1603-1573 (m, νC=C + C-N), 1421 (w, νC=N), 1164 (m, νC-C), 
1072 (m, δC-Hip), 735 (vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 259.0651 (m/zcalcd 
[M+H+] = m/zcalcd [C12H11N4OS]+= 259.0654). Solubility: soluble in dichloromethane, methanol, 
chloroform, dimethylformamide, dimethyl sulfoxide and acetone. Partially soluble in water. 
 

L2 
In a 100 mL Schlenk flask, K2CO3 (0.4236 g, 2.564 mmol) was 
added to a solution of 2-(2-Pyridyl)benzimidazole (pybzim) 
(0.5001 g, 2.562 mmol) in DMF (7 mL). The 
mixture/suspension was stirred at room temperature for 30 
minutes. 2-bromoacetamide (0.4241 g, 3.074 mmol) was 
then added. The stirring was extended for 22 hours at room 
temperature. The solvent was removed under vacuum and 
the residue was tried to redissolve with ethanol (15 mL), 
dichloromethane (15 mL) and methanol (10 mL), which is not 
possible, but while there is a white-yellow solid, the solution 
is brown-orange coloured so it is filtered and the solid is 

washed with water (3 mL). The pale brown solid is dried under vacuum. Yield: 0.5007 g (1.985 
mmol, 77%). Mr (C14H12N4O) = 252.27 g/mol. Anal. Calcd for C14H12N4O((CH3)2SO)0.15: C 65.06; H 
4.93; N 21.22; Found: C 65.05; H 4.77; N 21.50. 1H NMR (400 MHz, DMSO-d6, 25 ºC) δ 8.70 – 
8.65 (m, 1H, He), 8.38 – 8.32 (m, 1H, Hb), 7.99 (td, J = 7.9, 1.8 Hz, 1H, Hc), 7.73 (dd, J = 7.0, 1.5 
Hz, 1H, Hm), 7.65 (s, 1H, Hq), 7.59 – 7.54 (m, 1H, Hj), 7.49 (ddd, J = 7.6, 4.9, 1.3 Hz, 1H, Hd), 7.33 
– 7.25 (m, 2H, Hk, Hl), 7.15 (s, 1H, Hq), 5.54 (s, 2H, Ho) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 
25 ºC) δ 169.04, 150.13, 149.60, 148.56, 141.97, 137.36, 137.29, 124.16, 123.93, 123.18, 122.34, 
119.42, 110.73, 47.71 ppm. FT-IR (KBr, cm-1) selected bands: 3317 (w, νN-H), 3147 (w, νCar-H ), 
1593-1584 (m, νC=C + C-N), 1415 (w, νC=N), 1171 (m, νC-C), 1045 (m, δC-Hip), 748 (vs, δC-Hoop). HR ESI+ 
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MS (DCM/DMSO, 4:1): m/zexp = 253.1087 (m/zcalcd [M+H+] = m/zcalcd [C14H13N4O]+= 253.1089). 
Solubility: soluble in dichloromethane, methanol, chloroform, dimethylformamide, dimethyl 
sulfoxide and acetone. Partially soluble in water. 
 

4.2. Ir(III)-complexes 
[Ir(ppy)2(L1)]Cl: [1a]Cl 

In a 100 mL Schlenk flask, previously purged 

with nitrogen, the ancillary ligand Lx (0.0542 

g, 0.210 mmol) was added to a solution of 

[Ir(µ-Cl)(ppy)2]2 (0.1003 g, 0.094 mmol) in a 

mixture of dichloromethane (8 mL) / 

methanol (10 mL), and the mixture was 

stirred at 60 ºC for 24 hours under a N2 

atmosphere. The resulting solution was 

concentrated to half the volume under 

vacuum and diethyl ether (15 mL) was 

added to precipitate a crude solid that was 

isolated by filtration and washed with 

diethyl ether (2×5 mL). The product was 

dried under vacuum to produce a yellow powder. Yield: 0.1182 g (0.149 mmol, 80%). Mr 

(C34H26ClIrN6OS) = 794.34 g/mol. Anal. Calcd for C34H26ClIrN6OS.(CH2Cl2)1.04: C 47.68; H 3.21; N 

9.52; Found: C 47.70; H 3.30; N 9.32. 1H NMR (400 MHz, DMSO-d6, 25 ºC) δ 8.97 (s, 1H, Hd), 8.51 

(s, 1H, Hb), 8.31 (s, 1H, HNH), 8.26 (d, J = 8.1 Hz, 1H, H3), 8.21 (d, J = 8.0 Hz, 1H, H3´), 7.96 – 7.86 

(m, 5H, Hi, H4, H4´, H9, H9´), 7.73 (d, J = 5.8 Hz, 1H,H6´), 7.70 (d, J = 5.8 Hz, 1H, H6), 7.64 (s, 1H, 

HNH), 7.36 (t, J = 7.8 Hz, 1H, Hj), 7.19 (t, J = 6.8 Hz, 1H, H5), 7.13 (t, J = 6.1 Hz, 1H, H5´), 7.06 (t, J = 

7.2 Hz, 1H, H10), 7.01 (t, J = 7.5 Hz, 2H, H10´, Hk), 6.92 (t, J = 7.6 Hz, 1H, H11), 6.89 (t, J = 7.5 Hz, 1H, 

H11’), 6.32 (d, J = 7.5 Hz, 1H, H12), 6.25 (d, J = 7.5 Hz, 1H, H12´), 6.15 (d, J = 8.2 Hz, 1H, Hl), 5.64 – 

5.52 (AB system, 2H, Hn) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 ºC) δ 167.12, 167.00, 

158.58, 149.23, 148.86, 148.46, 147.30, 144.55, 144.42, 143.31, 138.63, 138.57, 138.43, 136.27, 

131.73, 131.27, 129.85, 129.53, 126.07, 125.06, 124.86, 124.75, 124.40, 123.65, 122.06, 121.98, 

119.86, 119.50, 116.61, 112.20, 47.30 ppm. FT-IR (KBr, cm-1) selected bands: 3319 (w, νN-H), 

3038 (w, νCar-H), 1604-1581 (m, νC=C + C-N), 1426 (w, νC=N), 1161 (m, νC-C), 1062 (m, δC-Hip), 754-739 

(vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 759.1513 (m/zcalcd [M+] = m/zcalcd 

[C34H26IrN6OS]+ = 759.1518); 501.0935 (m/zcalcd [M+-L1] = m/zcalcd [C22H16IrN2]+ = 501.0943). 

Solubility: soluble in dimethyl sulfoxide, dichloromethane, methanol, acetonitrile, acetone, 

dimethylformamide, tetrahydrofuran. Partially soluble in water. 
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[Ir(dfppy)2(L1)]Cl: [1b]Cl 
In a 100 mL Schlenk flask, previously purged 

with nitrogen, the ancillary ligand Lx (0.0473 

g, 0.183 mmol) was added to a solution of 

[Ir(µ-Cl)(dfppy)2]2 (0.1001 g, 0.082 mmol) in 

a mixture of dichloromethane (8 mL) / 

methanol (10 mL), and the mixture was 

stirred at 60 ºC for 24 hours under a N2 

atmosphere. The resulting solution was 

concentrated to half the volume under 

vacuum and diethyl ether (15 mL) was 

added to precipitate a crude solid that was 

isolated by filtration and washed with 

diethyl ether (2×5 mL). The product was dried under vacuum to produce a yellow powder. Yield: 

0.0848 g (0.098 mmol, 60%). Mr (C34H22ClF4IrN6OS) = 866.31 g/mol. Anal. Calcd for 

C34H22ClF4IrN6OS.(CH2Cl2)0.90: C 44.46; H 2.54; N 8.91; Found: C 44.54.49; H 2.60; N 9.20. 1H NMR 

(400 MHz, DMSO-d6, 25 ºC) δ 9.01 (s, 1H, Hd), 8.73 (s, 1H, Hb), 8.30 (d, J = 7.6 Hz, 1H, H3), 8.29 

(s, 1H, HNH), 8.24 (d, J = 8.7 Hz, H3’), 8.03 (t, J= 8.1 Hz, 1H, H4), 7.99 (t, J = 8.1 Hz, 1H, H4’),  7.91 

(d, J = 8.3 Hz, 1H, Hi), 7.79 (d, J = 5.8 Hz, 1H, H6), 7.75 (d, J = 5.7 Hz, 1H, H6´), 7.65 (s, 1H, HNH), 

7.42 (t, J = 7.9 Hz, 1H, Hj), 7.28 (t, J = 6.8 Hz, 1H, H5’), 7.24 (t, J = 6.8 Hz, 1H, H5) 7.18 (t, J = 7.7 Hz, 

1H, Hk), 7.09 – 6.91 (m, 2H, H10, H10´), 6.21 (d, J = 8.2 Hz, 1H, Hl), 5.76 (d, JH-F= 6.6 Hz, 1H, H12 or 

H12’), 5.66 (d, JH-F = 8.5 Hz, 1H, H12 or H12´), 5.58 (AB system 2H, Hn) ppm. 19F NMR (376 MHz, 

DMSO-d6, 25 ºC) δ -107.01 (c, J = 9.8 Hz, 1F, F11 or F11’), -107.04 (c, J = 9.5 Hz, 1F, F11 or F11’), -

109.12 (t, J = 11.0 Hz, 1F, F9 or F9’), -109.19 (t, J = 11.6 Hz, 1F, F9 or F9’)ppm. 13C{1H} NMR (101 

MHz, DMSO-d6, 25 ºC) δ 166.99, 162.93, 162.86, 161.65, 161.08, 159.50, 152.50, 151.58, 

149.79, 149.24, 142.78, 139.91, 139.79, 138.26, 136.22, 128.39, 128.15, 127.57, 126.39, 125.35, 

124.96, 124.34, 123.57, 123.14, 115.91, 115.82, 113.84, 112.56, 109.55, 99.19, 47.39 ppm. FT-

IR (KBr, cm-1) selected bands: 3069 (w, νCar-H), 1601-1574 (m, νC=C + C-N), 1429 (w, νC=N), 1163 (m, 

νC-C), 1070 (m, δC-Hip), 745 (vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 831.1136 

(m/zcalcd [M+] = m/zcalcd [C34H22F4IrN6OS]+ = 831.1141); 573.0556 (m/zcalcd [M+-L1] = m/zcalcd 

[C22H12F4IrN2]+ = 573.0566). Solubility: soluble in dimethyl sulfoxide, dichloromethane, 

methanol, acetonitrile, acetone, dimethylformamide, tetrahydrofuran. Partially soluble in 

water. 
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Synthesis of [Ir(ppy)2(L2)]Cl: [2a]Cl 
In a 100 mL Schlenk flask, previously purged 

with nitrogen, the ancillary ligand Lx (0.0537 

g, 0.213 mmol) was added to a solution of 

[Ir(µ-Cl)(ppy)2]2 (0.1004 g, 0.094 mmol) in a 

mixture of dichloromethane (8 mL) / 

methanol (10 mL), and the mixture was 

stirred at 60 ºC for 24 hours under a N2 

atmosphere. The resulting solution was 

concentrated to half the volume under 

vacuum and diethyl ether (15 mL) was 

added to precipitate a crude solid that was 

isolated by filtration and washed with 

diethyl ether (2×5 mL). The product was 

dried under vacuum to produce a orange powder. Yield: 0.1036 g (0.131 mmol, 70%). Mr 

(C36H28ClIrN6O) = 788.32 g/mol. Anal. Calcd for C36H28ClIrN6O.(CH2Cl2)0.80: C 51.62; H 3.48; N 

9.81; Found: C 51.64; H 3.56; N 9.78. 1H NMR (400 MHz, DMSO-d6, 25 ºC) δ 8.47 (d, J = 8.2 Hz, 

1H, He), 8.32 – 8.19 (m, 4H, Hd, H3, H3´, HNH), 7.97-7.86 (m, 6H, Hb, Hj, H9, H9´, H4, H4´), 7.71-7.66 

(m, 3H, Hc, HNH, H6), 7.60 (d, J = 5.5 Hz, 1H, H6´), 7.43 (t, J = 7.8 Hz, 1H, Hk), 7.16-7.01 (m,, 5H, H5, 

H5´, H10, H10´, Hl), 6.93 (t, J= 6.7 Hz, 1H, H11), 6.91 (t, J = 6.8 Hz, 1H, H11’),, 6.29 (d, J = 7.3 Hz, 1H, 

H12), 6.22 (d, J = 7.7 Hz, 1H, Hm), 6.20 (d, J = 7.0 Hz, 1H, H12’)  Hm), 5.69 (s, 2H, Ho, Ho) ppm. 13C{1H} 

NMR (101 MHz, DMSO-d6, 25 ºC) δ 167.41, 167.09, 166.94, 153.51, 151.46, 150.99, 149.28, 

149.02, 147.53, 146.90, 144.43, 144.13, 139.59, 138.67, 138.64, 138.48, 136.85, 131.76, 130.89, 

130.31, 129.65, 128.67, 125.86, 125.40, 125.16, 124.89, 124.84, 123.76, 123.68, 122.26, 122.13, 

119.98, 119.65, 116.99, 112.40, 48.10 ppm. FT-IR (KBr, cm-1) selected bands: 3310 (w, νN-H), 

3029 (w, νCar-H), 1606-1581 (m, νC=C + C-N), 1436 (w, νC=N), 1143 (m, νC-C), 1064 (m, δC-Hip), 761-742 

(vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 753.1949 (m/zcalcd [M+] = m/zcalcd 

[C36H28IrN6O]+ = 753.1954); 501.0934 (m/zcalcd [M+-L2] = m/zcalcd [C22H16IrN2]+ = 501.0943). 

Solubility: soluble in dimethyl sulfoxide, dichloromethane, methanol, acetonitrile, acetone, 

dimethylformamide, tetrahydrofuran. 
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Synthesis of [Ir(dfppy)2(L2)]Cl: [2b]Cl 
In a 100 mL Schlenk flask, previously purged 

with nitrogen, the ancillary ligand Lx 

(0.0417 g, 0.165 mmol) was added to a 

solution of [Ir(µ-Cl)(dfppy)2]2 (0.1002 g, 

0.082 mmol) in a mixture of 

dichloromethane (8 mL) / methanol (10 

mL), and the mixture was stirred at 60 ºC 

for 24 hours under a N2 atmosphere. The 

resulting solution was concentrated to half 

the volume under vacuum and diethyl 

ether (15 mL) was added to precipitate a 

crude solid that was isolated by filtration 

and washed with diethyl ether (2×5 mL). 

The product was dried under vacuum to produce a yellow powder. Yield: 0.0720 g (0.084 mmol, 

51%). Mr (C36H24ClF4IrN6O) = 860.28 g/mol. Anal. Calcd for C36H24ClF4IrN6O.(CH2Cl2)1.6: C 45.34; 

H 2.75; N 8.44; Found: C 45.37; H 2.80; N 8.60. 1H NMR (400 MHz, DMSO-d6, 25 ºC) δ 8.55 (d, J 

= 6.9 Hz, 1H, He), 8.36-8.29 (m, 3H, Hd, HNH, H3 or H3´), 8.24 (d, J = 7.9 Hz, 1H, H3 or H3´), 7.99 (m, 

4H, Hb, H4, H4´, Hj), 7.80 – 7.63 (m, 4H, Hc, H6, H6´, HNH), 7.48 (t, J = 8.7 Hz, 1H, Hk), 7.26-7.18 (m, 

3H, H5, Hl, H5´), 7.04 (t, JH-F = 8.7 Hz, 1H, H10 or H10’), 6.98 (t, JH-F = 8.7 Hz, 1H, H10 or H10’)6.27 (d, 

J = 8.3 Hz, 1H, Hm), 5.74 (m, 3H, 2Ho, H12), 5.62 (d, JH-F = 7.7 Hz, 1H, H12´) ppm. 19F NMR (376 MHz, 

DMSO-d6, 25 ºC) δ -106.49 (q, J = 9.3 Hz, 1F, F11 or F11’), -106.92 (q, J = 9.6 Hz, 1F, F11 or F11’), -

108.62 (t, J = 11.9 Hz, 1F, F9 or F9’), -109.11 (t, J = 11.2 Hz, 1F, F9 or F9’) ppm. 13C{1H} NMR (101 

MHz, DMSO-d6, 25 ºC) δ 167.28, 164.23, 163.65, 162.87, 162.11, 161.69, 161.11, 159.53, 

159.40, 159.23, 158.48, 155.46, 155.39, 153.53, 151.86, 151.80, 151.54, 149.76, 146.48, 140.19, 

139.96, 138.27, 136.78, 129.18, 128.26, 126.08, 125.68, 124.37, 123.26, 123.09, 116.25, 113.83, 

112.96, 112.77, 99.07, 48.17 ppm. FT-IR (KBr, cm-1) selected bands: 3065 (w, νCar-H), 1601-1575 

(m, νC=C + C-N), 1429 (w, νC=N), 1163 (m, νC-C), 1069 (m, δC-Hip), 745 (vs, δC-Hoop). HR ESI+ MS 

(DCM/DMSO, 4:1): m/zexp = 825.1575 (m/zcalcd [M+] = m/zcalcd [C36H24F4IrN6O]+ = 825.1577); 

573.0556 (m/zcalcd [M+-L2] = m/zcalcd [C22H12F4IrN2]+ = 573.0566). Solubility: soluble in dimethyl 

sulfoxide, dichloromethane, methanol, acetonitrile, acetone, dimethylformamide, 

tetrahydrofuran. 
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Fig.1. Schematic representation of the biological mechanism of action of the two leading complexes. 
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Despite their outstanding properties as potential photosensitizers for photodynamic 

therapy (PDT), Ir(III) bis-cyclometalated complexes need both further developments to 

overcome remaining limitations and in-depth investigations into their mechanisms of 

action to reach clinic application in the treatment of cancer. This work describes the 

synthesis of a family of Ir(III) complexes of general formula [Ir(C^N)2(N^N′)]Cl (N^N′ = 

thiabendazole-based ligands; C^N = ppy (2-phenylpyridinate) (Series A), or dfppy (2-

(2,4-difluorophenyl)pyridinate) (Series B)) and their evaluation as potential PDT agents. 

These complexes are partially soluble in water and exhibit cytotoxic activity in the 

absence of light irradiation versus several cancer cell lines. Furthermore, the cytotoxic 

activity of derivatives of Series A is enhanced upon irradiation, particularly for 

complexes [1a]Cl and [3a]Cl, which show photocytotoxicity indexes (PI) above 20. 

Endocytosis was established as the uptake mechanism for [1a]Cl and [3a]Cl in prostate 

cancer cells by flow cytometry. These derivatives mainly accumulate in the 

mitochondria as shown by colocalization confocal microscopy experiments. 

Presumably, [1a]Cl and  [3a]Cl induce death on cancer cells under irradiation through 

apoptosis triggered by a multimodal mechanism of action, which likely involves damage 

over mitochondrial DNA and mitochondrial membrane depolarization. Both processes 

seem to be the result of photocatalytic oxidation processes. 

 

1. Introduction 
Photodynamic therapy (PDT) is a non-invasive chemotherapeutic protocol indicated for 

the treatment of non-oncological diseases and some cancer types. It is based on the 

administration of a photosensitive compound called photosensitizer (PS), whose 

excitation by irradiation with light specifically directed towards the malignant tissue 

triggers the photochemical generation of reactive oxygen species (ROS) from cellular 

O2, and subsequently causes death on cancer cells. It features some inherent 

advantages, such as reduced side-effects based on selective photoactivation of the 

drug on cancer tissues (i.e.: improved selectivity), diminished acquired resistance of 

cancer cells stemming from their multiple cellular targets and mechanisms of action 

(i.e.: enhanced efficiency), and a broad spectrum of treatable cancer types.1,2,3,4 

Ir(III) biscyclometalated complexes are under investigation as promising PDT agents for 

the treatment of different cancer types due to their remarkable photophysical 

properties.5,6,7,8 In particular, their strong spin-orbit coupling constant favours the 

access to a triplet excited state that can interact with molecular oxygen in the cells to 

produce ROS through either an electron transfer pathway (superoxide radical anion, 

O2
•—) or an energy transfer mechanism (singlet oxygen, 1O2). More importantly, these 

processes are photocatalytic in nature, which potentially leads to a very efficient 

therapeutic activity and allows decreasing the PS dosage.5,9,10,11 Several additional 
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features will condition the potential applicability of selected Ir-based PSs in specific 

clinical PDT protocols. Among these desired features it is worth mentioning the 

following: (1) reasonable aqueous solubility to facilitate administration, (2) 

straightforward synthetic procedures to reduce costs, (3) good photostability and 

photocytotoxicity indexes (PI = IC50,dark/IC50,light) to ensure a selective photo-enhanced 

activity and (4) suitable absorption profiles in relation to the cancer type to be treated, 

that is, blue light-sensitive PSs can be used to treat superficial or cutaneous cancers but 

near infrared (NIR) or red light-sensitive PSs are needed to deal with tumours on 

internal tissues, due to the  higher tissue penetration of this type of light stimulus.12,13,14 

Nonetheless, this determinant can be bypassed to some extent using two-photon 

excitation PDT15 or employing endoscopic light delivery devices based on laser or light 

emitting diode (LED) optical fibers.16 

Recently, several researching groups have reported encouraging advances in the field 

of Ir(III) PSs for PDT. For instance, the group of Huang has described a tricationic Ir(III) 

PS with high photocytotoxicity in both in vitro cancer cell lines and in vivo mouse cancer 

models and high photocatalytic activity on the oxidation of the reduced form of 

nicotinamide adenine dinucleotide (NADH), nicotinamide adenine dinucleotide 

phosphate (NADPH) and amino acids.17 Gou et al. have reported an Ir(III) complex 

containing a Donor-Acceptor-Donor ligand that can be directly promoted to the excited 

state by NIR radiation to produce ROS and heat, so that it exhibits a dual 

phototherapeutic action, i.e. photodynamic therapy plus photothermal therapy. In 

addition, this complex has been conjugated to polyethylene glycol (PEG) to generate 

highly soluble nanoparticles and display a significant tumour inhibition in vivo.18 The 

group of He has prepared an Ir(III) complex that features high PI values in different 

cancer cell lines and multicellular spheroids under hypoxia through a synergistic effect 

between ferroptosis and apoptosis, induced by the generation of the radicals 

superoxide (O2
•—) and hydroxyl (•OH).19 The group of Bryce has rationally designed two 

Ir-porphyrin conjugates that show synergistic PDT-photothermal activity under long-

wavelength excitation (635 nm).20 

Many of the PSs currently in clinical or pre-clinical studies localize in or have a major 

influence on mitochondria, promoting a PDT induced apoptotic cell death.21 

Mitochondria are considered as the powerhouses of cells, in as much as they produce 

energy in the form of adenosine triphosphate (ATP) through different biochemical 

processes such as oxidative phosphorylation.22 ATP drives fundamental biochemical 

reactions and cell functions through hydrolysis into adenosine diphosphate (ADP) and 

phosphate anions at the sites where energy is required in cells. In fact, mitochondria 

have their own circular DNA (mtDNA), which encodes thirteen different protein 

subunits of enzyme complexes involved in the oxidative phosphorylation process. In 

addition to their role as energy suppliers, mitochondria are the principal regulators of 
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the apoptotic pathways. Mitochondria dysfunction as a result of damage on mtDNA or 

mitochondrial membrane depolarization induces an apoptotic response by releasing 

cytochrome c and other apoptosis-related proteins into the cytosol and activates the 

caspase pathway.23 Therefore, a rational design of new Ir(III) biscyclometalated cationic 

complexes, based on a suitable combination of lipophilic and hydrophilic ligands and 

counteranions, can lead to mitochondria targeted anticancer agents24,25 and in-depth 

mechanistic studies can contribute to elucidate their biological mechanism of action. 

Previously, we reported on the PDT activity of two Ir(III) complexes of general formula 

[Ir(C^N)2(N^N′)]Cl ([Ir1]Cl, N^N′ thiabendazole (tbz); or [Ir2]Cl, N^N′ N-benzyl-

thiabendazole (Bn-tbz)) and found out that the replacement of the reactive N-H group 

in [Ir1]Cl with the N-Bn group in [Ir2]Cl prevents deprotonation and leads to higher 

cellular uptake.26 Following with our investigations in the field, more recently we have 

found that a second generation complex of the same type, [Ir3]Cl, with a 

thiabendazole-based N,N′-ligand bearing an alkylacetamide substituent (N-CH2CONH2) 

provides a better excited state lifetime than the analogue complex with the 2-pyridyl-

benzimidazole scaffold in the N,N′-ligand.27 Moreover, it is well-known that the C^N 

ligands exert a great influence on the photophysical properties of these 

photosensitizers. In particular, electron-withdrawing groups on the C^N ligands 

stabilize the HOMO (Highest Occupied Molecular Orbital), provide higher HOMO-

LUMO (Lowest Unoccupied Molecular Orbital) energy gaps and usually exhibit longer 

triplet excited state lifetimes,28,29 which favours the interaction with O2 to form either 
1O2 or O2

•—. As a matter of fact, Mao has reported a family of Ir(III) PSs, where the 

derivative with 2-(2,4-difluorophenyl)pyridinate as the C^N ligand exhibits the highest 

photocytotoxicity index (PI = 18.9) upon exposure to blue light.30 

With these premises in mind, we decided to synthesize two sets of new Ir(III) bis-

cyclometalated complexes of formula [Ir(C^N)2(N^N′)]Cl, combining two C^N ligands 

(2-phenylpyridinate (ppy) and 2-(2,4-difluorophenyl)pyridinate (dfppy)) and four 

different thiabendazole-based N^N′ ligands with diverse alkyl substituents on the N 

atom (N-R). In particular, we have chosen several alkyl-ketone or alkyl-amide groups 

which could be used in future derivatizations of these metallodrugs. Hence, the 

rationale behind the design of these complexes is to achieve new photosensitizers as 

potential anticancer PDT agents endowed with pH stability, good cellular uptake and 

long triplet excited state lifetimes to produce ROS. Moreover, we intend to assess the 

influence of two different structural features on the electrochemical, photophysical 

and biological properties of these complexes and particularly on their PI: (1) the effect 

of the different alkyl substituents on the benzimidazole fragment (N-R) and (2) the 

effect of the two afore-mentioned C^N ligands. Besides, we have examined different 

aspects of their mechanism of biological action, including uptake pathway, organelle 

localization, cell death, ROS generation, mtDNA damage, etc. As a result, we have 
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established some structure-activity relationships and we have identified two 

metallodrugs as the most efficient PSs in the potential treatment of cancer. Last but 

not least, we have outlined the mechanism of biological action upon light excitation for 

these chemo-therapeutics. 

 

2. Results and discussion 
2.1. Synthesis of ligands and iridium(III) complexes 
A new library of Ir(III) biscyclometalated compounds of general formula rac-

[Ir(C^N)2(N^N′)]Cl has been prepared aiming to study their anticancer properties as 

potential PDT agents. In particular, we have used two different C^N ligands and four 

different N^N′ ligands based on the 2-(4-thiazolyl)benzimidazole (thiabendazole) 

scaffold. Thiabendazole (L0) is an antifungal and antiparasitic agent commercially 

available and can be easily functionalized by mean of alkylation reactions on the 

reactive N–H group. Thus, the ligands (L1-L4) with different amido-alkyl and keto-alkyl 

groups were obtained through a procedure adapted from the literature,31,32 which 

involves the reaction of L0 with the appropriate alkyl bromide at room temperature in 

the presence of K2CO3 and using dimethylformamide (DMF) as solvent (Scheme 1). 

Ligands L1-L4 were designed to possess protecting hydrophilic motifs instead of the 

slightly acidic N–H on the imidazole ring. More specifically, hydrogen bonding donor 

and acceptor groups were chosen tobestow a certain degree of hydrophilicity on the 

resulting complexes by contrast with the lipophilicity attributed to the [Ir(C^N)2]+ 

fragment. 

The corresponding Ir(III) derivatives [1a]Cl - [4a]Cl (series A) and [1b]Cl - [4b]Cl (series 

B) were synthesized by refluxing the appropriate iridium dimer [Ir(μ-Cl)(C^N)2]2 (C^N = 

ppy (2-phenylpyridinate), or dfppy (2-(2,4-difluorophenylpyridinate)) in the presence 

of ligands L1-L4 in a mixture of dichloromethane-methanol (1:1.25; v/v) (Scheme 1). 

The desired products were isolated as solid chloride salts in the form of racemic 

mixtures with bright yellow colours and display moderate solubility in aqueous media 

because of the presence of hydrophilic groups and the chloride counterion. 
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Scheme 1. Synthesis and molecular structures of ligands L1 – L4 and complexes [1a]Cl - [4a]Cl and [1b]Cl - 
[4b]Cl. 

 

2.2. Characterization of the Ir(III)-compounds 
The composition and molecular structure of the new Ir complexes was established by 

multinuclear NMR, mass spectrometry, elemental analysis and IR spectroscopy. In 

addition, the molecular structure of complexes [1b]+, [2a]+ and [3a]+ was ascertained 

by X-ray diffraction. 

The 1H, 13C{1H} and 19F NMR spectra of [1a]Cl - [4a]Cl and [1b]Cl - [4b]Cl were recorded 

in DMSO‑d6 (SI Fig. 12-31) and show evident coordination-induced shifts relative to the 

free ligands as well as the following distinguishing attributes: (1) two sets of signals for 

the non-equivalent C^N ligands (C1-symmetry); (2) two mutually coupled doublets, 

appearing as an AB quartet between 5.65 and 6.75 ppm for the diastereotopic protons 

of the –CH2 groups because of the helical chirality implicit in tris-chelate octahedral 

complexes. 
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The 19F NMR spectra of complexes [1b]Cl - [4b]Cl display two multiplets around 107 

ppm (F9 and F9’) and two additional multiplets at about 109 ppm (F11 and F11’), for the 

two non-equivalent dfppy ligands (atom labelling shown in Section 4.3. and SI). 

The HR ESI(+) mass spectra of [1a]Cl - [4a]Cl and [1b]Cl - [4b]Cl show an envelope of 

peaks with m/z values and isotopic distribution patterns fully compatible with those 

calculated for the monocationic species of formula [Ir(C^N)2(N^N′)]+, resulting from the 

loss of the chloride counterion in every case. 

 

2.3. Crystal structures by X-ray diffraction 
High quality single crystals were obtained for the PF6

 salts of [1b]+, [2a]+ and [3a]+ by 

slow evaporation of solutions of either [1b]Cl and [3a]Cl in methanol or [2a]Cl in 

methanol/dichloromethane, upon addition of some drops of saturated aqueous NH4PF6 

in order to facilitate crystallization. The corresponding crystal structures of [1b]PF6, 

[2a]PF6 and [3a]PF6 were resolved by single crystal X-ray diffraction analysis. The 

complexes crystallize in the monoclinic P21/c, C2/c and C2/c space groups, respectively. 

The unit cells of these complexes contain two pairs ([1b]PF6) or four pairs ([2a]PF6 and 

[3a]PF6) of enantiomers (Δ,Λ) plus four or eight PF6
 counteranions. The molecular 

structures for the Λ enantiomers of complex cations [1b]+, [2a]+ and [3a]+ are shown in 

Fig. 2. Selected bond distances and angles for the coordination environment are 

compiled in Table 1, and relevant crystallographic parameters are given in SI Table 3. 

The molecular structures of these complexes exhibit the expected pseudo-octahedral 

geometry around the Ir centre with two cyclometalating C^N ligands adopting a mutual 

trans-N,N plus cis-C,C arrangement. Besides, each N^N′ ligand assumes a trans 

disposition with regard to the C atoms of the C^N moieties (Fig. 2).33 As an evidence of 

deviation from the ideal octahedral geometry, all the bite angles for the bidentate 

ligands are lower than 90, i.e. around 80 for the C^N ligands, and about 76 for the 

N^N′ ligands (Table 1). In all the complexes, the Ir–N bond distances for the C^N ligands 

(2.039(5) to 2.047(5) Å) are shorter than for the N^N′ ligands (2.157(5) to 2.165(4) Å) 

due to the strong trans influence exerted by the coordinated phenyl rings.34 The Ir–C 

bond distances are very close to 2 Å (2.003(6)-2.016(6) Å) and standard compared to 

those usually observed for similar complexes.35 
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Fig. 2. Molecular structures of (Λ)-[1b]PF6, (Λ)-[2a]PF6 and (Λ)-[3a]PF6 obtained by X-ray diffraction 

analysis. The Δ enantiomers, H atoms and PF6
 counterions have been omitted for the sake of clarity. 

[1b]+ 

[2a]+ 

[3a]+ 
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Table 1. Selected bond lengths (Å) and angles () for [1b]PF6, [2a]PF6 and [3a]PF6. 

[1b]PF6 [2a]PF6 [3a]PF6 

Ir(1)-N(1) 2.038(6) Ir(1)-N(1) 2.047(5) Ir(1)-N(1) 2.041(4) 

Ir(1)-N(2) 2.050(6) Ir(1)-N(2) 2.039(5) Ir(1)-N(2) 2.049(4) 

Ir(1)-N(3) 2.151(6) Ir(1)-N(3) 2.165(4) Ir(1)-N(3) 2.171(4) 

Ir(1)-N(5) 2.155(5) Ir(1)-N(5) 2.157(5) Ir(1)-N(5) 2.159(4) 

Ir(1)-C(11) 2.009(7) Ir(1)-C(11) 2.016(6) Ir(1)-C(11) 2.016(5) 

Ir(1)-C(22) 2.013(7) Ir(1)-C(22) 2.003(6) Ir(1)-C(22) 2.004(5) 

C(11)Ir(1)N(1) 81.3(3) C(11)Ir(1)N(1) 81.4(2) C(11)Ir(1)N(1) 81.12(19) 

C(22)Ir(1)N(2) 79.5(3) C(22)Ir(1)N(2) 81.3(2) C(22)Ir(1)N(2) 80.72(18) 

N(3)Ir(1)N(5) 76.1(2) N(3)Ir(1)N(5) 75.6(2) N(3)Ir(1)N(5) 75.31(14) 

 

The 3-D crystal structures of these complexes are stabilized by hydrogen bonding 

interactions, involving C–H and N–H groups as donors and C=O groups as well as 

PF6
 anions as acceptors. 

 

2.4. Photostability experiments 
Photostability under long irradiation is a key requirement for PDT photosensitizers, 

since it ensures more ROS-producing cycles for the PS and allows to reduce the PS 

dose.36 In other words, a high photostability favours the PS efficiency. The 

photodegradation of the new Ir(III)-complexes was analysed by monitoring the changes 

in their 1H NMR spectra (1.4⋅102 M, CD3CN) over a period of 24 h under air exposure 

and illumination with blue light, (λir 460 nm, 24 W) at room temperature (SI Fig. 33-40). 

All the complexes are fully stable upon 6 h of irradiation, since no photo-degradation 

was observed during this period. However, after 24 h of irradiation we detected an 

emerging set of signals for degradation products that integrated between 1% and 5% 

(SI Table 4). These results confirm the sufficient photostability of our luminophores for 

PDT applications. 

 

2.5. Theoretical calculations 
Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were 

carried out on the molecular and electronic structures of the cation complexes [1a]+, 

[3a]+, [1b]+ and [3b]+ at their ground state for a deeper comprehension of their 

photophysical and electrochemical properties. Calculations were performed at the 

B3LYP/ (6-31GDP LANL2DZ) level including solvent effects (CH3CN) (see description in 

SI Section 9. and SI Tables 5, 6 and 7). The optimized molecular structures calculated 

for [1a]+, [3a]+, [1b]+ and [3b]+ at their electronic ground state (S0) exhibit a near-

octahedral geometry for the metal coordination environment in agreement with the 

crystal structures previously discussed. SI Table 5 shows the isovalue contour plots and 
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the energies for the frontier molecular orbitals (MOs) of cations [1a]+, [3a]+, [1b]+ and 

[3b]+ at the S0 state. The HOMOs of these complexes are spread over the Ir and the 

phenyl or difluorophenyl rings of the C^N ligands and are formed by an admixture of a 

t2g orbital from Ir(III) and π orbitals of the two phenyl rings. Consequently, the energies 

computed for the HOMOs of [1a]+ and [3a]+ are virtually identical (5.61 and 5.62 eV), 

given that they have the same C^N ligands (ppy). Similarly, the energies obtained for 

the HOMOs of [1b]+ and [3b]+ are almost alike (5.94 and 5.95 eV), since they share the 

same C^N ligands (dfppy). The stabilization of the HOMOs for [1b]+ and [3b]+, relative 

to the HOMOs of [1a]+ and [3a]+ is due to the electron-withdrawing nature of the -F 

atoms in dfppy, as reported previously (Fig. 3).37,38 

The LUMOs are distributed over the N^N′ ligands in all the cases, although their precise 

topology depends slightly on the ligand. Indeed, the participation of the alkyl group of 

[1a]+ and [1b]+ (-CH2COPh) in the electron density of their LUMO is relevant, while the 

participation of the alkyl group of [3a]+ and [3b]+ (-CH2CONHCH2Ph) in their LUMO is 

non-existent. The LUMO of [3a]+ exhibits a small destabilization relative to that of [1a]+ 

and a similar effect was observed for [3b]+ compared to [1b]+. These predictions are in 

agreement with the electrochemical trends experimentally determined for the 

reduction potentials of these complexes (see below). Considering all the above, the 

resulting HOMO-LUMO gaps are higher for complexes of series B than for their 

congeners of series A. 

 

 
Fig. 3. Schematic representation displaying the energies computed for the frontier orbitals and the HOMO-
LUMO energy gaps of [1a]+, [3a]+, [1b]+ and [3b]+. 
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The nature of the lowest-energy singlet (Sn) and triplet (Tn) excited states and the 

respective energies were computed by mean of the TD-DFT method for the cations 

[1a]+, [3a]+, [1b]+ and [3b]+. The results are compiled in SI Tables 6 and 7 and are 

sketched in SI Fig. 41(a). The lowest triplet excited states (T1) of [1a]+ and [3a]+ exhibit 

energies of 2.75 eV, while the corresponding states of [1b]+ and [3b]+ are destabilized 

to 2.85 eV. Hence, these estimations predict lower λem for [1b]+ and [3b]+ relative to 

[1a]+ and [3a]+ in agreement with the trends determined experimentally for the 

emission energies of these pairs (see below). 

 

2.6. Electrochemical properties 
The electrochemical behaviour of the ground and excited states of this type of 

complexes can play important roles in their biological activity both in the dark and upon 

photoactivation, respectively.39 For that reason, the redox potentials of [1a]Cl - [4a]Cl 

and [1b]Cl - [4b]Cl were experimentally determined by cyclic voltammetry (CV) in 

deoxygenated acetonitrile solutions (5 × 10‒4 M) versus the ferrocenium/ferrocene 

(Fc+/Fc) couple. The cyclic voltammograms of [1a]Cl - [1b]Cl and [3a]Cl - [3b]Cl are 

shown in Fig. 4(A) as illustrative examples of their respective series. Voltammograms 

for the other derivatives are very similar to those of [3a]Cl and [3b]Cl and are presented 

in the SI (SI Fig. 42-44). 

The anodic region of the voltammograms features one irreversible peak for all the 

complexes between +0.56 and +0.69 V (Eox1
1/2 in Table 2 and Fig. 4(A)) attributed to the 

oxidation of the Cl counter- anion (2 Cl → Cl2 + 2e). This assignation was confirmed 

by recording the CV of [3a]PF6, where the afore-mentioned peak was missing (SI Fig. 

44). The small variations noticed in the position of this oxidation peak depending on 

the complex are likely due to weak interactions between the chloride anion and the 

respective complex cation, which are responsible for the formation of ion pairs (see 

Molar conductivity measurements below). Moreover, a second reversible one-electron 

redox peak is observed at +0.85 V for [1a]Cl - [4a]Cl and at around +1.18 V for [1b]Cl - 

[4b]Cl. This wave is assigned to the reversible oxidation of the environment formed by 

the Ir(III) centre and both phenyl rings of the respective C^N ligands, in agreement with 

the topology calculated for the HOMO of [1a]+, [3a]+, [1b]+ and [3b]+ (see SI Table 8 and 

canonical forms in Fig. 4(B)).40,41 Thus, this peak is shifted to more anodic potentials 

(0.33 V, approximately) for complexes of series B, due to the presence of -F atoms on 

the phenyl rings. The electron-withdrawing effect of the -F atoms reduces the electron 

density at the Ir-Ph environment and stabilizes remarkably the HOMO (see 

calculations), hindering the extraction of the first electron from [1b]Cl - [4b]Cl relative 

to [1a]Cl - [4a]Cl.42,43 
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The cathodic region, on the other side, displays one irreversible wave peaking at around 

2 V for complexes of both series (Ered1
1/2 in Table 2). The extra electron accepted by 

these complexes is accommodated in the N^N′ ligand,45 in agreement with the topology 

of their LUMO (see SI Table 5), giving place to a reduced radical form, 

[IrIII(C^N2(N^N′•)] (Fig. 4(B)). All the complexes with alkyl-amide groups, except 

[4b]Cl, that is [2a]Cl - [4a]Cl and [2b]Cl - [3b]Cl, present more negative reduction 

potentials Ered1
1/2 (in the range from 2.03 to 2.11 V) than the respective complexes 

with the alkyl-ketone group, namely, [1a]Cl and [1b]Cl (1.96 and 1.92 V, 

respectively). This effect is likely due to the destabilization of the LUMO predicted 

theoretically for [3a]+ and [3b]+ relative to the LUMO of [1a]+ and [1b]+, and it is 

attributed to both the positive mesomeric (electron donating) effect of the -CH2CONR2 

groups and the negative mesomeric (electron withdrawing) effect of the -CH2COPh 

group. Moreover, calculations reported by us in a previous work for the reduced 

species of a similar complex,46 predict a high spin density localized on one of the C 

atoms of the thiazole ring when the N^N′ ligand is based on the thiabendazole scaffold. 

Thus, the irreversible nature of the reduction process observed for our complexes could 

be rationalized due to the limited delocalization of the afore-mentioned unpaired 

electron. 

The electro-chemical band-gaps (ΔE1/2) have been determined as the difference 

between Eox2
1/2 and Ered1

1/2. The so-calculated values are in the range between 2.81 and 

2.96 eV for members of family A and in the range between 3.07 and 3.23 for their 

congeners of family B, which is in accordance with the higher HOMO-LUMO band-gap 

calculated theoretically for family B. Hence, the afore-mentioned stabilization of the 

HOMO in family B seems to be the main factor explaining the increase of ΔE1/2 for [1b]Cl 

- [4b]Cl relative to [1a]Cl - [4a]Cl.  

Interestingly, the excited states of this type of complexes usually exhibit an outstanding 

combination of reductive and oxidative character. In particular, our photosensitizers 

show higher excited state oxidation powers than the archetypal photosensitizer 

[Ir(ppy)2(bpy)]PF6, [1]PF6, that is, E1/2(IrIII*/IrII) ranges from +0.47 to +0.83 V relative to 

+0.28 V for [1]PF6. At the same time, these photosensitizers show better excited state 

reduction power than [1]PF6, since E1/2(IrIV/ IrIII*) ranges from 1.47 to 1.75 V relative 

to 1.19 V for [1]PF6 (Fig. 5 and SI Table 8). These redox properties a priori render our 

complexes excellent photoredox catalysts, which in turn could enhance their ability to 

generate ROS and improve their biological performance as PDT agents. 
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Fig. 4. (A) Cyclic voltammograms of complexes [1a]Cl - [1b]Cl and [3a]Cl - [3b]Cl in acetonitrile 
solution (5. 10-4 M), using 0.1 M [nBu4N][PF6] as supporting electrolyte and recorded with a scan rate 

of 0.10 V⋅s-1. (B) Reduced and oXidized species formed for complexes of formula [IrIII (C^N-)2(N^N
,
)]+. 

 

 
Table 2. Redox potentials recorded by cyclic voltammetry referenced to Fc+/Fc in acetonitrile solution.[a] 

Complex Eox1 1/2 (V) Eox2 1/2 (V) Ered1 1/2 (V) Ered2 1/2 (V) ΔE1/2 (V) 

[1](PF6) - +0.87 (rev) -1.78 (qr) - 2.65 

[1a]Cl +0.57 (ir) +0.85 (rev) -1.96 (ir) -2.29 (ir) 2.81 

[2a]Cl +0.67 (ir) +0.85 (rev) -2.10 (ir) -2.27 (ir) 2.95 

[3a]Cl +0.65 (ir) +0.85 (rev) -2.11 (ir) -2.26 (ir) 2.96 

[4a]Cl +0.69 (ir) +0.84 (rev) -2.04 (ir) -2.12 (ir) 2.88 

[1b]Cl +0.56 (ir) +1.18 (rev) -1.92 (ir) -2.26 (ir) 3.10 

[2b]Cl +0.67 (ir) +1.18 (rev) -2.05 (ir) -2.20 (ir) 3.23 

[3b]Cl +0.56 (ir) +1.18 (rev) -2.03 (ir) -2.19 (ir) 3.21 

[4b]Cl +0.56 (ir) +1.17 (rev) -1.90 (ir) -2.11 (ir) 3.07 

[3a]PF6  - +0.85 (rev) -2.11 (ir) -2.25 (ir) 2.96 

[a]Voltammograms recorded in acetonitrile solution (5 × 10−4 M), using 0.1 M [nBu4N][PF6] as supporting 
electrolyte and recorded with scan rate of 0.10 V·s−1 and referenced to Fc+/Fc. [b] Redox potentials for the 
reference complex have been obtained from the literature.44 
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Fig. 5. Latimer diagrams for [1a]Cl and [1b]Cl with redoX potentials determined by CV and the emission 
energy calculated from the photoluminescence spectrum. The redoX potentials for [1a]+-[1b]+ and its 
excited states [1a*]+-[1b*]+ are given in V versus Fc+/Fc. E1/2(Ir IV/Ir III*) = E1/2(Ir IV/Ir III) - E1/2(Ir III*/Ir III) and 
E1/ 2(IrIII*/IrII) = E1/2(IrIII/IrII) + E1/2(IrIII*/IrIII). All the potential values are given as reduction potentials 
regardless the sense of the arrows for the quenching cycles. 

 

Molar conductivity measurements (ΛM) were performed for [3a]Cl and [3a]PF6 in 

acetonitrile solutions (103 M) at room temperature. Interestingly, the value obtained 

for [3a]PF6 (ΛM = 178 S⋅cm2⋅mol1) is compatible with a 1:1 electrolyte, whereas the 

value determined for [3a]Cl (ΛM = 81 S⋅cm2⋅mol1) is remarkably lower revealing the 

formation of intimate ion pairs for [3a]Cl in this solvent. Thus, we hypothesize that the 

participation of the Cl counteranion in ion pairing and the strength of the specific 

interactions involved in the formation of these entities could explain the small 

variations observed for Eox1
1/2. 

 

2.7. Photophysical properties 
The UV–Vis absorption and emission spectra of the new complexes were recorded 

in H2O-DMSO (94:6, v:v) (10‒5 M) at room temperature (Fig. 6(A) and SI  F ig.  32(A) 

and Table 3). All the derivatives exhibit strong bands with maxima around 250 nm 

(1LC, π → π* for C^N and N^N´ ligands) and 300 nm (1MLCT and 1LLCT) and a weak 

but very broad tail above 350 nm (3MLCT and 3LC).47.48,49 This spin-forbidden band is 

enabled by the large spin-orbit coupling typical of the Ir(III) ion38 and spreads well into 

the visible region for [1a]Cl - [4a]Cl, but faintly for [1b]Cl - [4b]Cl. The value of ε 

[M‒1 cm‒1] at the wavelength used in biological experiments (460 nm) is reflected in 

Table 3. Indeed, the absorption of derivatives of series A overlaps suitably with the 

emission band of our blue light source. However, a priori the analogues of series B with 

dfppy can hardly be excited with this light source, which could be a handicap for their 

use as PDT agents (see below). Blue and green lights display a low tissue penetration 

depth (1–1.4 mm), which precludes the use of PSs sensitive to short-wavelength visible 

lights for the treatment of deep-seated tumours. Nonetheless, this type of light 

stimulus combined with interstitial delivery of light is advantageous to avoid damage 
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on healthy, underlying tissue. Indeed, the Ru(II) PS TLD-1433, with a light excitation 

wavelength of 520 nm, is in clinical trials for the treatment of bladder cancer.13,50 On 

the other hand, excitation at higher energy wavelengths (UV) is impractical, due to its 

limited tissue penetration along with its light-induced cytotoXicity.51,52  

 

In general, the emission of complexes with general formula [Ir(C^N)2(N^N´)]+ takes 

place from the lowest lying triplet state (T1), which is formed by a combination of 
3MLCT/3LLCT and 3LC states. The emission spectra of our complexes exhibited a band 

with vibronic structure (two maxima), indicating a major 3LC (3π-π*) character for the 

transition to the ground state as corroborated by theoretical calculations (Fig. 6 (B) 

and SI Fig. 32(B)).46,53,54,55 The higher energy maximum appears between 479 and 511 

nm for complexes of series A and between 454 and 468 nm for complexes of series 

B. Hence, the observed maximum wavelengths (λmax) for [1b]Cl - [4b]Cl are blue-

shifted relative to those recorded for [1a]Cl – [4a]Cl, which reveals an increase of 

the S0 ← T1 energy attributed to the presence of the -F atoms on the C^N ligands as 

predicted by our calculations and reported in the literature.56,57,58 Moreover, the 

presence of alkyl-amide groups on the N^N´ ligand results in a hypsochromic shift 

compared to the respective complex with an alkyl-ketone substituent in both series 

(32 nm in series A and 14 nm in series B). Triplet energy levels (ET) are directly 

calculated from the maximum emission peaks (Table 3) and are critical parameters for 

efficient energy transfer (ET) to 3O2 in the generation of 1O2. Indeed, molecular oxygen 

(O2) has two singlet excited states (1Σg and 1Δg) with absorption energies of 762 nm 

(1.63 eV) and 1268 nm (0.98 eV), respectively, so that the triplet energy level of an 

efficient 1O2 photosensitizer has to be higher than these values. Concurrently, PSs with 
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Fig. 6. (A) Overlaid UV–Vis absorption spectra of complexes [1a]Cl and [1b]Cl (105 M) in H2O-DMSO (94:6, 
v:v) at 25 ºC, together with the emission band recorded for the blue light source used in biological 
experiments (overlapping region in the inset). (B) Overlaid emission spectra of complexes [1a]Cl and [1b]Cl 

in deoxygenated H2O-DMSO (94:6, v:v) (105 M) at 25 ºC under a nitrogen atmosphere (λex = 405 nm). 
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extremely high triplet energy values bring about inefficient ET owing to mismatch with 

the energy levels of 1O2.59 Therefore, we speculate that [1a]Cl, with the lowest triplet 

energy value (2.43 eV), could be the most appropriate 1O2 photosensitizer within this 

family of complexes. 

The emission quantum yields (PLQY, φPL) were experimentally determined in 

deoxygenated H2O-DMSO (94:6, v:v) and are low for [1a]Cl - [4a]Cl (3-9 %) and very low 

for [1b]Cl - [4b]Cl (< 1 %) (Table 3). On the other hand, the excited state lifetimes (τ) 

are only given for complexes of series A in deoxygenated H2O-DMSO (94:6, v:v), due to 

the low φPL values obtained for derivatives of series B. The replacement of the -

CH2COPh group in [1a]Cl with different -CH2CONR2 groups in [2a]Cl - [4a]Cl, results in 

longer τ values (Table 3), likely as a result of the energy-gap law.60,61,62  

 
Table 3. Photophysical properties for complexes [1a]Cl - [4a]Cl to [1b]Cl - [4b]Cl determined in H2O-DMSO 
(94:6, v:v) (10−5 M) at 25 ºC under a nitrogen atmosphere with λex = 405 nm. 

Complex λabs (nm) ε [M-1 cm-1] ε [M-1 cm-1] 
(at 460 nm) 

λem (nm) [ET (eV)] φPL (%) 

[1a]Cl 252, 295, 382 56500, 33400, 5600 900 511 [2.43 eV] 9 

[2a]Cl 242, 295, 373 56400, 31500, 5400 600 479 [2.59 eV], 506 8 

[3a]Cl 242, 295, 381 42600, 29900, 4800 300 479 [2.59 eV], 505 7 

[4a]Cl 241, 297, 373 38800, 26400, 4300 200 479 [2.59 eV], 505 3 

[1b]Cl 240, 300, 357 47400, 25100, 4600 100 468 [2.65 eV] 0.03 

[2b]Cl 240, 294, 355 41700, 22000, 5100 600 454 [2.73 eV], 482 0.13 

[3b]Cl 240, 300, 357 50400, 31100,5800 200 454 [2.73 eV], 482 0.52 

[4b]Cl 240, 300, 365 42500, 25900, 4100 100 454 [2.73 eV], 482 0.08 

 

2.8. Ability of 1O2 generation 
Singlet oxygen is considered as the main cytotoxic species in Type II PDT.63 Moreover, 

1,3-diphenylisobenzofuran (DPBF) is widely reckoned as a 1O2 capture agent.64 

Therefore, the ability to generate singlet oxygen (1O2) was demonstrated for [1a]Cl and 

[3a]Cl in acetonitrile by recording the evolution of the respective UV-Vis spectra during 

the oxidation of DPBF (yellow) to 1,2-dibenzoylbenzene (colorless) in the presence of 

our photosensitizers under blue light irradiation (ir = 460 nm) at 1 second intervals for 

a total exposure period of 8 seconds (Fig. 7). Both kinetic experiments showed a decay 

in the intensity of DPBF consistent with the generation of 1O2. A control experiment for 

the photooxidation of DPBF in acetonitrile under blue light irradiation in the absence 

of PS was also performed. In line with the results obtained by Li et al. in other solvents,65 

we observed that DPBF undergoes a certain degree of photooxidation under these 

conditions, although the rate is remarkably lower than those recorded in the presence 

of [1a]Cl and [3a]Cl (SI Table 9). 
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Considering the experimental results and the bibliographic background,40 we postulate 

that our complexes can operate through a photochemical pathway consisting of several 

steps: (a) Photoexcitation of the Ir-PS from their ground state to the singlet excited 

state ([IrIII]  1[IrIII]*); (b) formation of the Ir long-lived triplet excited state via 

Intersystem crossing (1[IrIII]*  3[IrIII]*); (c) generation of 1O2 and other ROS by mean of 

an energy transfer step (3[IrIII]* + 3O2  [IrIII] + 1O2). Alternatively, 3[IrIII]* could generate 

the radical anion superoxide (O2
•) through an electron transfer pathway, since we have 

proved that superoxide levels are increased upon treatment with photoactivated 

complexes (vide infra). 

 

2.9. Phototoxic activity and cellular uptake 
In order to assess the potential of these compounds for anticancer PDT, their cytotoXic 

activity against PC-3 prostate cancer cells was tested either in the dark or upon 

irradiation with a blue light (λir = 450 nm) for 1 h. The light dose applied (24.1 J cm‒

2) was similar to that used to photo-activate other Ir-based PSs.36 Compounds were 

tested at concentrations up to 50 μM and the concentration that inhibits the viability 

of cells by 50 % (IC50) was determined after 48 h of treatment using an MTT assay. All 

compounds exhibited a cytotoXic effect against PC-3 cells in the absence of irradiation, 

with IC50 values between 12.76 μM and 2.75 μM (Table 4). These values are in the range 

of cisplatin, a well-established anticancer agent, assayed under the same conditions 

(Table 4). Upon light irradiation, compounds [1a]Cl – [4a]Cl exhibited a marked 

increase in their cytotoXic activity, with IC50 values between 0.32 μM and 2.36 μM. 

In particular, the highest phototoXicity index values (PI IC50,dark/IC50,light) were 

obtained for [1a]Cl (PI: 8.6) and [3a]Cl (PI: 7.5), while [2a]Cl and [4a]Cl displayed 

lower PI values of 4.5 and 4.2, respectively. In contrast, the activity of compounds 

[1b]Cl – [4b]Cl was essentially not enhanced by light irradiation. Only [4b]Cl 

showed higher activity upon irradiation, with a moderate PI of 2.3. As afore-
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Fig. 7. Photocatalytic oxidation of DPBF in the presence of [1a]Cl (A) and [3a]Cl (B) in acetonitrile. 
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suggested, the negligible or weak photoactivation of complexes [1b]Cl – [4b]Cl is 

likely related to their weaker absorption in the visible region of the spectrum and 

in particular in the blue light region. In addition, the excited state lifetime seems not 

to be the determining factor in the PI value of our complexes, as [1a]Cl exhibits the 

lowest τ of all these photosensitizers. We postulate that the higher photocytotoXicity 

of [1a]Cl compared to its congeners could be related to its good absorption profile in 

the blue light region, its appropriate ET value and its ability to generate 1O2 (vide 

supra). 

Based on these results, complexes [1a]Cl and [3a]Cl, which hold the highest potential 

for PDT, were chosen for further investigations on their biological mechanism of action. 

 
Table 4. Cytotoxic activity against PC-3 cells. 

Compound IC50,dark
  (μM)  IC50,light (μM)  PIa 

[1a]Cl 2.75 ± 0.37 0.32 ± 0.10 8.6 

[2a]Cl 10.52 ± 1.17 2.36 ± 0.46 4.5 

[3a]Cl 12.76 ± 0.44 1.71 ± 0.75 7.5 

[4a]Cl 3.90 ± 1.13 0.92 ± 0.12 4.2 

[1b]Cl 4.52 ± 0.02 1.94 ± 0.52 2.3 

[2b]Cl 6.32 ± 0.73 6.01 ± 1.06 1.1 

[3b]Cl 6.32 ± 0.48 5.57 ± 0.32 1.1 

[4b]Cl 4.64 ± 1.21 4.75 ± 0.09 1.0 

Cisplatin 2.53 + 0.73 -- -- 

PC-3 cells were exposed to the compounds either in the dark or under light irradiation (1 h, 6.7 mW cm-2, 

λ ir = 460 nm). IC50 values were determined 48 h later by an MTT assay. Data represents the mean ± SD of 

at least two independent experiments, each performed in triplicate. a PI: phototoxicity index = 

IC50,dark/IC50,light. 

 

An efficient accumulation of the PS into target cells is crucial to achieve an 

effective phototherapy. By contrast, low cellular uptake is widely regarded as one 

of the main causes of resistance to chemotherapy.6 Taking advantage of the intrinsic 

fluorescence of [1a]Cl and [3a] Cl, their cellular internalization was studied by flow 

cytometry. First, the uptake kinetics of the complexes were analyzed to assess the 

optimal incubation time to ensure their accumulation into the cells prior to 

photoactivation. To this end, PC-3 cells were exposed to [1a]Cl and [3a]Cl at 5 μM 

for 1, 4, 6 and 16 h and the percentage of cells with green fluorescence emission, 

corresponding to the uptake of the complexes, was determined relative to non-

treated cells. Uptake kinetic curves were obtained by fitting the measured data 

points to one-phase exponential association curves with GraphPad Software (Fig. 

8). The plateau values of the kinetic curves were similar for both complexes, 

indicating that they have the same ability to internalize into cells. However, the 

estimated half-time to reach the plateau was lower for [1a]Cl (1.41 h) than for 
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[3a]Cl (4.28 h), revealing that [1a]Cl has a faster internalization rate.  

 

 
Fig. 8. Internalization kinetics of compounds [1a]Cl and [3a]Cl. PC-3 cells were incubated with the 
compounds at 5 μM for 1, 4, 6, and 16 h at 37 ºC and the % of cells with positive fluorescence relative to 
control untreated cells was determined by flow cytometry. Data represents the mean ± SD of three 
independent experiments. 

 

Based on the uptake kinetics, the cytotoXic effect of [1a]Cl and [3a]Cl was further 

evaluated, extending the incubation time before irradiation up to 6 h. In addition, SK-

MEL-28 melanoma cells and non-malignant CCD-18Co fibroblasts, as healthy control 

cells, were included in the study (Table 5). The longer preincubation time resulted in a 

higher photocytotoxicity against PC-3 cells, with IC50,light values of 0.22 ± 0.03 for [1a]Cl 

and 0.88 ± 0.24 μM for [3a]Cl. These values are 1.4 and 1.9 fold lower than those 

obtained for [1a]Cl and [3a]Cl after 1 h of preincubation (Table 4). Notably, [1a]Cl and 

[3a]Cl exhibited high cytotoxicity against SK-MEL-28 cells in the dark and, more 

importantly, after irradiation (Table 5), resulting in a PI of 23.4 for [1a]Cl and 21.4 for 

[3a]Cl. The cytotoxic activity of the complexes in the dark or upon photoactivation 

against cancer cells is comparable to that of other families of Ir(III) complexes. 11,19,48,66,67 

In contrast, their activity against non-tumoral CCD18-Co fibroblasts was moderate, with 

IC50,dark values of 5.87 ± 0.66 μM and 24.06 ± 2.92 μM and IC50,light values of 0.54 ± 0.10 

μM and 3.39 ± 1.31 μM, for [1a]Cl and [3a]Cl respectively, revealing a lower toxic effect 

against healthy cells. The Selective Phototoxicity Indexes (SPI) of these complexes were 

calculated by comparing the IC50,dark values in non-malignant cells to the IC50,light values 

in cancer cells (IC50,dark CCD-18Co/IC50,light cancer cells). It should be noted that in the 

case of SK-MEL-28 cells, an SPI value of 117.4 was obtained for [1a]Cl, while an SPI 

valueof 171.8 was determined for [3a]Cl. These results indicate that in the clinical 

setting, the dose required for a melanoma PDT-based treatment would not be toxic to 

healthy cells since they are not exposed to irradiation. Moreover, it is worth mentioning 

that neither of the two compounds displayed hemolytic activity against red blood cells 

at the IC50,dark (Table 5) or even at concentrations up to 25 µM (data not shown). 
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Table 5. Cytotoxic activity against PC-3 and SK-MEL-28 cancer cells and CCD-18Co fibroblasts. 

Compound: [1a]Cl [3a]Cl 

  IC50 (μM) 

PIa SPIb 

IC50 (μM) 

PIa SPIb 

Cell line: 
Dark Light Dark Light 

PC-3 2.75 ± 0.37 0.22 ± 0.03 12.5 26.7 12.76 ± 0.44 0.88 ± 0.24 14.5 27.3 

SK-MEL-28 1.17 ± 0.28 0.05 ± 0.01 23.4 117.4 2,99 ± 0.23 0.14 ± 0.02 21.4 171.8 

CCD-18Co 5.87 ± 0.66 0.54 ± 0.10 10.9  24.06 ± 2.92 3.39 ± 1.31 7.3  

Hemolysisc < 5 %    < 5 %    

Cells were preincubated with the compounds for 6 h to allow the cellular uptake and then irradiated with 

a blue light (6.7 mW cm-2, λir = 450 nm) or incubated in the dark for 1 h. IC50 values were determined 48 h 

later by an MTT assay. Data represents the mean ± SD of at least two independent experiments, each 

performed in triplicate. a PI: phototoxicity index = IC50,dark/IC50,light. b SPI: Selective Phototoxicity Index = 

IC50,dark CCD-18Co / IC50,ligh cancer cells.  c Percentage of hemolysis at the IC50,dark. 

 

2.10. Clonogenic assays 
The long-term effectiveness of [1a]Cl and [3a]Cl was determined by measuring their 

capacity to inhibit the ability of single cells to survive and reproduce to form colonies. 

Cisplatin was used as positive control. PC-3 cells were incubated for 6 h with the 

complexes at their corresponding IC50,light and then kept in the dark or photoactivated 

for 1 h. Cells were immediately plated at low density and allowed to grow and form 

colonies for 10 days. Then, the colony number in each plate was determined. As shown 

in Fig. 9, a significant reduction of the number of colonies was observed in cells exposed 

to photoactivated [1a]Cl and [3a]Cl compared to control cells (90.0 + 1.31 % and 98.8 

+ 0.20 % of inhibition, respectively). These values are similar to those observed for 

cisplatin (89.8 + 3.7 %). In contrast, the clonogenicity of the cells was only inhibited by 

18.2 + 3.8 % and by 21.4 + 4.8 % when the treatments with [1a]Cl and [3a]Cl, 

respectively, were performed in the dark. These results point out that the 

photodynamic activity of these complexes can greatly reduce the number of cells with 

tumorigenic capacity. 
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Fig. 9. Clonogenic assay. (A) Colony formation of PC-3 cells after exposure to [1a]Cl or [3a]Cl at the IC50,light 
in the dark or under photoactivation. Control cells were treated with medium alone. Cisplatin was used as 
a positive control. (B) Bar charts represent the percentage of colonies relative to control untreated cells 
after each treatment (mean ± SD of 3 experiments. *p < 0.05 versus control cells). 

 

2.11. Internalization Mechanism and Intracellular Localization 
To know the cellular uptake mechanism of a potential drug is important for its potential 

therapeutic or diagnostic applications. It may require energy, as for endocytosis and 

active transport mediated by proteins, or be energy-independent, as happens in 

passive diffusion through the membrane or diffusion facilitated by channels and 

carriers. For instance, different reports have shown that Ir(III) complexes can be 

internalized into the cells by energy independent pathways,68 non-endocytotic energy 

dependent pathways,69 or endocytosis.70 

To establish the internalization mechanism of [1a]Cl and [3a]Cl, PC-3 cells were 

incubated with the compounds at 5 μM for 1 h: i) at 37 C, to allow any possible cellular 

uptake mechanism; ii) at 4 C, to inhibit processes that require metabolic energy, and 
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iii) at 37 C after pre-incubation with dynasore, an specific inhibitor of endocytosis. 

After 1 h of incubation at 37 C, Mean Fluorescence Intensity (MFI; the shift in 

fluorescence intensity of a population of cells) levels significantly increased (from 8511 

+ 706 in control cells to 20425 + 2525 in cells exposed to [1a]Cl and to 13330 + 34 in 

cells incubated with [3a]Cl), demonstrating an efficient cellular uptake of the 

compounds. However, these fluorescence levels were reduced by 87.3 % and 92.2 % 

respectively when cells were incubated at 4 C (Fig. 10), indicating that the compounds 

are mainly internalized through an energy-dependent mechanism. In addition, pre-

treatment with dynasore, almost completely abolished the internalization of both 

compounds. Dynasore is a cell-permeable molecule that inhibits activity of dynamin, a 

protein involved in vesicle scission from plasma membrane during endocytosis.71 Thus, 

it can be concluded that [1a]Cl and [3a]Cl enter into the cells principally by endocytosis. 

Moreover, the experiments were performed in serum free culture medium and 

therefore, the endocytosis of the compounds is not assisted by serum lipids or proteins. 

The intracellular localization of a PS is an important factor for the outcome of PDT since 

ROS have a short half-life and act close to their site of generation.72 Therefore, the 

cellular damage induced by the compounds is highly dependent on their localization 

inside the cells. To obtain more insight into the subcellular localization of [1a]Cl and 

[3a]Cl confocal microscopy experiments were performed after exposing SK-MEL-28 

cells to the compounds for 1 h. Colocalization studies with mitochondria were 

conducted by co-staining the cells with the red-fluorescent dye MitoTrackerTM Red 

CMXRos. 

As shown in Fig. 11(A), a punctuated green fluorescent staining was observed in cells 

exposed to [1a]Cl and [3a]Cl, indicating the accumulation of the compounds 

throughout the cytoplasm of the cells. In contrast, no fluorescence particles were 

detected inside the cell nucleus. Merged images of [1a]Cl or [3a]Cl and MitoTrackerTM 

Red revealed a high degree of colocalization, which can be seen in yellow, with Pearson 

correlation coefficients of 0.908 and 0.809, respectively. The Mander’s overlap 

coefficient between [1a]Cl and MitoTrackerTM Red was 0.861 indicating that a high 

fraction of the complex colocalize with mitochondria. However, a lower Mander’s 

coefficient was obtained for [3a]Cl (M: 0.55) revealing a lower degree of colocalization. 

In Fig. 11(B), a higher magnification image of [3a]Cl confirms that although the green 

particles are mainly located in the mitochondria, the complex is also detected in other 

subcellular locations, which point out that it can accumulate in other organelles, such 

as lysosomes or endoplasmic reticulum (ER) as described for other iridium complexes.7 

Overall, these results showed that [1a]Cl and [3a]Cl mainly accumulate into the 

mitochondria in agreement with previous reports describing that positively charged 

cyclometalated Ir(III) complexes with moderate lipophilic character tend to accumulate 
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within these organelles, even in the absence of specific targeting groups. This fact 

seems to be favoured by the negative potential of mitochondrial membranes.26,73,74,75 

Thus, these PS show excellent properties for their potential application as probes in 

bioimaging of mitochondria, in particular [1a]Cl, provided that they are used at 

concentrations lower than its IC50. 

 

 
Fig. 10. Cellular uptake mechanism study for [1a]Cl and [3a]Cl. PC-3 cells were incubated with the 

compounds at 5 μM or medium alone as a control for 1 h under different conditions: at 37 C, at 4 C 

(metabolic inhibition), and at 37 C after dynasore pre-incubation (endocytosis inhibition). MFI of the cells, 
corresponding to the intracellular uptake of the complexes, was determined by flow cytometry. (A) 
Representative flow cytometry histograms obtained for control cells and for cells incubated with [1a]Cl and 
[3a]Cl (B) Percentage of intracellular fluorescence at the different conditions in comparison to cells 

incubated at 37 C. Each bar represents the mean fluorescence intensity of at least two independent 

experiments ± SD. *p < 0.05 vs cells treated at 37 C. 
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Fig. 11. Confocal microscopic imaging of the subcellular localization of [1a]Cl and [3a]Cl. SK-MEL-28 cells 

were incubated with the compounds at 25 µM or with medium alone (control) for 1 h at 37 C. Mitochondria 
were stained with MitoTrackerRedTM. (A) The localization of the compounds is indicated by the green 
fluorescence (excitation wavelength: 400 nm; emission wavelength: 525 nm). Mitochondria staining is 
shown by the red fluorescence (excitation wavelength: 543 nm; emission wavelength: 595 nm). 
Colocalization can be observed in yellow in the merged images. (B)  High magnification image showing 
[3a]Cl and MitotrackerRed co-staining. 

 

2.12. Superoxide Production 
The radical anion superoxide is considered the most important ROS in cells.76 We 

analysed the ability of these complexes to generate this radical at the cellular level 

using a specific fluorescent probe. PC-3 cells were incubated with [1a]Cl and [3a]Cl for 

6 h at the corresponding IC50,light and then kept in the dark or photoactivated. The 

formation of superoxide radicals was immediately measured by flow cytometry (Fig. 

12). The MFI of the cells increased by 1.46 + 0.61-fold and by 1.42 + 0.54-fold compared 

to control cells when exposed to photoactivated [1a]Cl and [3a]Cl respectively, 

revealing an increase of the intracellular superoxide levels. In contrast, the MFI of the 
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cells was not altered when treated with the complexes in the dark. Overall, these 

results confirm that the photodynamic activity of the complexes generates ROS at 

cellular level, which is in agreement with the photochemical mechanism proposed 

above. 

 

 
Fig. 12. Superoxide generation by [1a]Cl and [3a]Cl in PC-3 cells. Cells were incubated with the complexes 
at the IC50,light for 6 h and then kept in the dark or photoactivated for 1 h. Pyocyanin was used as ROS inducer 
(positive control). Non-treated cells were used as negative control. Superoxide generation was monitored 
with a commercial fluorescent probe. Representative flow cytometry histograms show the MFI of 10000 
cells in the FL2 channel. 

 

2.13. Mitochondrial damage  
Mitochondrial membrane potential (MMP) is an indicator of mitochondria activity and 

is essential for ATP production, cellular metabolism, cell signalling and redox balance.77 

In order to assess whether the photodynamic activity of [1a]Cl and [3a]Cl interferes 

with the MMP, as reported for other Ir complexes,78,79 mitochondrial membrane 

depolarization was monitored by the JC-1 dye. In healthy cells, JC-1 exhibits an MMP-

dependent accumulation in the mitochondria as aggregates that display a red 

fluorescence. However, when the mitochondrial membrane is depolarized, JC-1 

remains in the cytosol as a monomer that emits green fluorescence. The ratio of this 

green/red fluorescence depends only on the MMP, as no fluorescence emission was 

detected in cells incubated with the complexes at the IC50,light without the JC-1 (SI Fig. 

47). In control cells, a red emission from JC-1 aggregates was detected together with a 

green fluorescence corresponding to JC-1 monomers (Fig. 13). A similar fluorescence 

pattern was observed in PC-3 cells exposed to [1a]Cl and [3a]Cl in the dark, indicating 

that the MMP was preserved. However, the emission of JC-1 shifted from red to green 

upon irradiation of [1a]Cl and [3a]Cl revealing the depolarization of the mitochondrial 

membrane in more than 90 % of the cells. Similar results were obtained after the 
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treatment of the cells with CCCP, a classical mitochondrial uncoupler that increases the 

proton permeability across the mitochondrial inner membrane, dissipating the 

transmembrane potential. These results reveal that the photodynamic activity of both 

[1a]Cl and [3a]Cl causes a mitochondrial dysfunction that can lead to cell death. 

 

 
Fig. 13. Flow cytometry analysis of the mitochondrial membrane potential (MMP) after treatment with 
[1a]Cl and [3a]Cl using the JC-1 dye. PC-3 cells were incubated with medium alone as a control or with the 
compounds at the corresponding IC50,light either in the dark or with light irradiation. CCCP, a mitochondrial 
uncoupler, was used as a positive control drug to induce a membrane depolarization. Plots represent 
fluorescence intensities of green JC-1 monomers (FL1) and red JC-1 aggregates (FL2) in the cells. The % 
population of positive cells is given in the respective quadrants. Reduced red fluorescence indicates 
decreased MMP. 

 

2.14. Photocatalytic Oxidation of NADH 
NAD is a coenzyme that exists in both the oxidized (NAD+) and the reduced (NADH) 

forms and is involved in diverse biochemical redox processes. For instance, in the 

mitochondrial electron transport chain, complex I (NADH dehydrogenase) oxidizes 

NADH to NAD+ and the electrons are transported through a series of proteins and 

electron carriers to O2 in a process that concurrently pumps protons across the 

mitochondrial inner membrane. This process generates a proton gradient between the 

matrix and the intermembrane space, which is mainly responsible for the MMP and 

drives the ATP synthesis in eukaryotic cells (oxidative phosphorylation).80 Thus, the 

alteration of the mitochondrial NADH/NAD+ ratio may disrupt the electron transport 
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chain and trigger cell death.81 In two recent reports, the groups of Huang17 and Sadler81 

have proved the activity of Ir(III) complexes on the photooxidation of NADH. 

Thus, we studied the photocatalytic oxidation of NADH (100 µM) in MeOH/H2O (1:1, 

v/v, 2500 µL) in the presence of [1a]Cl (5 µM) under air and blue light exposure (ir = 

460 nm), by monitoring the evolution of the respective UV-Vis spectrum at room 

temperature during 24 h (Fig. 14). No symptoms of reaction were observed during the 

first 30 min. However, after 24 h the band centred at 339 nm (maximum of NADH) 

underwent a remarkable decrease, while the band at 259 nm (maximum of NAD+) 

experienced an increase, in agreement with the oxidation of NADH. The TON and TOF 

values were 6.23 and 0.26 h-1. The photocatalytic nature of this process was verified by 

mean of control experiments. Indeed, no oxidation was observed either in the absence 

of PS or in the dark after 24 h (SI Fig. 45 and 46). As a result, we concluded that the 

photocatalytic activity of [1a]Cl on the oxidation of NADH could contribute to the afore-

mentioned mitochondrial membrane depolarization. Therefore, we postulate that 

NADH might be one of the molecular targets for [1a]Cl in mitochondria and that the 

impairment of the redox homeostasis stemming from the oxidation of NADH could 

trigger apoptosis. 

 

 
Fig. 14. Evolution of the UV-Vis spectrum of NADH (100 µM) in MeOH/H2O (1:1, v/v, 2.5 mL) in the presence 

of [1a]Cl (5 µM) under air and blue light exposure (ir = 460 nm) at R.T. during 24 h. 
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2.15. Reaction with DNA 
Cytotoxicity of traditional metal-based anticancer drugs is often associated with 

genomic DNA damage and cell cycle perturbation. However, mitochondria have been 

found to be the major target of [1a]Cl and [3a]Cl. Thus, we explored whether the 

photodynamic activity of the complexes can affect mtDNA. In fact, circular mtDNA has 

been shown to be more susceptible to ROS damage than nuclear DNA.82 

The ability of [1a]Cl and [3a]Cl to interfere with DNA was first explored by 

electrophoretic mobility assays, which analyse the mobility shift of circular plasmid 

DNA due to an alteration of its conformation.83 The plasmid used (pUC18) naturally has 

a supercoiled conformation (SC) with a high electrophoretic mobility. Under the action 

of damaging agents, such as ROS, the plasmid can suffer a single strand break that 

generates an open circular conformation (OC) with reduced electrophoretic mobility, 

or a double strand break that leads to a linear form with an intermediate mobility. 

When the damage is severe, the DNA can be greatly fractionated, and fractions are 

eluted from the gel undetected. 

The activity of [1a]Cl and [3a]Cl on DNA cleavage was assayed in the dark and under 

irradiation at concentrations ranging from 0 to 100 µM, based on a previous study.84 A 

treatment with 1.75 % H2O2 and 20 µM FeCl2 was used as positive control of ROS 

generation and nuclease activity. As shown in Fig. 15(A), neither of the compounds 

altered the electrophoretic mobility of the plasmid at 10 µM. At 25 µM and 50 µM of 

either [1a]Cl or [3a]Cl, the ratio between the OC and SC forms of the plasmid was 

slightly higher in the irradiated samples than in samples incubated in the absence of 

light. Moreover, the total amount of DNA decreased at treatments from and above 50 

µM, being completely degraded at 75 µM under irradiation and at 100 µM in the dark, 

indicating a strong nuclease activity under these conditions.  

In order to analyse whether ROS are involved in the nuclease activity of the complexes, 

treatments at 70 µM were performed in the presence of ROS scavengers (sodium azide 

as a scavenger of singlet oxygen, DMSO as a scavenger of hydroxyl radical, and Tiron as 

a scavenger of the superoxide radical anion).85 As shown in Fig. 15(B), DNA degradation 

caused by [1a]Cl was completely reverted by sodium azide and DMSO, and almost 

completely reverted by tiron both in the dark and under irradiation. The damage cause 

by [3a]Cl was completely reverted by the three ROS scavengers in both conditions, 

although DMSO was slightly less efficient in the dark. Overall, the oxidative activity of 

the compounds under irradiation appears to be modestly higher since some OC 

conformations are present, indicating that scavengers could not completely reverse the 

effect of the ROS.  Overall, these results point out to an oxidative damage mechanism 

for Ir(III) complexes involving different ROS that could affect mtDNA among other 

target molecules in the mitochondria. 
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The interaction of the complexes with mtDNA was further evaluated at the cellular 

level. In particular, the impact of [1a]Cl and [3a]Cl on the transcription levels of genes 

ND3 and COX1, which are located in the mitochondrial genome, was quantitatively 

assessed by RT-qPCR. ND3 encodes the NADH dehydrogenase subunit 3 of the 

respiratory chain complex I and COX1 (or CO1) encodes the cytochrome c oxidase 

subunit I of the complex IV. Changes in the expression of these genes were normalized 

using the housekeeping gene β-actin (ACTB) as a reference.  The quantification cycle 

(Cq) values for ACTB in control cells (18.98 ± 0.49) and cells treated with [1a]Cl (18.64 

± 0.81) or [3a]Cl (18.80 ± 0.33) showed no statistical differences. As shown in Fig. 16, 

PC-3 cells exposed to [1a]Cl or [3a]Cl with photoactivation showed a significative 

reduction in the expression of both mitochondrial genes in comparison to control cells, 

which is a consequence of mtDNA damage. In particular, the expression of ND3 was 

reduced by 31 ± 6 % and 35 ± 3 % after [1a]Cl and [3a]Cl treatments, respectively, while 

the expression of COX1 was reduced by 44 ± 4 % in cells exposed to [1a]Cl, reaching a 

72 ± 2 % reduction in cells exposed to [3a]Cl. 

Thus, these results confirm that [1a]Cl and [3a]Cl can damage mtDNA at cellular level 

and hence affect mitochondrial functions.86 

We also observed that photoactivated [1a]Cl and [3a]Cl induced a minimal effect on 

cell cycle progression, as assessed by propidium iodide staining and flow cytometry 

analysis after 24 h of treatment (SI Fig. 48). In contrast, cisplatin, whose mode of action 

is mediated by the interaction with nuclear DNA, generated a marked cell cycle arrest 

at the S and G2/M phases.87,88 These results support that the nuclease activity of the 

complexes is most likely restricted to mtDNA, in agreement with their subcellular 

distribution. 
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Fig. 15. Electrophoretic mobility assay. The specific treatments are indicated under each lane. pUC18 lane 
shows the electrophoretic pattern of the untreated plasmid.  (A) Effect of irradiation on the activity on DNA 
of [1a]Cl and [3a]Cl.  states for the incubation in dark conditions and  states for the incubation under 
irradiation. Graphs represent the densitometric analysis of the bands corresponding to the (open circular 
conformation (OC) and supercoiled conformation (SC) of the plasmid and the ratio between both 
conformations.  (B) Analysis of ROS involved in the mechanism of action of compounds [1a]Cl and [3a]Cl, 
at 70 µM, incubated in the dark or after 1 h of irradiation.  indicates that no scavenger was used in that 
specific treatment. (SC): supercoiled plasmid conformation. (OC): open circular conformation. 
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Fig. 16. Relative gene expression of the mitochondrial genes ND3 and COX1 in control untreated cells PC-3 

and cells incubated with [1a]Cl or [3a]Cl at the corresponding IC50,light under photoactivated conditions. -
actin (ACTB) was used as a reference gene. Four RT-qPCR analysis were conducted in two independent 
biological replicates. Error bars represent standard deviations for the eight assays. *p<0.05 vs control cells. 

 

2.16. Cell Death Mechanism 
Finally, we studied the cell death mechanism induced by photoactivated [1a]Cl and 

[3a]Cl by flow cytometry using the annexin V/propidium iodide dual staining protocol. 

Annexin V identifies apoptotic cells by its ability to bind to phosphatidylserine, a marker 

of apoptosis when it is on the outer side of the plasma membrane. Propidium iodide 

labels cellular DNA in necrotic cells or late apoptotic cells when the integrity of the 

membranes has been lost. After 24 h of treatment with photoactivated [1a]Cl and 

[3a]Cl at their respective IC50,light, 26.9 % and 22.6 % of the cells were positive for both 

annexin V and propidium iodide staining, whereas only 3.96 % of control cells and 12.11 

% of cells exposed to cisplatin showed a dual staining (Fig. 17). Double stained cells are 

frequently considered in late apoptosis, but necrosis is also possible. Since [1a]Cl and 

[3a]Cl generate mitochondrial membrane depolarization, they can induce an apoptotic 

response by leakage of cytochrome c into the cytosol in response to the depolarization, 

with the subsequent caspase activation.72 However, increasing oxidative damage may 

finally lead to the plasma membrane permeabilization and a secondary necrosis.89 Thus, 

the complexes could induce a dual cell apoptotic/necrotic death response upon light 

irradiation. 
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Fig. 17. Cell death mechanism. PC-3 cells were treated with medium alone as a control, cisplatin at 25 µM 
or with [1a]Cl and [3a]Cl at the IC50,light and photoactivated. After 24 h, cells were double stained with 
propidium iodide and Annexin V-FITC and analysed by flow cytometry. The x-axis shows annexin V-FITC 
staining and the y-axis shows propidium iodide staining. The percentages of cells in each quadrant are 
indicated. 

 

3. Conclusions 

In conclusion, with the objective of developing new potential PDT photosensitizers, we 

have prepared and fully characterized two series of new Ir(III) complexes of general 

formula [Ir(C^N)2(N^N’)]Cl, using two different C^N ligands (ppy and dfppy) and four 

different N^N’ ligands, which share the thiabendazole scaffold but show diverse N-alkyl 

groups. The complexes are partially soluble in aqueous media and keep their integrity 

under irradiation with blue light for 6 h. Moreover, we have analysed the 

electrochemical and photophysical properties of the Ir(III) dyes and interpreted the 

observed trends with the help of theoretical calculations. More specifically, the new 

PSs feature suitable S0T1 energy values to generate 1O2, as well as appropriate excited 

state redox potentials to produce O2
•. We have also evaluated the cytotoxic activity of 

the new derivatives in the dark and under blue light illumination. As a result, we have 

established a correlation between the lack of photocytotoxicity found for derivatives 

of series B and their absorption profile, which is strongly determined by the presence 

of -F atoms on the C^N ligands. By contrast, complexes of series A with more suited 

absorption profiles in the visible region, display high PI values, as for instance, PI = 23.4 
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for [1a]Cl and PI = 21.4 for [3a]Cl in SK-MEL-28 melanoma cells, at concentrations in 

the nanomolar range. Furthermore, the activity of the lead complexes [1a]Cl and [3a]Cl 

against non-tumoral CCD18-Co fibroblasts was moderate, disclosing a high degree of 

selectivity, as expressed by the Selective Photocytotoxicity Index (SPI) (IC50,dark CCD-

18Co/IC50,light cancer cells) calculated for [1a]Cl (SPI = 117.4) and [3a]Cl (SPI = 171.8) in 

SK-MEL-28 with regard to CCD-18Co cells. 

Regarding the biological mechanism of action, we have unveiled that [1a]Cl and [3a]Cl 

are internalized into cells by energy-dependent endocytosis and that after 6 hours of 

incubation they have been taken up by most of the cells. In addition, they are 

accumulated primarily within mitochondria. Indeed, we presume that specially [1a]Cl 

offers potential as a probe for bioimaging these organelles. More importantly, both PSs 

trigger a multi-target cytotoxic effect through a photocatalytic mechanism that induces 

the formation of ROS. We have proved that upon irradiation of both PS, the 

mitochondrial membrane undergoes depolarization, though the MMP is preserved in 

the dark. We believe that the ability of [1a]Cl to photo-catalyse the oxidation of NADH 

to NAD+ might contribute to the membrane depolarization. Moreover, [1a]Cl and [3a]Cl 

are able to cause severe cleavage on mtDNA, resulting in the inhibition of the 

expression of mitochondrial genes, so that we postulate that mtDNA is another of their 

cellular targets. We have revealed that [1a]Cl and [3a]Cl induce a minimal effect on cell 

cycle progression, in agreement with their inability to target nuclear DNA. As a result 

of the multimodal damage to mitochondria, we have found that [1a]Cl and [3a]Cl elicit 

a dual cell death response involving both apoptosis and necrosis. In addition, the long-

term effect of our PSs was substantiated by performing clonogenic assays, which 

revealed the great capacity of the drugs to reduce the number of cells capable of 

reproducing and generate new colonies. 

To sum up, we believe that the mitochondrial-targeted phototoxicity displayed by 

[1a]Cl and [3a]Cl represents a promising approach in the development of new metal-

based PDT agents to treat cancers refractory to conventional chemotherapy. 

 

4. Synthesis and characterization 

4.1. Bromides 
2-bromo-N-phenylacetamide (Br1) 

In a 100 mL Schlenk flask in an ice bath at 0 °C aniline (1.0000 

g, 10.738 mmol) was added to a solution of bromoacetyl 

bromide (1.0836 g, 5.369 mmol) in DCM (31 mL), The 

mixture/suspension was stirred at room temperature for 30 

minutes, and then, it is allowed to reach room temperature. 

After 1 hour of stirring, a saturated solution of NH4Cl (25 mL) is added. The mixture was 
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extracted with diethyl ether (2 x 20 mL). The extracted phase is dried with anhydrous Na2SO4, 

filtered and took to dryness.  The resulting white solid was dried under vacuum. Yield: 83 % 

(0.9581 g, 4.476 mmol). Mr (C8H8BrNO) = 214.06 g/mol. Anal. Calcd for C18H14N4OS: C 64.65; H 

4.22; N 16.75 Found: C 64.98; H 4.47; N 16.94. 1H NMR (400 MHz, DMSO-d6, 25 C) δ 10.37 (s, 

1H), 7.62 – 7.51 (m, 2H), 7.37 – 7.24 (m, 2H), 7.12 – 7.01 (m, 1H), 4.08 – 3.98 (m, 2H) ppm. 

 
N-benzyl-2-bromoacetamide (Br2) 

In a 100 mL Schlenk flask in an ice bath at 0 °C 

benzylamine (0.9996 g, 9.329 mmol) was added to a 

solution of bromoacetyl bromide (0.9430 g, 4.672 mmol) 

in DCM (31 mL), The mixture/suspension was stirred at 

room temperature for 30 minutes, and then, it is allowed 

to reach room temperature. After 1 hour of stirring, a 

saturated solution of NH4Cl (25 mL) is added. The 

mixture was extracted with diethyl ether (2 x 20 mL). The extracted phase is dried with 

anhydrous Na2SO4, filtered and took to dryness.  The resulting white solid was dried under 

vacuum. Yield: 87 % (0.9290 g, 4.073 mmol). Mr (C9H10BrNO) = 228.09 g/mol. 1H NMR (400 MHz, 

DMSO-d6, 25 C) δ 8.78 (s, 1H), 7.43 – 7.20 (m, 5H), 4.30 (d, J = 5.9 Hz, 2H), 3.91 (s, 2H) ppm. 
 

2-bromo-1-(piperidin-1-yl)ethan-1-one (Br3) 

In a 100 mL Schlenk flask in an ice bath at 0 °C 1-

(bromoacetyl)piperidine (1.0000 g, 11.744 mmol) was added to a 

solution of bromoacetyl bromide (1.1851 g, 5.871 mmol) in DCM 

(31 mL), The mixture/suspension was stirred at room temperature 

for 30 minutes, and then, it is allowed to reach room temperature. 

After 1 hour of stirring, a saturated solution of NH4Cl (25 mL) is 

added. The mixture was extracted with diethyl ether (2 x 20 mL). The extracted phase is dried 

with anhydrous Na2SO4, filtered and took to dryness.  The resulting white solid was dried under 

vacuum. Yield: 75 % (0.9089 g, 4.410 mmol). Mr (C7H12BrNO) = 206.08 g/mol. 1H NMR (400 MHz, 

DMSO-d6, 25 C) δ 4.10 (s, 2H), 3.41 (m, 4H), 1.63 – 1.49 (m, 4H), 1.43 (p, J = 5.7 Hz, 2H) ppm. 
 

4.2. Ligands 
L1 

In a 100 mL Schlenk flask, K2CO3 (0.4107 g, 2.486 

mmol) was added to a solution of 2-(4-

Thiazolyl)benzimidazole (thiabendazole, TBZ) 

(0.5000 g, 2.484 mmol) in DMF (12 mL). The 

mixture/suspension was stirred at room 

temperature for 30 minutes. N-benzyl-2-

bromoacetophenone (0.4947 g, 2.485 mmol) was 

then added. The stirring was extended for 22 hours 

at room temperature. The solvent was removed 

under vacuum and the residue was redisolved in DMSO (5 mL). Water (10 mL) was added to 
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precipitate a white solid that was filtrated, redisolved in ethanol (15 ml) and took to dryness (2 

times) and then redisolved in toluene (15 ml) and took to dryness. The solid was redisolved in 

dichloromethane (15 mL) and then the solution is filtered and took to dryness. The resulting 

white solid was dried under vacuum. Yield: 54 % (0.4256 g, 1.333 mmol). Mr (C18H13N3OS) = 

319.38 g/mol. Anal. Calcd for C18H13N3OS((CH3)2SO)0.1: C 66.81; H 4.19; N 12.84; Found: C 66.89; 

H 4.30; N 13.07. 1H NMR (400 MHz, DMSO-d6, 25 C) δ 9.09 (dd, J = 2.1, 0.6 Hz, 1H, Hd), 8.56 

(dd, J = 2.1, 0.5 Hz, 1H, Hb), 8.14 – 8.09 (dd, J = 7.2, 1.2 Hz, 2H, Hq, Hq), 7.78 – 7.70 (m, 2H, Hi, Hl), 

7.67 – 7.60 (m, 3H, Hs, Hr, Hr), 7.30 – 7.23 (m, 2H, Hk, Hj), 6.43 (s, 2H, Hn, Hn) ppm. 13C{1H} NMR 

(101 MHz, DMSO-d6, 25 C) δ 193.60, 155.17, 147.00, 146.76, 142.37, 136.49, 134.71, 133.86, 

128.95, 128.14, 128.10, 122.72, 122.31, 121.98, 121.96, 118.93, 110.63, 51.85 ppm. FT-IR (KBr, 

cm-1) selected bands: 3039 (w, νCar-H), 1593-1578 (m, νC=C + C-N), 1424 (w, νC=N), 1162 (m, νC-C), 

1078 (m, δC-Hip), 755-735 (vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 320.0858 (m/zcalcd 

[M+H+] = m/zcalcd [C18H14N3OS]+= 320.0858). Solubility: soluble in dichloromethane, methanol, 

chloroform, dimethylformamide, dimethyl sulfoxide and acetone. 
 

L2 

In a 100 mL Schlenk flask, K2CO3 (0.2876 g, 

1.741 mmol) was added to a solution of 2-(4-

Thiazolyl)benzimidazole (thiabendazole, TBZ) 

(0.3502 g, 1.740 mmol) in DMF (9 mL). The 

mixture/suspension was stirred at room 

temperature for 30 minutes. 2-bromo-N-

phenylacetamide (Br1) (0.4095 g, 1.913 mmol) 

was then added. The stirring was extended for 

21 hours at room temperature. The solvent was 

removed under vacuum and the residue was redisolved in dichloromethane (25 mL) and 

methanol (15 mL) heating at 46 °C. Then the solution is filtered and took to dryness. The 

resulting cream white solid was dried under vacuum. Yield: 96 % (0.5574 g, 1.667 mmol). Mr 

(C18H14N4OS) = 334.39 g/mol. Anal. Calcd for C18H14N4OS: C 64.65; H 4.22; N 16.75 Found: C 

64.98; H 4.47; N 16.94. 1H NMR (400 MHz, DMSO-d6, 25 C) δ 10.43 (s, 1H, HNH), 9.32 – 9.20 (dd, 

J = 2.1, 1.1 Hz, 1H, Hd), 8.55 (dd, J = 2.1, 1.3 Hz, 1H, Hb), 7.76 – 7.67 (m, 1H, Hi), 7.66 – 7.59 (m, 

1H, Hl), 7.55 (d, J = 8.5 Hz, 2H, Hr, Hr), 7.35 – 7.16 (m, 4H, Hk, Hj, Hs, Hs), 7.04 (t, J = 6.9 Hz, 1H, 

Ht), 5.70 (s, 2H, Hn, Hn) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 C) δ 165.59, 155.05, 146.89, 

146.69, 142.10, 138.60, 136.30, 128.59, 123.14, 122.56, 122.10, 121.97, 118.82, 118.72, 110.46, 

47.72 ppm. FT-IR (KBr, cm-1) selected bands: 3258 (w, νN-H), 3070 (w, νCar-H), 1602-1573 (m, νC=C 

+ C-N), 1421 (w, νC=N), 1164 (m, νC-C), 1073 (m, δC-Hip), 752-743 (vs, δC-Hoop).HR ESI+ MS 

(DCM/DMSO, 4:1): m/zexp = 335.0974 (m/zcalcd [M+H+] = m/zcalcd [C18H15N4OS]+= 335.0961). 

Solubility: soluble in dichloromethane, methanol, chloroform, dimethylformamide, dimethyl 

sulfoxide and acetone. 
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L3 

In a 100 mL Schlenk flask, K2CO3 (0.2879 g, 

1.742 mmol) was added to a solution of 2-(4-

Thiazolyl)benzimidazole (thiabendazole, TBZ) 

(0.3501 g, 1.740 mmol) in DMF (5 mL). The 

mixture/suspension was stirred at room 

temperature for 30 minutes. N-benzyl-2-

bromoacetamide (Br2) (0.4365 g, 1.914 mmol) 

was then added. The stirring was extended for 

21 hours at room temperature. The solvent was 

removed under vacuum and the residue was redisolved in dichloromethane (30 mL) and ethanol 

(10 mL) heating at 45 °C. Then the solution is filtered and took to dryness. The resulting off-

white solid was dried under vacuum. Yield: 97 % (0.5851 g, 1.679 mmol). Mr (C19H16N4OS) = 

348.42 g/mol. Anal. Calcd for C19H16N4OS: C 65.50; H 4.63; N 16.08 Found: C 65.56; H 4.94; N 

16.20. 1H NMR (400 MHz, DMSO-d6, 25 C) δ 9.29 (dd, J = 2.1, 0.6 Hz, 1H, Hd), 8.72 (t, J = 5.9 Hz, 

1H, HNH), 8.54 – 8.51 (dd, J = 2.1, 0.9 Hz, 1H, Hb), 7.72 – 7.67 (m, 1H, Hi), 7.59 – 7.55 (m, 1H, Hl), 

7.34 – 7.19 (m, 7H, Ht, Ht, Hs, Hs, Hk, Hj, Hu), 5.55 (s, 2H, Hn, Hn), 4.28 (d, J = 6.0 Hz, 2H, Hq, Hq) 

ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 C) δ 167.10, 155.16, 147.11, 146.94, 142.36, 139.16, 

136.44, 128.21, 126.97, 126.72, 122.70, 122.27, 122.21, 118.93, 110.59, 47.40, 42.12 ppm. FT-

IR (KBr, cm-1) selected bands: 3234 (w, νN-H), 3065 (w, νCar-H), 1620-1573 (m, νC=C + C-N), 1421 (w, 

νC=N), 1160 (m, νC-C), 1092 (m, δC-Hip), 743 (vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 

349.1132 (m/zcalcd [M+H+] = m/zcalcd [C19H17N4OS]+= 349.1117). Solubility: soluble in 

dichloromethane, methanol, chloroform, dimethylformamide, dimethyl sulfoxide and acetone. 
 

L4 

In a 100 mL Schlenk flask, K2CO3 (0.2878 g, 1.742 

mmol) was added to a solution of 2-(4-

Thiazolyl)benzimidazole (thiabendazole, TBZ) 

(0.3502 g, 1.740 mmol) in DMF (10 mL). The 

mixture/suspension was stirred at room 

temperature for 30 minutes. 2-bromo-1-(piperidin-

1-yl)ethan-1-one (Br3) (0.3960 g, 1.922 mmol) was 

then added. The stirring was extended for 22 hours 

at room temperature. The solvent was removed 

under vacuum and the residue was redisolved in dichloromethane (15 mL) and ethanol (5 mL). 

Then the solution is filtered and took to dryness. The resulting off-white solid was dried under 

vacuum. Yield: 97 % (0.5498 g, 1.684 mmol). Mr (C17H18N4OS) = 326.42 g/mol. Anal. Calcd for 

C17H18N4OS: C 62.55; H 5.56; N 17.16; Found: C 62.55; H 5.74; N 17.20. 1H NMR (400 MHz, 

DMSO-d6, 25 C) δ 9.28 (d, J = 2.1 Hz, 1H, Hd), 8.51 (d, J = 2.1 Hz, 1H, Hb), 7.68 (m, 1H, Hi), 7.59 

– 7.50 (m, 1H, Hl), 7.31 – 7.19 (m, 2H, Hk, Hj), 5.72 (s, 2H, Hn, Hn), 3.58 (s, 2H, Hq, Hq), 3.38 (s, 2H, 

Hq, Hq), 1.68 (s, 4H, Hs, Hs, Hr, Hr), 1.41 (s, 2H, Hr, Hr) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 

C) δ 164.97, 154.93, 147.31, 147.00, 142.28, 136.61, 122.48, 122.05, 121.82, 118.81, 110.59, 

46.35, 45.46, 42.73, 25.92, 25.32, 24.08 ppm. FT-IR (KBr, cm-1) selected bands: 3049 (w, νCar-H), 

1613-1573 (m, νC=C + C-N), 1422 (w, νC=N), 1166 (m, νC-C), 1072 (m, δC-Hip), 759 (vs, δC-Hoop). HR ESI+ 
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MS (DCM/DMSO, 4:1): m/zexp = 327.1286 (m/zcalcd [M+H+] = m/zcalcd [C17H19N4OS]+= 327.1274). 

Solubility: soluble in dichloromethane, methanol, chloroform, dimethylformamide, dimethyl 

sulfoxide and acetone. 

 

4.3. Ir(III)-complexes 
[Ir(ppy)2(L1)]Cl: [1a]Cl 

In a 100 mL Schlenk flask, previously 

purged with nitrogen, the ancillary 

ligand L1 (0.0627 g, 0.196 mmol) was 

added to a solution of [Ir(µ-Cl)(ppy)2]2 

(0.1002 g, 0.094 mmol) in a mixture of 

dichloromethane (8 mL) / methanol 

(10 mL), and the mixture was stirred at 

60 °C for 24 hours under a N2 

atmosphere. The resulting solution 

was concentrated to half the volume 

under vacuum and diethyl ether (15 

mL) was added to precipitate a crude 

solid that was isolated by filtration 

and washed with diethyl ether (2×5 mL). The solid is redisolved in dichloromethane (3 mL) and 

the solution is filtered, took to dryness under vacuum, washed with diethyl ether (5 mL). The 

product was dried under vacuum to produce a yellow powder. Yield: 35 % (0.0553 g, 0.065 

mmol). Mr (C40H29ClIrN5OS) = 855.43 g/mol. Anal. Calcd for C40H29ClIrN5OS(CH2Cl2)0.75: C 53.25; 

H 3.34; N 7.62; Found: C 53.28; H 3.36; N 7.80. 1H NMR (400 MHz, DMSO-d6, 25 C) δ 8.83 (s, 

1H, Hd), 8.51 (s, 1H, Hb), 8.29 (d, J = 8.3 Hz, 1H, H3), 8.26 – 8.18 (m, 3H, H3´, Hq, Hq), 7.98 – 7.89 

(m, 5H, H4, H4´, H9, Hi, H9´), 7.84 – 7.78 (m, 2H, Hs, H6´), 7.74 (d, J = 5.5 Hz, 1H, H6), 7.68 (t, J = 7.6 

Hz, 2H, Hr, Hr), 7.34 (t, J = 7.8 Hz, 1H, Hj), 7.25 (t, J = 6.6 Hz, 1H, H5), 7.23 (t, J = 6.6 Hz, 1H, H5´), 

7.08 (t, J = 7.4 Hz, 1H, H10), 7.03 (t, J = 7.4 Hz, 1H, Hk), 7.01 (t, J = 7.7 Hz, 1H, H10´), 6.94 (t, J = 7.4 

Hz, 1H, H11), 6.90 (t, J = 7.4 Hz, 1H, H11´), 6.81 – 6.67 (AB system, J = 19.3 Hz, 2H, Hn, Hn), 6.36 (d, 

J = 7.4 Hz, 1H, H12), 6.28 (d, J = 7.4 Hz, 1H, H12´), 6.19 (d, J = 8.3 Hz, 1H, Hl) ppm. 13C{1H} NMR 

(101 MHz, DMSO-d6, 25 C) δ 192.09, 167.13, 158.72, 149.69, 149.02, 148.88, 148.38, 147.28, 

144.57, 144.39, 143.02, 138.72, 138.52, 136.14, 134.70, 133.86, 131.82, 131.71, 131.38, 131.27, 

129.87, 129.56, 128.85, 126.19, 125.13, 124.92, 124.82, 124.61, 123.79, 123.71, 123.64, 122.07, 

122.02, 119.94, 119.56, 116.71, 116.60, 112.41, 112.34, 54.91 ppm. FT-IR (KBr, cm-1) selected 

bands: 3032 (w, νCar-H), 1605-1581 (m, νC=C + C-N), 1417 (w, νC=N), 1161 (m, νC-C), 1063 (m, δC-Hip), 

753-737 (vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 820.1720 (m/zcalcd [M+] = m/zcalcd 

[C40H29IrN5OS]+ = 820.1722); 501.0934 (m/zcalcd [M+-L1] = m/zcalcd [C22H16IrN2]+ = 501.0943). 

Solubility: soluble in dimethyl sulfoxide, dichloromethane, methanol, acetonitrile, acetone, 

dimethylformamide, tetrahydrofuran. 
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[Ir(dfppy)2(L1)]Cl: [1b]Cl 

In a 100 mL Schlenk flask, previously 

purged with nitrogen, the ancillary 

ligand L1 (0.0527 g, 0.165 mmol) was 

added to a solution of [Ir(µ-

Cl)(dfppy)2]2 (0.1003 g, 0.082 mmol) in 

a mixture of dichloromethane (8 mL) / 

methanol (10 mL), and the mixture 

was stirred at 60 °C for 24 hours under 

a N2 atmosphere. The resulting 

solution was concentrated to half the 

volume under vacuum and diethyl 

ether (15 mL) was added to precipitate 

a crude solid that was isolated by 

filtration and washed with diethyl ether (2×5 mL). The product was dried under vacuum to 

produce a yellow powder. Yield: 62 % (0.0953 g, 0.103 mmol). Mr (C40H25ClF4IrN5OS) = 927.39 

g/mol. Anal. Calcd for C40H25ClF4IrN5OS.(CH2Cl2)0.5: C 50.16; H 2.70; N 7.22; Found: C 50.07; H 

2.38; N 7.53. 1H NMR (400 MHz, DMSO-d6, 25 °C) δ 8.93 (s, 1H, Hd), 8.73 (s, 1H, Hb), 8.32 (d, J = 

8.6 Hz, 1H, H3), 8.27 (d, J = 8.5 Hz, 1H, H3´), 8.22 (d, J = 7.6 Hz, 2H, Hq, Hq), 8.04 (m, 3H, H4, H4´, 

Hi), 7.89 (d, J = 5.3 Hz, 1H, H6), 7.81 (m, 2H, H6´, Hs), 7.68 (t, J = 7.5 Hz, 2H, Hr, Hr), 7.36 (m, 3H, 

Hj, H5, H5´), 7.19 (t, J = 7.7 Hz, 1H, Hk), 7.05 (t, JH-F = 11.0 Hz, 1H, H10 or H10´), 6.98 (t, JH-F = 11.0 Hz, 

1H, H10 or H10´), 6.86 – 6.70 (AB system, J = 19.4 Hz, 2H, Hn, Hn), 6.26 (d, J = 8.2 Hz, 1H, Hl), 5.80 

(d, JH-F = 7.5 Hz, 1H, H12), 5.70 (d, J H-F = 8.0 Hz, 1H, H12´) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 

25 °C) δ 192.04, 163.82, 163.67, 162.99, 162.91, 161.78, 161.29, 161.13, 159.68, 159.26, 159.20, 

152.51, 151.68, 149.77, 149.74, 149.70, 142.55, 140.01, 138.39, 136.15, 134.76, 133.84, 128.98, 

128.95, 128.45, 128.1, 126.66, 125.44, 124.48, 123.44, 123.04, 115.94, 113.91, 113.74, 113.63, 

113.46, 112.80, 98.97, 98.82, 52.23 ppm. 19F NMR (376 MHz, DMSO-d6, 25 °C) δ -106.92 (t, J = 

9.5 Hz, 2F, F9, F9´), -109.06 (q, J = 10.4 Hz, 2F, F11, F11´). FT-IR (KBr, cm-1) selected bands: 3040 (w, 

νCar-H), 1606-1582 (m, νC=C + C-N), 1428 (w, νC=N), 1159 (m, νC-C), 1062 (m, δC-Hip), 730 (vs, δC-Hoop). 

HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 892.1342 (m/zcalcd [M+] = m/zcalcd [C40H25F4IrN5OS]+ = 

892.1345). Solubility: soluble in dimethyl sulfoxide, dichloromethane, methanol, acetonitrile, 

acetone, dimethylformamide, tetrahydrofuran. 
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[Ir(ppy)2(L2)]Cl: [2a]Cl 

In a 100 mL Schlenk flask, previously 

purged with nitrogen, the ancillary 

ligand L2 (0.0625 g, 0.187 mmol) was 

added to a solution of [Ir(µ-Cl)(ppy)2]2 

(0.1002 g, 0.094 mmol) in a mixture of 

dichloromethane (8 mL) / methanol 

(10 mL), and the mixture was stirred at 

60 °C for 24 hours under a N2 

atmosphere. The resulting solution 

was concentrated to half the volume 

under vacuum and diethyl ether (15 

mL) was added to precipitate a crude 

solid that was isolated by filtration and washed with diethyl ether (2×5 mL). The product was 

dried under vacuum to produce a yellow powder. Yield: 72 % (0.1167 g, 0.134 mmol). Mr 

(C40H30ClIrN6OS) = 870.44 g/mol. Anal. Calcd for C40H30ClIrN6OS.(CH2Cl2)0.15: C 54.60; H 3.46; N 

9.52; Found: C 54.61; H 3.59; N 9.65. 1H NMR (400 MHz, DMSO-d6, 25 C) δ 11.46 (s, 1H, Hp(NH)), 

9.21 (s, 1H, Hd), 8.52 (s, 1H, Hb), 8.27 (d, J = 8.1 Hz, 1H, H3), 8.21 (d, J = 8.2 Hz, 1H, H3´), 7.92 (m, 

5H, H4, H4´, Hi, H9, H9´), 7.73 (d, J = 5.7 Hz, 2H, H6, H6´), 7.66 (d, J = 8.0 Hz, 2H, Hr, Hr), 7.38 (t, J = 

7.7 Hz, 1H, Hj), 7.32 (t, J = 7.6 Hz, 2H, Hs, Hs), 7.21 (t, J = 6.5 Hz, 1H, H5), 7.17 (t, J = 6.5 Hz, 1H, 

H5´), 7.13 – 6.97 (m, 4H, Ht, Hk, H10, H10´), 6.92 (t, J = 7.6 Hz, 1H, H11), 6.89 (t, J = 7.6 Hz, 1H, H11´), 

6.33 (d, J = 7.6 Hz, 1H, H12), 6.26 (d, J = 7.5 Hz, 1H, H12´), 6.17 (d, J = 8.2 Hz, 1H, Hl), 5.92 (AB 

system, 2H, Hn, Hn) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 C) δ 167.57, 167.47, 164.61, 

158.97, 149.72, 149.62, 149.35, 148.90, 147.75, 145.03, 144.88, 143.73, 139.06, 138.89, 136.67, 

132.19, 131.75, 130.32, 130.00, 129.25, 126.77, 125.66, 125.32, 125.22, 124.99, 124.34, 124.15, 

122.51, 120.33, 119.96, 119.82, 117.11, 112.72, 109.99, 48.39 ppm. FT-IR (KBr, cm-1) selected 

bands: 3177 (w, νN-H), 3031 (w, νCar-H), 1605-1582 (m, νC=C + C-N), 1418 (w, νC=N), 1162 (m, νC-C), 

1064 (m, δC-Hip), 754-738 (vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 835.1840 (m/zcalcd 

[M+] = m/zcalcd [C40H30IrN6OS]+ = 835.1831). Solubility: soluble in dimethyl sulfoxide, 

dichloromethane, methanol, acetonitrile, acetone, dimethylformamide, tetrahydrofuran. 
 

[Ir(dfppy)2(L2)]Cl: [2b]Cl 

In a 100 mL Schlenk flask, previously 

purged with nitrogen, the ancillary 

ligand L2 (0.0551 g, 0.165 mmol) was 

added to a solution of [Ir(µ-

Cl)(dfppy)2]2 (0.1002 g, 0.082 mmol) in 

a mixture of dichloromethane (8 mL) / 

methanol (10 mL), and the mixture 

was stirred at 60 °C for 24 hours under 

a N2 atmosphere. The resulting 

solution was concentrated to half the 

volume under vacuum and diethyl 

ether (15 mL) was added to 
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precipitate a crude solid that was isolated by filtration and washed with diethyl ether (2×5 mL). 

The product was dried under vacuum to produce a yellow powder. Yield: 75 % (0.1162 g, 0.123 

mmol). Mr (C40H26ClF4IrN6OS) = 942.40 g/mol. Anal. Calcd for C40H26ClF4IrN6OS: C 50.98; H 2.78; 

N 8.92; Found: C 51.07.49; H 2.69; N 8.94. 1H NMR (400 MHz, DMSO-d6, 25 °C) δ 11.44 (s, 1H, 

Hp(NH)), 9.25 (s, 1H, Hd), 8.74 (s, 1H, Hb), 8.30 (d, J = 8.6 Hz, 1H, H3), 8.25 (d, J = 8.7 Hz, 1H, H3´), 

8.02 (m, 3H, H4, H4´, Hi), 7.80 (d, J = 5.4 Hz, 2H, H6, H6´), 7.65 (d, J = 8.0 Hz, 2H, Hr, Hr), 7.44 (t, J = 

7.9 Hz, 1H, Hj), 7.30 (m, 4H, H5, H5´, Hs, Hs), 7.19 (t, J = 7.8 Hz, 1H, Hk), 7.03 (m, 3H, Ht, H10, H10´), 

6.23 (d, J = 8.4 Hz, 1H, Hl), 5.93 (AB system, 2H, Hn, Hn), 5.77 (d, JH-F = 8.2 Hz, 1H, H12), 5.67 (d, JH-

F = 8.1 Hz, 1H, H12´) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 °C) δ 163.99, 162.95, 162.89, 

161.75, 161.10, 159.46, 152.55, 152.48, 151.64, 151.58, 149.73, 149.26, 142.76, 139.94, 139.84, 

138.37, 138.22, 136.15, 128.82, 128.40, 128.17, 126.62, 125.50, 125.10, 124.44, 124.38, 123.94, 

123.38, 123.19, 122.99, 122.80, 119.37, 115.92, 113.84, 113.56, 113.39, 112.58, 98.94, 98.79, 

48.01 ppm. 19F NMR (376 MHz, DMSO-d6, 25 °C) δ -106.94 (t, J = 10.5 Hz, 2F, F9, F9´), -109.09 (q, 

J = 10.5 Hz, 2F, F11, F11´) ppm. FT-IR (KBr, cm-1) selected bands: 3188 (w, νN-H), 3026 (w, νCar-H), 

1601-1575 (m, νC=C + C-N), 1433 (w, νC=N), 1165 (m, νC-C), 1070 (m, δC-Hip), 751 (vs, δC-Hoop). HR ESI+ 

MS (DCM/DMSO, 4:1): m/zexp = 907.1456 (m/zcalcd [M+] = m/zcalcd [C40H26F4IrN6OS]+ = 907.1454). 

Solubility: soluble in dimethyl sulfoxide, dichloromethane, methanol, acetonitrile, acetone, 

dimethylformamide, tetrahydrofuran. 
 

[Ir(ppy)2(L3)]Cl: [3a]Cl 
In a 100 mL Schlenk flask, 

previously purged with nitrogen, 

the ancillary ligand L3 (0.0653 g, 

0.187 mmol) was added to a 

solution of [Ir(µ-Cl)(ppy)2]2 

(0.1001 g, 0.093 mmol) in a 

mixture of dichloromethane (8 

mL) / methanol (10 mL), and the 

mixture was stirred at 60 °C for 

24 hours under a N2 atmosphere. 

The resulting solution was 

concentrated to half the volume 

under vacuum and diethyl ether (15 mL) was added to precipitate a crude solid that was isolated 

by filtration and washed with diethyl ether (2×5 mL). The product was dried under vacuum to 

produce a yellow powder. Yield: 73 % (0.1198 g, 0.135 mmol). Mr (C41H32ClIrN6OS) = 884.47 

g/mol. Anal. Calcd for C41H32ClIrN6OS.(CH2Cl2)0.25: C 54.70; H 3.62; N 9.28; Found: C 54.73; H 

3.81; N 9.31. 1H NMR (400 MHz, DMSO-d6, 25 C) δ 9.39 (t, J = 5.8 Hz, 1H, Hp(NH)), 8.92 (s, 1H, 

Hd), 8.50 (s, 1H, Hb), 8.27 (d, J = 8.1 Hz, 1H, H3), 8.20 (d, J = 8.1 Hz, 1H, H3´), 7.90 (m, 5H, H4, H4´, 

H9, H9´, Hi), 7.75 (d, J = 5.8 Hz, 1H, H6), 7.67 (d, J = 5.7 Hz, 1H, H6´), 7.38 (t, J = 7.8 Hz, 1H, Hj), 7.29 

– 7.20 (m, 5H, Hs, Hs, Ht, Ht, Hu), 7.17 (t, J = 7.2 Hz,1H, H5), 7.11 (t, J = 7.2 Hz, 1H, H5´), 7.09 – 6.98 

(m, 3H, H10, H10´, Hk), 6.92 (t, J = 7.4 Hz, 1H, H11), 6.89 (t, J = 7.4 Hz, 1H, H11´), 6.33 (d, J = 7.7 Hz, 

1H, H12), 6.24 (d, J = 7.5 Hz, 1H, H12´), 6.15 (d, J = 8.5 Hz, 1H, Hl), 5.76 – 5.59 (AB system, J = 17.5 

Hz, 2H, Hn, Hn), 4.33 (d, J = 5.6 Hz, 2H, Hq, Hq) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 C) δ 

167.12, 166.97, 165.55, 158.47, 149.30, 149.21, 148.82, 148.41, 147.29, 144.57, 144.43, 143.21, 
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138.70, 138.61, 138.58, 138.45, 136.23, 131.75, 131.28, 129.87, 129.55, 128.23, 127.38, 126.98, 

126.20, 125.14, 124.86, 124.77, 124.48, 123.72, 123.63, 122.08, 122.00, 119.83, 119.52, 116.68, 

112.17, 64.93, 47.54, 42.54 ppm. FT-IR (KBr, cm-1) selected bands: 3180 (w, νN-H), 3028 (w, νCar-

H), 1601-1582 (m, νC=C + C-N), 1418 (w, νC=N), 1162 (m, νC-C), 1064 (m, δC-Hip), 748-738 (vs, δC-Hoop). 

HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 849.1998 (m/zcalcd [M+] = m/zcalcd [C41H32IrN6OS]+ = 

849.1988). Solubility: soluble in dimethyl sulfoxide, dichloromethane, methanol, acetonitrile, 

acetone, dimethylformamide, tetrahydrofuran. 
 

[Ir(dfppy)2(L3)]Cl: [3b]Cl 
In a 100 mL Schlenk flask, 

previously purged with nitrogen, 

the ancillary ligand L3 (0.0574 g, 

0.165 mmol) was added to a 

solution of [Ir(µ-Cl)(dfppy)2]2 

(0.1003 g, 0.082 mmol) in a 

mixture of dichloromethane (8 

mL) / methanol (10 mL), and the 

mixture was stirred at 60 °C for 

24 hours under a N2 atmosphere. 

The resulting solution was 

concentrated to half the volume 

under vacuum and diethyl ether (15 mL) was added to precipitate a crude solid that was isolated 

by filtration and washed with diethyl ether (2×5 mL). The product was dried under vacuum to 

produce a yellow powder. Yield: 73 % (0.1144 g, 0.120 mmol). Mr (C41H28ClF4IrN6OS) = 956.43 

g/mol. Anal. Calcd for C41H28ClF4IrN6OS(CH2Cl2)0.25: C 50.68; H 2.94; N 8.60; Found: C 50.68; H 

2.79; N 8.85. 1H NMR (400 MHz, DMSO-d6, 25 °C) δ 9.42 (t, J = 5.5 Hz, 1H, Hp(NH)), 8.98 (s, 1H, 

Hd), 8.72 (s, 1H, Hb), 8.30 (d, J = 8.3 Hz, 1H, H3), 8.24 (d, J = 8.5 Hz, 1H, H3´), 8.00 (m, 3H, H4, H4´, 

Hi), 7.81 (d, J = 5.6 Hz, 1H, H6), 7.72 (d, J = 5.6 Hz, 1H, H6´), 7.44 (t, J = 7.8 Hz, 1H, Hj), 7.23 (m, 8H, 

H5´, H5, Hs, Hs, Ht, Ht, Hu, Hk), 7.03 (t, J H-F = 10.4 Hz, 1H, H10 or H10´), 6.97 (t, JH-F = 10.4 Hz, 1H, H10 

or H10´), 6.21 (d, J = 8.3 Hz, 1H, Hl), 5.85 – 5.59 (m, 4H, H12, Hn, Hn, H12´), 4.33 (s, 2H, Hq, Hq) ppm. 
13C{1H} NMR (101 MHz, DMSO-d6, 25 °C) δ 165.43, 162.90, 159.41, 159.15, 157.29, 153.93, 

152.51, 151.63, 149.88, 149.64, 149.18, 142.68, 139.90, 139.80, 138.58, 138.33, 136.20, 128.22, 

127.38, 126.97, 126.56, 125.41, 125.02, 124.41, 124.30, 123.13, 122.78, 115.92, 112.53, 109.56, 

99.02, 64.91, 47.60, 42.53 ppm. 19F NMR (376 MHz, DMSO-d6, 25 °C) δ -106.96 (t, J = 6.7 Hz, 2F, 

F9, F9´), -109.11 (q, J = 10.4 Hz, 2F, F11, F11´) ppm. FT-IR (KBr, cm-1) selected bands: 3180 (w, νN-

H), 3029 (w, νCar-H), 1601-1574 (m, νC=C + C-N), 1429 (w, νC=N), 1164 (m, νC-C), 1066 (m, δC-Hip), 756-

738 (vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 921.1612 (m/zcalcd [M+] = m/zcalcd 

[C41H28F4IrN6OS]+ = 921.1611). Solubility: soluble in dimethyl sulfoxide, dichloromethane, 

methanol, acetonitrile, acetone, dimethylformamide, tetrahydrofuran. 
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[Ir(ppy)2(L4)]Cl: [4a]Cl 
In a 100 mL Schlenk flask, previously 

purged with nitrogen, the ancillary 

ligand L4 (0.0608 g, 0.186 mmol) was 

added to a solution of [Ir(µ-Cl)(ppy)2]2 

(0.1000 g, 0.093 mmol) in a mixture of 

dichloromethane (8 mL) / methanol (10 

mL), and the mixture was stirred at 60 °C 

for 24 hours under a N2 atmosphere. The 

resulting solution was concentrated to 

half the volume under vacuum and 

diethyl ether (15 mL) was added to 

precipitate a crude solid that was 

isolated by filtration and washed with diethyl ether (2×5 mL). The product was dried under 

vacuum to produce a yellow powder. Yield: 78 % (0.1255 g, 0.146 mmol). Mr (C39H34ClIrN6OS) = 

862.46 g/mol. Anal. Calcd for C39H34ClIrN6OS(CH2Cl2)0.15: C 53.73; H 3.95; N 9.60; Found: C 53.76; 

H 3.92; N 9.59. 1H NMR (400 MHz, DMSO-d6, 25 °C) δ 8.74 (s, J = 4.9 Hz, 1H, Hd), 8.50 (s, 1H, Hb), 

8.27 (d, J = 8.2 Hz, 1H, H3), 8.21 (d, J = 8.0 Hz, 1H, H3´), 8.04 – 7.83 (m, 5H, H4, H4´, H9, H9´, Hi), 

7.71 (d, J = 5.1 Hz, 2H, H6, H6´), 7.35 (t, J = 7.7 Hz, 1H, Hj), 7.21 (t, J = 6.6 Hz, 1H, H5), 7.16 (t, J = 

6.6 Hz, 1H, H5´), 7.06 (t, J = 7.4 Hz, 1H, H10), 7.01 (t, J = 7.6 Hz, 2H, Hk, H10´), 6.92 (t, J = 7.4 Hz, 1H, 

H11), 6.89 (t, J = 7.4 Hz, 1H, H11´), 6.32 (d, J = 7.5 Hz, 1H, H12), 6.26 (d, J = 7.4 Hz, 1H, H12´), 6.15 

(d, J = 8.2 Hz, 1H, Hl), 5.96 (AB system,  2H, Hn, Hn), 3.65 (s, 2H, Hq, Hq), 3.54 (s, 2H, Hq, Hq), 1.74 

(s, 2H, Hr, Hr), 1.65 (s, 2H, Hr, Hr), 1.46 (s, 2H, Hs, Hs) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 

°C) δ 167.14, 167.06, 162.90, 158.52, 149.95, 149.03, 148.82, 148.53, 147.36, 144.57, 144.42, 

143.26, 138.59, 138.46, 136.26, 131.76, 131.31, 129.88, 129.55, 126.18, 124.98, 124.89, 124.77, 

124.42, 123.66, 122.07, 121.99, 119.90, 119.53, 116.60, 112.26, 46.63, 45.51, 42.87, 25.93, 

25.23, 23.87 ppm. FT-IR (KBr, cm-1) selected bands: 3031 (w, νCar-H), 1606-1582 (m, νC=C + C-N), 

1435 (w, νC=N), 1163 (m, νC-C), 1063 (m, δC-Hip), 756-738 (vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 

4:1): m/zexp = 827.2145 (m/zcalcd [M+] = m/zcalcd [C39H34IrN6OS]+ = 827.2144). Solubility: soluble 

in dimethyl sulfoxide, dichloromethane, methanol, acetonitrile, acetone, dimethylformamide, 

tetrahydrofuran. 
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[Ir(dfppy)2(L4)]Cl: [4b]Cl 
In a 100 mL Schlenk flask, previously 

purged with nitrogen, the ancillary 

ligand L4 (0.0540 g, 0.165 mmol) was 

added to a solution of [Ir(µ-Cl)(dfppy)2]2 

(0.1003 g, 0.082 mmol) in a mixture of 

dichloromethane (8 mL) / methanol (10 

mL), and the mixture was stirred at 60 °C 

for 24 hours under a N2 atmosphere. The 

resulting solution was concentrated to 

half the volume under vacuum and 

diethyl ether (15 mL) was added to 

precipitate a crude solid that was 

isolated by filtration and washed with diethyl ether (2×5 mL). The product was dried under 

vacuum to produce a yellow powder. Yield: 51 % (0.0781 g, 0.084 mmol). Mr (C39H30ClF4IrN6OS) 

= 934.42 g/mol. Anal. Calcd for C39H30ClF4IrN6OS(CH2Cl2)0.10: C 49.81; H 3.23; N 8.91; Found: C 

49.89; H 3.06; N 8.93. 1H NMR (400 MHz, DMSO-d6, 25 °C) δ 8.78 (s, 1H, Hd), 8.72 (s, 1H, Hb), 

8.30 (d, J = 8.2 Hz, 1H, H3), 8.25 (d, J = 8.1 Hz, 1H, H3´), 8.04 (t, J = 7.8 Hz, 1H, H4), 8.00 (t, J = 7.8 

Hz, 1H,  H4´),7.94 (d, J = 8.1 Hz, 1H, Hi), 7.77 (s, 2H, H6, H6´), 7.41 (t, J = 7.7 Hz, 1H, Hj), 7.29 (t, J = 

6.1 Hz, 1H, H5), 7.26 (t, J = 6.1 Hz, 1H, H5´), 7.17 (t, J = 7.7 Hz, 1H, Hk), 7.04 (t, JH-F = 10.2 Hz, 1H, 

H10 or H10´), 6.97 (t, JH-F = 10.2 Hz, 1H, H10 or H10´), 6.21 (d, J = 8.2 Hz, 1H, Hl), 5.95 (AB system, 

2H, Hn, Hn), 5.76 (d, JH-F = 7.5 Hz, 1H, H12), 5.68 (d, JH-F = 7.3 Hz, 1H, H12´), 3.65 (s, 2H, Hq, Hq), 3.40 

(s, 2H, Hq, Hq), 1.75 (s, 2H, Hr, Hr), 1.65 (s, 2H, Hr, Hr), 1.46 (s, 2H, Hs, Hs) ppm. 13C{1H} NMR (101 

MHz, DMSO-d6, 25 °C) δ 162.94, 162.77, 162.23, 161.83, 161.54, 159.46, 153.08, 152.09, 150.42, 

150.00, 149.67, 144.54, 142.75, 140.38, 139.96, 138.65, 137.85, 136.66, 135.48, 134.69, 134.59, 

128.87, 126.98, 125.69, 125.40, 124.80, 123.80, 123.41, 115.87, 114.12, 112.63, 99.67, 99.19, 

46.74, 45.52, 42.90, 25.92, 25.22, 23.85 ppm. 19F NMR (376 MHz, DMSO-d6, 25 °C) δ -106.84 – 

-107.07 (m, 2F, F9, F9´), -109.09 (q, J = 10.2 Hz, 2F, F11, F11´) ppm. FT-IR (KBr, cm-1) selected bands: 

3063 (w, νCar-H), 1602-1573 (m, νC=C + C-N), 1429 (w, νC=N), 1163 (m, νC-C), 1042 (m, δC-Hip), 756 (vs, 

δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 899.1772 (m/zcalcd [M+] = m/zcalcd 

[C39H30F4IrN6OS]+ = 899.1767). Solubility: soluble in dimethyl sulfoxide, dichloromethane, 

methanol, acetonitrile, acetone, dimethylformamide, tetrahydrofuran. 
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Objectives 
Main Objective: To design and develop new metal-based complexes as potential 

photocatalysts (PCs) for photocatalysis. This objective can be divided in various 

secondary objectives: 

 To study the relationship between the structure and the photophysical 

properties of the PSs. 

 To study the relationship between the photophysical properties and the 

photocatalytic performance of the PCs. 

 To develop eco-friendly or green procedures to accomplish chemical 

transformations of potential industrial interest under mild conditions.  
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1. From catalysis to photocatalysis 

1.1. Catalysis 

1.1.1. Historical development and definition 
Since ancient times, it has been known that the addition of small quantities of some 

materials could led to important changes in the composition of other materials. 

However, there was not a precise explanation for this phenomenon, so it was 

attributed to philosopher´s stone.1,2 The term catalysis was first used by J. Berzelius in 

1835 to describe substances which were able to accelerate a reaction without being 

consumed during the process. Later, in 1894, W. Ostwald proposed a more precise 

definition: “Catalysis is the acceleration of a slow chemical process by the presence of 

a foreign material”. This definition also led to a more precise definition of catalyst: “A 

catalyst is a material that changes the rate of a chemical reaction without appearing in 

the final products.”2 W. Ostwald did not possess the technical elements required for 

completely understanding a catalytic process, but his studies in the field led to 

important advances3 like the Haber–Bosch process for producing ammonia at industrial 

scale with an iron catalyst developed by A. Mittasch, (an W. Ostwald´s student), which 

is still in use today,4 and the industrial production of nitric acid with a platinum catalyst 

(commonly known as the Ostwald process, which was developed by W. Ostwald and E. 

Brauer, his son-in-law).5 

Thus, catalysts are agents that increase the speed of the reactions maintaining their 

initial state at the end of the process (they participate in a catalytic cycle and are 

regenerated upon every complete round). It is important to note that catalysts only 

maintain their initial state ideally; in fact, due to the interactions that they establish, a 

fraction of the catalyst can fail to recover its initial state completely. So, cycle by cycle 

they undergo a slight deactivation, eventually needing to be regenerated or 

substituted.6,7,8 

 

1.1.2. Main types of catalysis and applications 
Catalysis can be classified in two main categories: heterogeneous and homogenous 

catalysis.6 In heterogeneous catalysis, the catalyst and the reagents are in different 

phases. Most heterogeneous catalysts are solids which act over a liquid or gas mixture. 

Some frequently used heterogeneous catalysts are transition metal oxides, higher 

order oxides, zeolites, graphitic carbon, alumina, etc. Heterogeneous catalysts are 

frequently supported, which means that they are dispersed over a second material that 

increases its activity and decreases its cost. Sometimes, the supporting material is only 

used to avoid the aggregation of the catalyst, increasing in this way the surface area of 

the catalyst, thereby increasing its efficacy. But frequently, the supporting material also 

interacts with the catalyst, having an effect over the whole process. Supporting 
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materials or supports are very porous materials, which present a great surface area. 

Among common supports zeolites, alumina and activated carbon are the most popular. 

Nevertheless, there are others like titanium and silicon dioxides, barium sulphate and 

calcium carbonate.8,9,10,11,12 

Heterogeneous catalysis is the preferred type of catalysis for the industry because of 

the easiness of removing the catalyst from the reaction mixture after the end of the 

process. This allows the easy recovery and reuse of the catalyst, and lowers the 

purifying costs of the product of interest. Common industrial examples of 

heterogeneous catalysis include synthesis of ammonia (Haber–Bosch process), 

synthesis of nitric acid (Ostwald process), synthesis of sulfuric acid (Contact process), 

synthesis of hydrogen cyanide (Andrussov oxidation), synthesis of ethylene oxide, 

olefin polymerization (Ziegler–Natta polymerization), production of hydrogen by steam 

reforming and desulfurization of petroleum (hydrodesulfurization).13,14 

In the case of homogeneous catalysis, the catalyst and the reagents are in the same 

phase, usually in solution. Some common homogeneous catalysts are transition metals, 

organocatalysts, organometallic complexes (nowadays these are the preferred and 

most popular), Bronsted and Lewis acids, etc. Thanks to the homogeneity of the catalyst 

and the reagents, the interactions between them are favoured, meaning that they are 

more intense and more probable than in the case of heterogeneous catalysis, which 

results in a higher selectivity and reactivity, and in milder reaction conditions. 

Moreover, homogeneous catalysis allows a better control of operating conditions. 6,15,16 

Some interesting reactions that can be carried out with homogeneous catalysis are: 

hydrogenation and related reactions (hydrosilylation and hydrocyanation), 

carbonylations (the obtention of acetic acid from methanol by the Monsanto and Cativa 

processes, or hydroformylations conducted with rhodium and cobalt complexes), 

polymerization and metathesis of alkenes (the obtention of several polyolefins from 

propylene and ethylene by the Ziegler-Natta catalysis) and oxidations (the production 

of acetaldehyde from ethane by the Wacker process, the epoxidization of alkenes by 

the Halcon process, and the dihydroxylation of alkenes by the Sharpless 

dihydroxylation). However, it is true that many of these transformations can performed 

using heterogeneous catalysts, which is the preferred option in industry, but for the 

synthesis of fine chemicals homogeneous catalysis is the preferred alternative.16,17 

In addition to heterogeneous and homogeneous catalysis, usually a third type of 

catalysis is considered: the enzymatic catalysis (also called biocatalysis). It is usually 

described as a third class even though it can be both heterogeneous or homogeneous 

depending on the enzyme type: enzymes that are in solution in the cellular media can 

be considered as homogeneous catalysts, and those which are bounded to a membrane 

can be considered as heterogeneous catalysts.6,13,18 
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It is worth mentioning that aside the catalytic reactions mentioned above, there are 

other important types of catalytic reactions like redox catalysis, acid-base catalysis and 

polyfunctional catalysis.17 Indeed, catalysis has a great relevance in our society and it 

will undoubtedly play a critical role in future developments, in severalfields such as 

energy production/storage and food processing, obtention of bulk and fine chemicals, 

and environmental issues.19,20 In the energetic sector, petroleum refining uses catalysis 

for various processes such as alkylation, cracking, and naphtha and steam reforming. 

Other examples of the use of catalysis within the energy field can be found in the 

Fischer-Tropsch process, where hydrocarbons are obtained from synthesis gas,21,22,23 in 

the production of biofuels,21,22 in fuel cells23 and in catalytic heaters.24 In the food 

industry, the hydrogenation of fats for the production of margarine is the most 

common example,25 but there are other processes, in this case mediated by biocatalytic 

reactions, as the production of high-fructose corn syrup,26 beer, wine, cheese, etc.,27 all 

of which are of a capital importance. In the case of bulky chemicals, as mentioned 

before, some important chemicals like sulphuric acid, nitric acid, terephthalic acid, 

acrylic acid and acrylonitrile are obtained by catalytic oxidations.28,29 Several polyolefins 

are obtained from propylene and ethylene by the Ziegler-Natta catalysis.30 Moreover, 

carbonylations such as the Monsanto process for the obtainment of acetic acid and 

hydroformylation require metal catalysts.31 Furthermore, the obtaining of methanol 

(starting from carbon monoxide or carbon dioxide) is accomplished with copper-zinc 

catalysts.32 In the case of fine chemicals, many of them are prepared via catalytic 

reactions such as Heck33 and Friedel–Crafts34 reactions, or in the case of chiral 

chemicals, which are very common among the drugs, via enantioselective catalysis.35 

Finally, in environmental related applications, it is remarkable that the exhaust created 

from the burning of fossil fuels is treated with catalytic converters to reduce their 

environmental impact.36 Moreover, the use of catalysts increases intrinsically the 

efficiency of industrial processes, so the same production volume is accomplished with 

less wastes and less consume of energy and feedstocks.37,38 

 

1.2. Photocatalysis 

1.2.1. Historical development and definition 
In 1901, Giacomo Ciamician studied whether light could drive a chemical reaction. For 

this purpose, he studied the effect of blue and red lights over reactions, observing an 

effect only when irradiated with blue light. It is worth mentioning, that it was careful 

enough to discard that the observed effect was not produced by the thermal heating 

induced by the interaction between light and matter.39 The first time that the term 

photocatalysis appeared, was in 1911. The term was used by Eibner to describe the 

bleaching of Prussian blue using ZnO under irradiation.40 This work inspired the use of 

ZnO for other reactions in presence of light, like the reduction of Ag+ to Ag, 
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accomplished in 1924 by Baur and Perret.41 Back again in 1911, Bruner and Kozak also 

used the term photocatalysis to describe the degradation of oxalic acid in presence of 

uranium salts under irradiation.42 In 1921, the term appeared again, this time in the 

title of an article published by Baly and co-workers. However, in this article the term 

was used to describe a reaction which was speeded up by light.43 So, although 

photosensitive reactions had been known for a long time, the nature of this 

phenomenon was unclear.44  

Apart from these important steps in the development of photocatalysis, prior to 

them there was another important fact that frequently lies underrated. If it is 

considered that the main inspiration for photocatalysis lies in natural 

photosynthesis, it is important to also give the proper credit to Edmond 

Becquerel, who discovered the photovoltaic effect in 1839, a crucial discovery 

that prompted the development of photocatalysis and other related areas.9,45,46  

In 1932, the photocatalytic reduction of AgNO3 to Ag and AuCl3 to Au driven by TiO2 

and Nb2O5 respectively were demonstrated.47,48 These results led to researching the use 

of TiO2 as a photosensitizer (PS) for bleaching dyes in presence of oxygen, which was 

accomplished in 1938.49,50 Then, in 1964, Doerffler and Hauffe published two scientific 

articles where the description of the term photocatalysis involved the combination of 

both light and a catalyst, the so-called photocatalyst (PC).51,52 However, due to the 

lack of widespread applications, photocatalysis did not acquired relevance until 

the end of the 1960s and early 1970s. This happened mainly due to the oil crisis, 

which underscored the need to discover new energy supplies different from 

fossil fuels.53 Moreover, because of the growing concern about the 

environmental impacts caused by the industrial processes and the need of 

renewable or greener energy sources to lower these impacts.54 In 1968, Boddy 

reported for the first time the evolution of O2 from H2O upon UV irradiation in 

the presence of TiO2.55 This work led to the event which is considered by most as 

the real start of the investigation in the field of photocatalysis: the 

electrochemical water splitting conduced with TiO2 under UV light irradiation, 

published in 1972 by Fujishima and Honda.56 This work represented a milestone 

in the area of catalysis. Later, in 1977 Schrauzer and Guth achieved the 

photocatalytic water splitting without any other energy source than UV light 

irradiation. Moreover, they accidentally observed the photoreduction of 

nitrogen to NH3 and N2H4 assisted by TiO2.57  

After this, studies like the photodecomposition of CN− and SO3
2− conducted by 

TiO2, CdS and ZnO,58 or the photocatalytic CO2 reduction assisted by inorganic 

semiconductors appeared.59 A tendency that continued over the 1980s, with the 

attention mainly focused on TiO2 nanoparticles as photocatalysts.60,61,62 After this, 
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the attention in the photocatalysis research field has been focused on the 

understanding of the basic principles, improving the efficiencies of the 

photocatalytic processes, finding or developing new photocatalysts (specially 

visible light absorbing PCs), broadening the reaction scope and discovering new 

applications.63,64,65 

So, after seeing the historical development of photocatalysis, now it is time to 

define it. In the scientific literature, the term photocatalysis has been used to 

describe two different processes.66 One of them is the use of light energy and a 

material (a PC) to carry out reactions which are thermodynamically uphill 

(reactions which possess a positive value of Gibbs free energy). This is not 

technically precise, and this process should be strictly named as photosynthesis 

instead of photocatalysis.67,68 Examples of this kind include the water splitting69,70 

and the CO2 reduction.71 

The other process that is described under the name of photocatalysis, and which 

correctly fits this term, is the use of a PC and light to facilitate chemical reactions 

which are thermodynamically downhill (negative values of the free energy of 

Gibbs). In this case, the material does not need to change the thermodynamics 

of the reaction, only the kinetics by creating new pathways for the reaction after 

light absorbance. The material which accomplishes this task can be genuinely 

called photocatalyst.67,68 An example of this type of processes could be the 

oxidation of phenol to hydroquinone with oxygen or its complete oxidation to 

H2O and CO2.72,73 

However, it should be mentioned, that IUPAC gives a broader definition for the 

concepts of photocatalysis and photocatalyst avoiding discussing these technical 

issues. For the IUPAC, a photocatalyst is a “catalyst able to produce, upon 

absorption of light, chemical transformations of the reaction partners. The 

excited state of the photocatalyst repeatedly interacts with the reaction partners 

forming reaction intermediates and regenerates itself after each cycle of such 

interactions.” and therefore, photocatalysis is defined as “change in the rate of 

a chemical reaction or its initiation under the action of ultraviolet, visible or 

infrared radiation in the presence of a substance—the photocatalyst—that 

absorbs light and is involved in the chemical transformation of the reaction 

partners”,74 which permits to fit the afore-mentioned processes under the term 

photocatalysis. 

 

1.2.2. A brief view inside the mechanism 
Most of the PCs used in photocatalytic transformations are essentially 

semiconductors. Semiconductors possess a band gap, also known as energy gap 
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(Eg), which usually has a value between 1.5 and 3 eV, whereas, metals possess a 

band gap lower than 1 eV, and insulators a band gap higher than 5 eV. The band 

gap is the energy difference between the valence band (HOMO) and the 

conduction band (LUMO). Semiconductors work as PCs due to their ability to 

conduct electricity at room temperature when exposed to light. Thus, when a 

semiconductor is irradiated with light of an adequate wavelength, a light form 

with enough energy, an electron of the valence band (VB) is excited or promoted 

to the conduction band (CB), also generating a hole in the valence band. 

Consequently, an electron-hole pair is generated in the photocatalyst as a result 

of light absorption (Fig. 1).75,76,77 

A PC is able to act efficiently as both an efficient reductant (through valence band 

holes) and an efficient oxidant (through excited electrons) depending on the 

relative energy levels of the VB and CB of the PC and the redox potentials of the 

substrate of interest.78,79 This leads to 4 different options: the reduction of the 

substrate when its redox potential is lower than the CB of the PC, the oxidation 

of the substrate when its redox potential is higher than the VB of the PC, both 

the reduction and the oxidation of the substrate when its redox potential is lower 

than the CB and higher than the VB of the PC, and neither the oxidation nor the 

reduction of the substrate, when its redox potential is higher than the CB and 

lower than the VB of the PC (Fig. 1).80,81 

 

 
Fig. 1. Different reaction possibilities after irradiating a PC, depending on the relative energy levels of the 
VB and CB of the PC and the redox potentials of the substrate. 

 

1.2.3. Main types of photocatalysis and applications 
Photocatalysis is divided in two major classes: heterogeneous and 

homogeneous. Some common heterogeneous photocatalysts are binary, ternary 
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and quaternary oxides.80 Binary oxides, which are the most common, are usually 

divided in three groups: TiO2, ZnO, and other metal oxides such as MoO3, V2O5, 

In2O3, WO3, CeO2, Fe2O3, CdO, Al2O3.82 In the case of ternary oxides some 

examples are ZnFe2O4,83 Sr7Fe10O22, and SrFe12O19,84 PbCrO4, PbMoO4, PbWO4,85 

and ZnS-Ag2S-RGO (reduced graphene oxide) composite.86 And for quaternary 

oxides, some common examples are Bi4NbxTa1-xO8I,87 MnCoTiO288 and 

Pb2FeNbO6. 89  

There are several techniques to improve the performance of heterogeneous PCs: 

doping, co-doping, coupling PCs (composite), sensitization and substitution, 

though doping is by far the most widespread strategy. Doping consists in 

reducing the band gap by adding impurities to the PC, improving in this way the 

photo-responsiveness of the PC to the visible region of the electromagnetic 

spectrum.80 This occurs because the impurities create new energy levels between 

the VB and the CB. There are two types of impurities, type N or negative dopants 

and type P or positive dopants. Type N impurities possess more valence electrons 

than the PC, acting as donors by adding a free electron to the PC and creating in 

this way a new energy level with electrons below the CB. Type P dopants possess 

less valence electrons than the PC, acting as acceptors, adding a hole or a vacant 

to the PC, which leads to the creation of a new energy level with holes above the 

VB (Fig. 2).9,90,91,92 
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Fig. 2. Schematic representation of n-type and p-type extrinsic semiconductors. 

 

Heterogeneous photocatalysts are the preferred option for industrial 

applications over homogeneous photocatalysts due to their higher chemical 

stability, lower cost, commercial availability, non-toxicity and easy separation of 

PC from reaction products. The most used heterogeneous PCs are TiO2 and ZnO 

based composites.93,94 Heterogeneous photocatalysis is used, among others, for 

the removal of organic and inorganic pollutants from industrial wastewaters,95 

and also from the air, for disinfecting water96 and for synthetic purposes, to 

achieve greener and more sustainable industrial processes.97 

In homogeneous photocatalysis, the PC and the reagents are in the same phase.9 

Common homogeneous PCs are transition metal complexes like rhenium and 

ruthenium diimine-carbonyl complexes, nickel and cobalt tetraazamacrocyles, iron, 

copper and manganese porphyrins, ruthenium polypyridyl complexes, iridium 

biscyclometalated complexes, polyoxometalates (POMs).98,99,100 and also some 

organic dyes like Rose Bengal (RB), Eosin Y (EY) and Methylene Blue (MB).100 Even 

though as stated before, heterogeneous photocatalysts are the industrial preferred 

option, homogeneous photocatalysts possess several applications such as CO2 

reduction,98,100,101 water oxidation,98,100 air purification, wastewater treatment, soil 

decontamination100, and specially in organic synthesis, where they are used to 

produce fine chemicals in a wide variety of reactions like reduction of electron-

poor olefins, reductive dehalogenation, nitrogen functional group reductions, 

functional group oxidations, radical cyclizations, oxidative generation of iminium 

ions, cycloadditions, photoredox organocatalysis, arylation, alkylation and 

trifluoromethylation of arenes.99 A deeper discussion of homogeneous 
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photocatalysis can be found below (section 2), which is specifically centred in PCs 

based on iridium(III) and ruthenium(II) trischelate complexes and reactions 

carried out by them, being this the main goal of this section. 

As in the case of catalysis, the enzymes or biocatalysts constitute a third type of 

photocatalysis. They are also relevant thanks to their ability to catalyze reactions 

under mild conditions showing high efficiency and selectivity. Because of this, 

there is a rising interest in creating PCs that imitate their behaviour by designing 

hybrid PCs with enzymes.101,102,103 

Photocatalysis has a great impact nowadays, finding applications in very diverse 

processes. An interesting example is the hydrogen production based on 

photocatalytic water splitting, that has gained importance due to the fact that its 

production involves the use of green energy from the sunlight, and because using 

hydrogen as fuel allows to reduce or to avoid the use of fossil fuels, which is 

discredited by severe environmental issues.104 For this purpose, TiO2 loaded with 

NiO to increase its efficiency is the main option.105 The production of self-cleaning 

glasses is another interesting use of photocatalysis. For this aim, TiO2 is used, 

thanks to the free radicals (hydroxyl radicals) photocatalycally generated from 

water that oxidize organic matter.106 Solar water disinfection or SODIS is another 

application for photocatalysis, and more specifically for TiO2. The ROS generated 

under irradiation in its presence, destroy the bacteria present in water, making 

it safe to drink. Moreover, ROS also destroy undesired organic matter present in 

water.107 Other related uses are the self-sterilizing photocatalytic coatings of TiO2 

to prevent the presence of pathogens in surfaces in contact with food and other 

environments where they usually spread,108 and the sterilization of health care 

facilities, which can be easily and cheaply accomplished with a TiO2 membrane 

and a UV lamp.109 It is worth mentioning the applicability of photocatalysis for 

coping with environmental issues, like decontamination of groundwater by using 

adsorbents with photoactive catalysts,110 or the decomposition of waste crude 

oil (into H2O and CO2)111 and polyaromatic hydrocarbons (PAHs),112 both 

accomplished by TiO2.  

 

2. Photocatalysis with Ir(III) and Ru(II) tris-chelate complexes 
Ir(III) and Ru(II) tris-chelate complexes own very interesting photophysical properties, 

making them an attractive option for photocatalysis, more specifically for photoredox 

catalysis (a type of photocatalytic reactions based on single-electron transfer steps).113 

The key to their excellent photocatalytic activity lies in the fact that this kind of 
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compounds are both very good oxidants and reductants in their excited state, leading 

to a rich photoredox chemistry. Moreover, the redox potentials of these complexes can 

be easily modified by simple changes in their structure, making them a really interesting 

option to carry out a wide range of photocatalytic reactions.114 

When the PC is in its excited state (upon light irradiation) the photoredox 

reactions can take place through two main reaction pathways: the PC can act as 

an oxidant through a reductive quenching cycle, or it can act as a reductant, 

taking part in an oxidative quenching cycle, depending on the substrate. The PC 

which results from the first single electron transfer, suffers a second single 

electron transfer, being oxidised or reduced, to recover the initial oxidation state 

(OS) (Fig. 3). Sometimes, there is a third mechanism, which occurs when the PC 

in its excited state acts as an energy donor instead of taking part in electron 

transfer steps (Fig. 3). Also, it is worth mentioning that there are non-radiative 

decay phenomena that compete with both the electron and energy transfer 

processes.115,116 

 

 
Fig. 3. Main reaction pathways for photoredox catalysis using an Ir(III) PC as example. 

 

There is a wide variety of Ir(III) and Ru(II) tris-chelate complexes that have been 

used in photocatalysis. Some of the most representative examples, which are 

commercially available, are summarized in Fig. 4.117 
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Fig. 4. Some representative Ir(III) and Ru(II) PCs. 

 

The main application of this kind of compounds is related to the development of 

new synthetic routes in order to obtain fine chemicals. The main types of 

reactions that can be accomplished with these metal complexes can be classified 

as: net reductive reactions, net oxidative reactions, redox neutral reactions and 

energy transfer reactions.99 The diverse nature of these transformations 

underscore the huge potential of these compounds in photocatalysis. 

The group of net reductive reactions (reactions where an electron donor, also 

known as sacrificial reductant, is needed to act as a stoichiometric reductant) 
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includes reactions such as reduction of electron poor olefins, reductive 

dehalogenations (Fig. 5),99,118 reductive cleavage of sulfonyl and sulfonium 

groups, nitrogen functional group reductions (Fig. 6),99,119,120 radical cyclizations 

(Fig. 7),99,121 reductive epoxide and aziridine openings and reactions with 

reduction-labile protecting groups.99 

 

 
Fig. 5. Reductive dehalogenation phenacyl bromides. 

 

 

 
Fig. 6. Nitrogen functional group reductions. 
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Fig. 7. Radical cyclizations of alkyl, alkenyl and aryl iodides. 

 

The group of net oxidative reactions (reactions where an electron acceptor, also 

known as sacrificial oxidant, is needed to act as a stoichiometric oxidant) gathers 

reactions such as functional group oxidations (Fig. 8),99,122 oxidative removal of 

the PMB (p-methoxybenzyl) group, oxidative biaryl coupling, oxidative 

generation of iminium ions, azomethine ylide [3 + 2] cycloadditions (Fig. 9)99,123,124 

and cyclizations of aminium radical cations.99  

 

 
Fig. 8. Aerobic oxidation of benzylic halides. 
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Fig. 9. Azomethine ylide [3 + 2] cycloadditions. 

 

In the group of redox neutral reactions, (a type of reactions that have gained 

relevance in the last years in which the substrate or substrates suffer both single 

electron oxidation and reduction at different steps of the cycle, so there is no 

need of other species to balance the electrons) a wide variety of reactions are 

included, such as atom transfer radical additions (Fig. 10),99,125 photoredox 

organocatalysis, radical additions to arenes (arylation, alkylation, 

trifluoromethylation (Fig. 11)99,126 and oxygenation of arenes), radical additions 

to other π nucleophiles, reactions of enamine radical cations, [2 + 2] 

cycloadditions, [4 + 2] and [2 + 2 + 2] cycloadditions (Fig. 12),99,127 [3 + 2] 

cycloadditions: cyclopropane ring opening, radical conjugate addition reactions, 

α-arylation of amines, hydrothiolation (Fig. 13)99,128 and the generation of the 

Vilsmeier−Haack reagent (a reagent which is commonly used to perform 

nucleophilic displacement and formylation reactions).99  

 

 
Fig. 10. Atom transfer radical addition of Se-phenyl p-toluenesulfonate to alkyl vinyl ethers. 
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Fig. 11. Arene and heteroarene trifluoromethylation. 

 

 

 
Fig. 12. Synthesis of endoperoxides via [2 + 2 + 2] cycloaddition. 

 

 

 
Fig. 13. Hydrothiolation of alkenes via thiyl radicals. 

 

The last group of photocatalytic transformations involves energy transfer steps, 

the less exploited type of photoreactions so far. In this case, the PC acts like an 
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energy donor instead of an electron donor or acceptor. Examples of these 

reactions include [2 + 2] cycloadditions (Fig. 14),99,129 photo isomerizations99,130,131 

(Fig. 15),130,131 cyclizations, dearomatizations, transmetalations, reductive 

eliminations, oxidative additions, cross couplings and homolytic cleavages.131,132  

 

 
Fig. 14. [2 + 2] styrene cycloaddition. 

 

 

 
Fig. 15. E/Z isomerization of styrenyl alkenes. 
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0. Abstract 

Fig.1. Schematic representation of the photocatalytic synthesis of -amino nitriles. 

 

Photocatalysis is an expanding tool designed to synthesize organic molecules in a very 

efficient and selective way, using mild and environmentally friendly conditions. Thus, 

the development of new photosensitizers and photocatalytic protocols can further 

boost the applicability of photocatalysis in preparative chemistry. In this paper, we 

have conceived a family of Ru(II) polypyridyl complexes of general formula 

[Ru(bpy)2(N^N’)]Cl2 (bpy = 2,2’-bipyridine) bearing the 2-pyridylbenzimidazole 

(Hpybim) scaffold in the ancillary ligands (N^N’ = R-pybim). Moreover, using these Ru(II) 

derivatives as photosensitizers we have described a protocol for the synthesis of imines 

from primary and secondary amines and also a simple, efficient and selective 

methodology for the one-pot preparation of -amino nitriles from primary and 

secondary amines involving the consecutive photooxidation of the amine substrate and 

the cyanation of the imine intermediate. In addition, we have formulated a mechanism 

for the afore-mentioned transformations based on the participation of singlet oxygen. 
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1. Introduction 
Imines are useful intermediates in the preparation of a variety of N-containing 

organic molecules with applications as ligands, fine chemicals and 

pharmaceuticals.1,2 Traditionally, they have been prepared by condensation of 

amines with aldehydes or ketones and subsequently used as electrophiles 

to afford amines,3,4 α-amino nitriles5 or N-containing heterocycles.6 More 

recently, highly efficient methods based on the catalytic oxidation or 

photooxidation of primary7 and secondary8 amines have been developed as a 

very attractive alternative  for the synthesis of imines. 

α-Amino nitriles are bifunctional compounds bearing both an amino group 

and a nitrile group on the same carbon atom. The α-amino nitrile motif is found 

in a variety of drugs. For instance, Vildagliptin, Saxagliptin and Anagliptin are 

used as oral anti-diabetic pharmaceuticals (hypoglycemic agents, see Fig. 2).9 

The natural product Saframycin A and its synthetic derivative Phthalascidin 

display interesting antitumor properties,10 while Odanacatib was studied for 

the treatment of osteoporosis and bone metastasis, but finally abandoned 

due to increased risk of stroke (Fig. 2).11  

 

 
Fig. 2.-Aminonitriles with biological activity. 

 

In addition, α-amino nitriles are key and versatile intermediates in the 

synthesis of a wide variety of organic chemicals and drugs. More specifically, 

they can be used to produce α-amino acids via hydrolysis of the –CN 

functional group. They can generate amines, enamines and ketones through 

loss of the cyanide anion followed by nucleophilic additions, deprotonation or 

hydrolysis. They can afford α-hydroxy ketones, α-amino ketones and 1,2-amino 

alcohols via deprotonation of the α-C and subsequent reaction with electro-

philes.10 Moreover, they can also be employed to prepare N-heterocycles12 and 

can be reduced to yield 1,2-diamines.13 
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Consequently, the development of efficient and sustainable methods for the 

preparation of these organic products (imines and α-amino nitriles) is an 

attractive goal. In line with this ambition, the use of visible-light as the 

energetic driving force and oxygen as the oxidant agent in photocatalytic 

oxidation reactions, could render the synthesis of these chemicals cleaner, 

safer and easy-to-handle in comparison to traditional synthetic protocols, 

which use high temperatures or corrosive oxidants, such as tBuOOH.14,15,16 

During the last decade the groups of König,17 Rueping,13 Che18 and Emmert19 

have reported different homogeneous photocatalytic systems for the oxidative 

cyanation of N-aryl tetrahydroisoquinolines, acyclic tertiary anilines and 

aliphatic secondary and tertiary amines using different cyanide sources and 

solvents and either eosin Y, Ir(III) or Au(III) complexes as the photosensitizers. 

Moreover, in 2014, Seeberger developed a continuous-flow LED-photoreactor 

for the rapid and efficient preparation of α-amino nitriles through the oxidative 

cyanation of primary and secondary amines using trimethylsilyl cyanide as the 

in situ cyanide donor and tetraphenylporphyrin as the photosensitizer (Scheme 

1).20 More recently, Opatz employed funtionalyzed TiO2 nanoparticles in the 

oxidative photocyanation of tertiary amines.21Nevertheless, some of the 

reported protocols use undesirable solvents, such as dichloromethane20 or 

N,N-dimethylformamide17 and others employ hazardous combinations of 

cyanide sources and acidic additives, such as KCN and AcOH.13 Therefore, 

optimization of this type of methodology is still possible. 

We have recently reported different Ir- and Ru-based photocatalytic systems for 

the oxidation of sulfides22 and benzylamines,23 respectively. Herein, we have 

developed an efficient and selective one-pot procedure for the preparation of α-

amino nitriles from primary and secondary amines (benzylamines, 

tetrahydroisoquinolines and alkylamines). The transformation involves the 

consecutive Ru(II)-photocatalyzed oxidation of the amine substrate and the 

cyanation of the resultant imine intermediate and it takes place at room 

temperature, using blue light as the energy source and oxygen as a green 

oxidant. 
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Scheme 1. Photocatalytic systems described for the oxidative cyanation of N-aryl tetrahydroisoquinolines, 
acyclic tertiary anilines and primary and secondary benzylamines, and our new photocatalytic protocol 

developed to synthesize -amino nitriles from primary and secondary amines. The amino nitriles are 
obtained as racemic mixtures in all the cases. 

 

2. Results and discussion 

2.1. Synthesis of ligands and ruthenium(II) complexes 
With the goal of developing new photocatalysts we decided to prepare a family of 

Ru(II) polypyridyl complexes bearing the 2-pyridylbenzimidazole scaffold in the 

ancillary ligands. Indeed, 2-(2-pyridyl)benzimidazole (Hpybim = L1) is a commercial 

ligand. However, its N-alkyl derivatives (L2–L5) were prepared by reacting L1 with 

the appropriate alkyl halide in the presence of K2CO3, using DMF as the solvent at 

room temperature, according to a methodology adapted from the literature (see 

Fig. 3).24,25,26 

The corresponding Ru(II) dicationic complexes, [Ru1]Cl2–[Ru5]Cl2, were 

obtained by refluxing the starting material rac- cis-[Ru(bpy)2Cl2]·2H2O27 with the 

ligands L1–L5 in ethanol (Fig. 3, Section 4 and SI). The synthesis of different salts 

of complexes [Ru1]2+, [Ru2]2+ and [Ru5]2+ had been previously reported, but as 

far as we know their photocatalytic properties had not been studied.26,28,29 
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These Ru(II) dicationic complexes were isolated in the form of chloride salts as 

dark red solids, consisting of racemic mixtures of the Δ and Λ enantiomers 

with good yields and purities according to analytical and spectroscopic data. 

Moreover, they are moisture and air-stable solids soluble in common organic 

solvents such as DMSO, DMF, acetone, CH3CN, MeOH, EtOH, CHCl3, CH2Cl2 as 

well as in water, and partially soluble in THF. 

 

 
Fig. 3. Synthesis and molecular structures of ligands L1–L5 and complexes [Ru1]Cl – [Ru5]Cl. 

 

2.2. Characterization of the Ru(II)-complexes 
The ruthenium derivatives were fully characterized by multinuclear NMR and 

IR spectroscopy and ESI mass spectrometry as well as by elemental analysis. 

The 1H and 13C{1H} NMR spectra of complexes [Ru1]Cl2–[Ru5]Cl2 in DMSO-d6 

(Section 4.1. and SI Fig. 1–5) displayed peaks for both the ancillary (N^N’) and the 

bpy ligands with the following significant features: (1) Two  different sets of 

resonances were observed for the two non-equivalent bpy ligands of every 

complex due to the asymmetric nature of [Ru1]Cl2–[Ru5]Cl2 (C1-symmetry); (2) 

a broad singlet at 16.21 ppm was detected for the N–H proton of [Ru1]Cl2; (3) a 

narrow singlet at 4.47 ppm was observed for the N–Me group of [Ru2]Cl2 in the 

corresponding 1H NMR; (4) Two mutually coupled doublets (2JH–H ≈ 18 Hz), 

appearing as an AB pseudo-quartet, were detected between 6.52 and 6.24 ppm 

for the diastereotopic protons of the –CH2 groups in the 1H NMR spectra of 

[Ru3]Cl2–[Ru5]Cl2 owing to the helical chirality implicit in tris-chelate 

octahedral complexes, while free ligands L2–L5 (achiral) exhibit one singlet 

integrating as two protons for the –CH2 group; (5) The 13C{1H} NMR spectra of 
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complexes [Ru3]Cl2 to [Ru5]Cl2 featured a singlet at around 48 ppm for the 

methylene group. 

The HR-MS (ESI+) spectra of the Ru(II) complexes display peaks whose m/z 

values and patterns of isotopic distribution are fully consistent with those 

calculated for the dicationic species of general formula [Ru(bpy)2(N^N’)]2+ (N^N’ 

= L1–L5). For instance, we found a peak at 304.5612 Da for [Ru1]2+, consistent 

with the calculated m/z = 304.5602 for [C32H25N7Ru]2+. All the spectra also show 

a common peak at 608.1140 Da attributed to the monocationic fragment 

[Ru(bpy)2(pybim)]+, which results from the loss of the –R groups (R = H, Me, –

CH2–Ar) in every case (see characterization in Section 4.1.). 

 

2.3. Crystal structure by X-ray diffraction 
Attempts to obtain single crystals of the chloride salts of the new Ru(II) 

complexes were fruitless. Nonetheless, we obtained single crystals of rac-

[Ru3](PF6)2 suitable for X-ray diffraction analysis by slow diffusion of a saturated 

aqueous solution of NH4PF6 into a solution of [Ru3]Cl2 in methanol. The complex 

crystallizes in the monoclinic P21/c space group. The ORTEP diagram for the ()-

[Ru3]2+ enantiomer is shown in Fig. 4. Selected bond distances and angles with 

estimated standard deviations are compiled in Table 1, and the crystallographic 

parameters are given in SI Table 1. 

The unit cell consists of two pairs of enantiomeric molecular cations ( and ) 

along with eight PF6
− counteranions. The coordination environment for the Ru(II) 

centre features a slightly distorted octahedral coordination geometry. The bond 

distances and the angles of the coordination polyhedron are standard in 

comparison with those of similar compounds.30 Interestingly, the Ru-Nbpy 

distances (2.048-2.065 Å) are slightly shorter than the Ru-Npybim distances (2.080-

2.095 Å). The 3D crystal structure of this complex is brought together by weak 

hydrogen bonding interactions, resulting in motifs where every metal complex is 

surrounded by eight PF6
− counterions which act as hydrogen bonding acceptors 

(SI Fig. 6). Anion-π and π-π interactions are also observed (SI Fig. 7). 
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Fig. 4. ORTEP diagram for the molecular structure of (Λ)-[Ru3]2+. Thermal ellipsoids are shown at the 30% 

probability level. Hydrogen atoms and PF6
− counterions have been omitted for the sake of clarity. 

 
Table 1. Selected bond lengths (Å) and angles () for [Ru3](PF6)2. 

Distances (Å) Angles (°) 

Ru(1)-N(1) 2.095(5) N(2)-Ru(1)-N(1) 77.57(19) 

Ru(1)-N(2) 2.080(5) N(6)-Ru(1)-N(7) 78.4(2) 

Ru(1)-N(4) 2.051(5) N(4)-Ru(1)-N(5) 78.9(2) 

Ru(1)-N(5) 2.065(5) N(5)-Ru(1)-N(1) 87.7(2) 

Ru(1)-N(6) 2.048(5) N(6)-Ru(1)-N(4) 89.0(2) 

Ru(1)-N(7) 2.055(5) N(7)-Ru(1)-N(2) 88.58(18) 

 

2.4. Photostability experiments 
The photostability of the new Ru(II)-complexes and the reference complex 

[Ru(bpy)3]Cl2 (hereafter denoted as [1]Cl2) was studied by monitoring the 

evolution of their 1H NMR spectra in deuterated acetonitrile (1.4 × 10−2 M) over 

a period of 24 h under air and irradiation with blue light, (λirr = 460 nm, 24 W) 

at room temperature (see SI Fig. 9–14). Interestingly, complex [Ru1]Cl2 showed 

a remarkable stability under these conditions (no photodegradation after 24 h), 

whereas all the N-functionalized derivatives and [1]Cl2 displayed symptoms of 

photodegradation even after 6 h of irradiation compatible with the dissociation 

of the ancillary ligand (10 % for [Ru2]Cl2, 12 % for [Ru3]Cl2, 25 % for [Ru4]Cl2, 

18 % for [Ru5]Cl2 and 12 % for [1]Cl2). 
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2.5. Theoretical calculations 
Density functional theory (DFT) calculations were performed on the cation 

complexes [Ru1]2+–[Ru3]2+, as representatives of the family, and also on 

[Ru(bpy)3]2+ ([1]2+) to get an in-depth understanding of the electrochemical and 

photophysical properties discussed below. Calculations were carried out at the 

B3LYP/(6-31G(d,p)+LANL2DZ) level including solvent effects (CH3CN) (see 

description in SI Section 5 and SI Tables 2 and 3). Calculations predict a near-

octahedral structure for the four complex cations in their ground electronic 

state (S0), in harmony with the molecular structure determined experimentally 

by X-ray diffraction for [Ru3](PF6)2. Fig. 5 features the isovalue contour plots 

calculated for the molecular orbitals (MOs), HOMO−2 to LUMO+2, of [1]2+ and 

[Ru3]2+ at their electronic ground state (S0). The topologies of these MOs for 

[Ru1]2+, [Ru2]2+ are very similar to those of [Ru3]2+ and are shown in SI Table 3. As 

previously reported, the filled HOMO and filled degenerate HOMO−1 and HOMO−2 

of [1]2+ are mostly dominated by Ru d orbitals and exhibit a non-bonding 

character between the Ru and the bpy ligands. The LUMO of [1]2+ is located in 

the bpy ligands and features a M–L non- bonding nature, while the degenerate 

LUMO+1 and LUMO+2 are predominantly distributed in the bpy ligands but 

exhibit small participations from d orbitals of the Ru center, which gives an 

antibonding character to the Ru–N interfaces. Hence, the Ru–N interactions in 

[1]2+ exhibit mainly a σ-bonding character (coming from non-shown low energy 

MO) with negligible π-bonding nature between the Ru(II) and the ligand set.31 

Similarly, for [Ru1]2+–[Ru3]2+, the filled HOMO−1 and HOMO−2 are metal-

based orbitals with insignificant contributions of the ligands and, therefore, 

exhibit a non-bonding nature, although the orbital degeneracy is lost due to the 

C1 symmetry. The HOMO, on the contrary, displays a hybrid topology with a 

major contribution of the metal centre and a minor contribution of the 

imidazolyl ring, and is endowed with an anti-bonding character at the Ru–Nim 

interface. Thus, for [Ru3]2+, the resulting Ru(dπ)–L3(π) overlap suggests a modest  

π interaction and impart a moderate destabilization (0.12 eV) to the HOMO of 

[Ru3]2+ relative to the HOMO of [1]2+, consistent with the higher π-donor 

character of the imidazole ring compared to that of the pyridine ring. The LUMO 

of [Ru3]2+ is formed essentially by a combination of MO from the two bpy 

ligands and L3 and is very slightly destabilized relative  to the LUMO of [1]2+, (0.03 

eV), in agreement with the coincidental Ered values determined for these two 

complexes (see Table 3). Consequently, the HOMO–LUMO band gap is narrower 

for [Ru3]2+ than for [1]2+ (3.47 vs. 3.56 eV, Fig.5) in consonance with the tendency 

in the electrochemical band gaps (2.55 vs. 2.62 V, see ΔE1/2 in Table 3). On 

the other hand, the participation of the benzyl group (alkyl groups in general 

for the other Ru congeners) in the frontier orbitals is non-existent and hence 
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the effect of the N-substitution on the energies of the frontier orbitals is 

expected to be only inductive in character. This implies that the effect is similar 

in both the HOMO and LUMO and very small on the energy band gap among 

the present series of Ru complexes (SI Fig. 15). 

Phosphorescent emission in complexes of the type [Ru(bpy)2(N^N’)]2+ is 

originated from the lowest-lying triplet state, T1 (3MLCT), which actually displays a 

singlet–triplet mixed nature due to strong spin–orbit coupling.32,33 Therefore, 

the low lying excited states of complexes [Ru1]2+–[Ru3]2+, and [1]2+ were calculated 

at the optimized geometries of the ground state (S0) by mean of the time-

dependent DFT (TD-DFT) approach. SI Table 2 summarizes the vertical excitation 

energies calculated for the first three singlets and first three triplets, together 

with their molecular orbital description and electronic nature. 

A summary of these results is graphically illustrated in Fig. 6. The three first triplet 

excited states of [1]2+ are originated from HOMO → LUMO+1, HOMO → LUMO+2 

and HOMO → LUMO excitations, respectively, and all of them display 3MLCT 

character. On the contrary, the three first triplet states of [Ru1]2+– [Ru2]2+, come 

from combinations of H → L+1 and H → L+2 (T1 and T2) and H → L (T3), while for 

[Ru3]2+ the first three triplets result from H → L+1 (T1), H → L+2 (T2) and H → L (T3). 

 

 
Fig. 5. Schematic representation showing the energies and the isovalue contour plots calculated for the 
frontier molecular orbitals of [1]2+ and [Ru3]2+. 
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Fig. 6. Energy diagram showing the energy values calculated for the lowest-energy triplet excited states 

(Tn) of complexes [RuL1]2+[RuL3]2+ and [1]2+. Different colours are used to display the different electronic 
nature of the Tn states according to the key in the boxes. 

 

Due to the hybrid nature of the HOMO in [Ru1]2+–[Ru3]2+, the transitions exhibit 

a combination of 3MLCT, 3LLCT and 3LC character. 

In all the cases, the three first triplet excited states are very close in energy, 

within intervals of 0.09 ([Ru1]2+), 0.12 ([Ru2]2+) and 0.15 eV ([Ru3]2+). The 

calculated emission energies of the new dyes, estimated as the vertical energy 

difference between T1 and S0, predict very similar emission maxima for [Ru1]2+– 

[Ru3]2+, and a moderate bathochromic shift relative to [1]2+ as determined 

experimentally (see below). 

 

2.6. Photophysical properties 

UV-Vis absorption spectra. The UV-Vis absorption spectra of complexes 

[Ru1]Cl2[Ru5]Cl2 and [1]Cl2 were recorded in acetonitrile solutions (10-5 M) at 

25 C (see Fig. 7). The spectra of complexes [Ru1]Cl2[Ru5]Cl2 feature one 

medium and one strong absorption band between 200 and 300 nm, which are 

attributed to singlet spin-allowed ligand centred (1LC) transitions taking place in 

both the bpy and the N^N’ ancillary ligands. Complex [Ru5]Cl2 displays an 

additional very intense absorption band at 220 nm, likely associated to the 

naphthyl group. Furthermore, weak bands are also observed with maxima 

around 315 and 452 nm, approximately. These bands are assigned to mixed spin-

allowed 1MLCT (singlet to singlet d (Ru) *bpy)), 1LLCT (singlet to singlet, 
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1(N^N)  *bpy) and 1LC (singlet to singlet 1*) transitions.31 Compared 

to the archetypal complex [1]Cl2, the Ru(II) complexes with 2-

pyridylbenzimidazole based ligands exhibit slightly broader and red-shifted 

absorption profiles, which overlap efficiently with the emission band of the blue 

light used in the photocatalytic experiments as shown in Fig. 7. 

Emission spectra. The complexes [RuL1]Cl2[RuL5]Cl2 show photoluminescence 

in the red hue, as shown visually under irradiation with an UV lamp (irr = 365 

nm). The corresponding emission spectra were recorded under excitation at 450 

nm for 10-5 M solutions of the complexes in dry and deoxygenated acetonitrile 

at 25 C (see Fig. 7 and Table 2). All the spectra are virtually identical and show a 

broad band with an absolute maximum between em = 649-657 nm, showing that 

the substitution of the N-H hydrogen atom with different alkyl groups exerts a 

modest influence on the T1  S0 energy gap. Moreover, the max of these 

complexes is red shifted (28-36 nm) relative to that of [1]Cl2 (em = 621 nm), as 

anticipated theoretically by the energy difference between T1 and S0 (see 

theoretical calculations).  

The photoluminescent quantum yields (PLQY, φPL), determined in deoxygenated 

acetonitrile, are moderate and very similar for all the derivatives, that is, 

between 13-15 % and hence higher than that ascertained for [1]Cl2 in similar 

conditions (9.4 %).34 The excited estates lifetimes () are 231 ns for [Ru1]Cl2 and 

between 457 and 617 ns for the substituted derivatives, revealing that the 

replacement of the N-H hydrogen with bulky alkyl groups increases the stability 

of the excited state. Indeed, it has been suggested that the N-H group of 

imidazole can facilitate the fast deactivation of the excited state through 

vibrational dissipation of the excitation energy to the solvent medium.35 

Nonetheless, the excited state lifetimes of [Ru2]Cl2[Ru5]Cl2 are lower than that 

determined for [1]Cl2, which is 1100 ns.36 

In addition, the quenching effect of O2 on the emission of [Ru3]Cl2 was proved 

by recording the respective spectrum for a deoxygenated acetonitrile solution of 

this derivative and then additional spectra every 4 minutes upon air exposure. A 

sustained and dramatic drop in intensity was observed, until almost complete 

quenching after 24 h (see SI Fig. 17). 
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Table 2. Photophysical properties for complexes [Ru1]Cl2[Ru5]Cl2 and [1]Cl2 (105 M) in CH3CN at 25 C 

under ex = 450 nm 

Complex abs (nm)  [M-1 cm-1] 
λem 

(nm) 
φPL (%) τ (ns) 

φ
PC 

(%) 
a[1]Cl2 238, 282, 445 27500, 83800, 15200 621 9.4 1100 56 

[Ru1]Cl2 239, 286, 316, 452 35500, 58500, 21300, 9200 649 15 231 36 

[Ru2]Cl2 238, 283, 313, 452 32100, 63600, 24000, 13200 647 15 457 64 

[Ru3]Cl2 237, 283, 313, 452 29600, 58900, 21200, 12600 656 14 487 52 

[Ru4]Cl2 232, 283, 315, 451 40100, 58400, 22200, 12900 657 15 617 42 

[Ru5]Cl2 
219, 236, 283, 316, 

453 
112000, 37200, 67600, 24100, 

14300 
650 13 527 39 

a Data for [1]Cl2 are retrieved from the literature.34,36,37 

 

2.7. Determination of singlet oxygen quantum yields 

The 1O2 quantum yields (φΔ
PC) of [Ru1]Cl2[Ru5]Cl2 were experimentally 

determined, by monitoring the photooxidation of 1,3-diphenylisobenzofuran 

(DPBF)38,39,40 in the presence of these photosensitizers relative to [1]Cl2 (see 

experimental procedure in SI, SI Fig. 16 and data in Table 2).37 This parameter is 

regarded as a measure of the number of absorbed photons which are efficiently 

used to generate 1O2. The experimentally determined φΔ
PC values increased in 

the order: [Ru1]Cl2 < [Ru5]Cl2 < [Ru4]Cl2 < [Ru3]Cl2 < [1]Cl2 < [Ru2]Cl2. 

Interestingly, K. Kam-Wing Lo et al. established a direct correlation between φΔ
PC 

and  among a series of photosensitizers.40 This correspondence is well-founded 

since longer-lived excited states should increase the chances of efficient 

collisional triplet-triplet energy transfer from 3PC* to 3O2. However, in the 

present family of Ru(II) complexes other factors seem to influence on the φΔ
PC, 
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Fig. 7. Overlaid UV-Vis absorption spectra of complexes [Ru1]Cl2[Ru5]Cl2 and [1]Cl2 (105 M) in CH3CN at 

25 C along with the emission spectrum of the blue light used in the photocatalytic assays (left). Overlaid 

emission spectra of complexes of [Ru1]Cl2-[Ru5]Cl2 in deoxygenated acetonitrile (105 M) at 25 C (right). 
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since although [Ru1]Cl2 exhibits the lowest values for both φΔ
PC and  (36 %, 231 

ns, Table 2), [Ru2]Cl2 is the most efficient 1O2 photosensitizer with a modest  

compared to some of its congeners (64 %, 457 ns, Table 2). In any event, the 

ability of these complexes as 1O2 photosensitizers could be useful in 

Photodynamic Therapy (PDT). Indeed, a related Ru(II) polypyridyl complex 

(TLD1433)41 has successfully completed phase Ib clinical trials and our group is 

involved in the development of metal-based 1O2 photosensitizers with potential 

activity in this field.42,43 

 

2.8. Electrochemical properties 
In order to study the electrochemical stability of the Ru(II) complexes and the 

ability of their excited states as oxidants and reductants, the redox potentials of 

complexes [Ru1]Cl2[Ru5]Cl2 were experimentally determined in deoxygenated 

acetonitrile solutions (5 × 10‒4 M) by cyclic voltammetry (CV) using [nBu4N][PF6] 

(0.1 M) as supporting electrolyte and glassy carbon as working electrode (see SI 

Fig. 18). Argon was bubbled through the solutions to displace oxygen. Potentials 

are referred to the ferrocenium/ferrocene (Fc+/Fc) couple and representative 

cyclic voltammograms are depicted in Fig. 8. The anodic region of the 

corresponding voltammograms show two peaks: (a) an irreversible peak 

between +0.59 and +0.63 V (see Table 3 and Fig. 8) which is ascribed to the 

oxidation of the Clcounteranion (Cl/Cl2 redox couple) and (b) a reversible one-

electron oxidation peak in the range +0.78 to +0.83 V, attributed to the Ru(II)-

imidazolyl environment according to the topology of the HOMO. Consequently, 

the oxidized species should be better described by the combination of two 

canonical structures (see Fig. 8). These values reveal a shift to less anodic 

potentials relative to the reference compound [1]2+ (+0.90 V vs Fc+/Fc), which 

was measured for comparative purposes, in agreement with the predicted 

destabilization of the HOMO for complexes [Ru1]2+[Ru3]2+ compared to [1]2+. 

Indeed, this fact reflects an increase in the electron density on the Ru(II)-

imidazolyl environment due to the higher electron-donating ability of the 

benzimidazole entity compared to the pyridyl ring in [1]2+.44,45 

In the cathodic region, complexes [Ru2]Cl2[Ru5]Cl2 display three reversible 

one-electron waves ranging from 1.72 to 1.75 V (Ered1
1/2), from 1.91 to 1.95 

V (Ered2
1/2) and from 2.16 to 2.19 V (Ered3

1/2) vs Fc+/Fc. According to the topology 

of the LUMO and LUMO+1, these peaks are ascribed to stepwise ligand-centered 

reversible reductions (see cathodic species in Fig. 8). Assuming that bpy is a 

better -acceptor than 2-pyridylbenzimidazole-based ligands, Ered1
1/2 and Ered2

1/2 

are likely due to bpy-centred processes and Ered3
1/2 is probably due to L2L5 

centred electron transfers.26,35 The respective values are very similar to those of 
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[1]2+ in consonance with the energies predicted theoretically for the respective 

LUMO and LUMO+1 (see SI Tables 2 and 3). On the other side, complex [Ru1]Cl2 

shows only two reversible one-electron peaks at 1.87 and 2.1 V presumably 

due to bpy reductions, as previously reported.35 Similarly to the reference complex 

[1]2+,36 the excited-state of every of these complexes is both a much stronger reductant 

and a much stronger oxidant than the respective ground state (See SI Table 4).  

 

 

 
Fig. 8. Cyclic voltammograms of selected complexes, [Ru1]Cl2, [Ru3]Cl2 and [1]Cl2, in acetonitrile solution 
(5 × 10−4 M), using 0.1 M [nBu4N][PF6] as supporting electrolyte and recorded with scan rate of 0.10 V·s−1. 
The starting and final potentials (Ei, Ef) are indicated by (•) and the sense of the scan is indicated by the 
arrow (clockwise). The symbol (*) refers to the Fc+/Fc peak used as reference. Anodic and cathodic species 
formed in the electrochemical experiments are shown as well. 
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Table 3. Redox potentials recorded by cyclic voltammetry referenced to Fc+/Fc in deoxygenated acetonitrile 
solutions.[a] 

Complex Eox1 1/2 (V) Eox2 1/2 (V) Ered1 1/2 (V) Ered2 1/2 (V) Ered3 1/2 (V) E1/2 (V) 

[1]Cl2 +0.68 (irr) +0.90 (rev) -1.72 (rev) -1.92 (rev) -2.17 (rev) 2.62 

[Ru1]Cl2  +0.63 (irr) +0.80 (rev) -1.87 (rev) -2.1 (rev) - 2.67 

[Ru2]Cl2  +0.60 (irr) +0.78 (rev) -1.75 (rev) -1.95 (rev) -2.19 (rev) 2.53 

[Ru3]Cl2  +0.60 (irr) +0.83 (rev) -1.72 (rev) -1.91 (rev) -2.16 (rev) 2.55 

[Ru4]Cl2  +0.59 (irr) +0.81 (rev) -1.72 (rev) -1.92 (rev) -2.17 (rev) 2.53 

[Ru5]Cl2  +0.59 (irr) +0.80 (rev) -1.74 (rev) -1.92 (rev) -2.17 (rev) 2.54 
[a]Voltammograms recorded in acetonitrile solution (5 × 10−4 M), using 0.1 M [nBu4N][PF6] as supporting 

electrolyte and recorded with scan rate of 0.10 V·s−1 and referenced to Fc+/Fc. 

 

2.9. Photooxidation of amines 
The synthesized Ru(II) derivatives were evaluated as photocatalysts in two 

different processes: the photooxidation of primary and secondary alkylamines 

and the one-pot synthesis of α-amino nitriles from primary and secondary 

amines.  

 
Table 4. Photocatalytic oxidative coupling of benzylamine 1a with [Ru1]Cl2 and control experiments.[a] 

 

 

Entry Conditions Yield (%) 

1 PC, O2, light >99 

2 PC, O2, no light 1 

3 No PC, O2, light < 1 

4 PC, N2, light 4 

5 PC, O2, light, DABCO[b] < 1 

6 PC, O2, light, TEMPO[c] >99% 

7 PC, air, light 78 

[a] Reaction conditions: Benzylamine 1a (10 mM), [Ru1]Cl2 (10-1 mM, 1 mol %), CH3CN (0.5 mL) at room 

temperature, under a saturated atmosphere of either O2 or N2 (1 atm) and under irradiation with blue light 

(LED, irr = 460 nm, 24 W) during 2 hours in a septum-capped tube. Yields of 2a were determined by 1H 

NMR analysis of the crude mixture as average values of at least two independent experiments. 

Overoxidation and/or hydrolysis products were not detected in any case. [b]DABCO (11 mM). [c]TEMPO (11 

mM). 

 

First, we selected the photooxidation of benzylamine in the presence of O2 

(1 atm, pure oxygen balloon) as the model reaction. Thus, initially we examined 

the photocatalytic activity of [Ru1]Cl2 using a catalyst loading of 1 mol % under 

irradiation with blue LED light (λirr = 460 nm) at room temperature in acetonitrile. 

Satisfyingly, the analysis of the reaction crude by 1H NMR showed that the substrate 1a 
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was oxidized to the corresponding E-secondary aldimine, 2a, with a high yield (>99%) 

and with an excellent selectivity in 2 hours (see entry 1 in Table 4). Indeed, we could 

not observe the products corresponding to either hydrolysis (benzaldehyde)46 or 

overoxidation reactions (benzonitrile,47 benzamide,48 N-benzylbenzamide,49 N-

benzylhydroxylamine,50 benzaldehyde oxime,47 N-benzylidene-benzylamine N-oxide 

(nitrone).51 

Then, we performed control experiments to confirm the photocatalytic nature 

of this chemical reaction and the active role of O2. Conclusively, the reaction did 

not work in the absence of light, photocatalyst (PC) or oxygen, confirming that 

these three actors play essential roles to accomplish the transformation (entries 

2-4, Table 4). Moreover, when the photooxidation of benzylamine was tested in 

the presence of a 1O2 quencher, DABCO, the yield of 2a was very low (< 1%), 

suggesting that this species is the actual oxidant agent (entry 5, Table 4). 

However, when the reaction was tried in the presence of TEMPO (O2
scavenger) 

the expected product was obtained in a quantitative manner, which rules out the 

participation of the radical superoxide in the process (entry 6, Table 4). In 

addition, when we used air instead of O2 the yield of 2a was 78 % after 2 h., 

revealing that the reaction is also possible in air but sensitive to the O2 

concentration (entry 7, Table 4). 

Moreover, we performed a screening of the Ru(II) photosensitizers 

[Ru1]Cl2[Ru5]Cl2 in the model reaction under the afore-mentioned conditions 

and concurrently we optimized the reaction time (see Table 5). Thus, we 

determined that complexes [Ru2]Cl2[Ru5]Cl2 with alkyl substituents on the N 

of the ancillary ligand seem to be more efficient as PCs than the parent complex, 

[Ru1]Cl2. Thus quantitative yields for 2a after 60 min and also after 30 min were 

obtained using [Ru2]Cl2[Ru5]Cl2, while [Ru1]Cl2 gave only 95 % of 2a after 1h 

(Table 5). These observations could be rationalized due to the lower excited state 

lifetime (τ) and quantum yield for the generation of 1O2 (φ
PC) of [Ru1]Cl2 relative 

to its functionalized congeners. 
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Table 5. Photocatalysts screening in the photooxidative coupling of 1a.[a] 

 

 

Entry Complex 
Yield (%) 

120 min 60 min 30 min 15 min 

1 [Ru1]Cl2 100 95 - - 

2 [Ru2]Cl2 100 100 100 - 

3 [Ru3]Cl2 100 100 100 98 

4 [Ru4]Cl2 100 100 100 - 

5 [Ru5]Cl2 100 100 100 - 

6 [Ru3]Cl2
[b] 100[b] - 39[b] - 

[a] Reaction conditions: Amine (10 mM), PC (1 mol %), acetonitrile (0.5 mL), O2 (balloon, 1 atm), blue light 
(LED, irr = 460 nm, 24 W), room temperature for the above-mentioned time (min). Yields of 2a were 
experimentally determined from 1H NMR integration of the corresponding reaction crudes. [b] PC (0.1 mol 
%). 
 
In additional experiments we demonstrated that it is possible to accomplish this 

transformation using even lower reaction times (98 % after 15 min) with 

[Ru3]Cl2, or lower catalyst loadings (0.1 mol %), although in this case the reaction 

time needed to achieve full conversion is longer (2 h, entry 6, Table 5 and SI Fig. 

37). 

The application of the afore-mentioned conditions was proved in the 

photooxidation of different primary and secondary alkyl amines with both 

electron-withdrawing and electron-donating groups. The corresponding 

secondary aldimines were obtained with high yields and excellent selectivities in 

all the cases, via photooxidative self-coupling when using primary amines (1a-1f, 

1j, 1k) as substrates and via photooxidation of a -CH2-NHR bond when using the 

secondary amines 1g and 1i (Table 6). It is worth mentioning that 1-hexylamine, 

1h, was also fully converted to the expected product 2h (Table 6), even though 

the -H atoms are non-activated in the absence of an aryl group. In addition, 

1,2,3,4-tetrahydroisoquinoline (1i) was regioselectively oxidized to imine 2i. 

Overall, these results are remarkable compared to previously reported protocols 

for the aerobic photooxidation of alkylamines in the presence of homogeneous 

or heterogenous PCs. Although conditions are not always the same, in general, 

reported protocols require longer reaction times and higher 

temperatures.52,53,54,55,56 
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Table 6. Substrate Scope for the photooxidation of primary and secondary amines [a] 

 
Entry Substrate Product Yield (%)[Time (min)] 

1 

  

>99 [30] 

2 

  

>99 [30] 

3 

  

>99 [60] 

4 

  

>99 [90] 

5 
  

>99 [30] 

6 

  
>99 [90] 

7 

  

>99 [30] 

8 
  

>99 [30] 

9  
  

>99 [30] 

10 

  
>99 [60] 

11 

  

>99 [30] 

[a]Reaction Conditions: amine (10 mM), photocatalyst (1 mol %), acetonitrile (0.5 mL), O2 (balloon, 1 atm), 

blue LED light (460 nm), room temperature for the above-mentioned time. The yields (parenthesis) were 

experimentally determined from 1H NMR integration of the corresponding reaction crudes (see Supporting 

information). Reaction times between brackets. 

 

2.10. One-Pot Photocatalytic Cyanation of Amines to produce -amino 

nitriles 
Then, we envisioned and developed a one-pot protocol for the synthesis of 

secondary α-amino nitriles from the afore-mentioned primary and secondary 

amines. This one-pot protocol is based on the Strecker reaction5 and consists of 

two consecutive transformations: (a) Photooxidation of the amine to the 

corresponding secondary aldimine and (b) Cyanation of the aldimine to the 

expected secondary α-amino nitrile. We assayed our idea applying the 

optimized photocatalytic conditions for the achievement of the imines, but in 
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the presence of Me3SiCN (TMSCN, 2 equiv) from the begining and extending the 

reaction time for a second stirring period in the absence of light (Fig. 9). The 

choice of TMSCN as the cyanation agent instead NaCN/KCN, is based on its higher 

solubility in CH3CN, its safer nature and the fact that it avoids the harsh 

conditions typical of NaCN/KCN (very alkaline pH when used alone, or very 

acidic pH when combined with AcOH).5 Pleasantly, we probed that the new 

protocol is efficient and selective for the formation of the expected α-amino 

nitriles 3x (Fig. 9). Indeed, it was successfully implemented for eight different 

amines with excellent selectivities and outstanding (3a–3c, 3f, 3g, 3h and 3k, 

between 85–99%) or moderate (3i, 67%) yields for the respective α-amino 

nitriles, which were obtained in the form of racemic mixtures. On the 

contrary, α-amino nitriles 3d and 3j were obtained in low yields (30–36%) 

and the product 3e was not observed. Afterwards, our methodology was 

successfully scaled up to twenty-fold and some of the products were purified 

and isolated (yields in red in Fig. 9, 1H NMR of crudes and of isolated products 

and characterization data in SI Fig. 19-32). To further demonstrate the 

advantages of this one-pot protocol over a two-step procedure, we performed 

an experiment in which TMSCN was added to the reaction mixture for the 

photooxidative cyanation of 1a after a period of 30 min under the typical 

photooxidation conditions. As a result of such an experiment we obtained 

89% of α-amino nitrile 3a, and 11% of the respective imine, 2a, whereas the 

yield obtained for 3a in the one-pot reaction was >99%. This result 

demonstrates that the presence of the cyanide source from the very beginning 

is beneficial for the conversion of benzylamines into α-amino nitriles, since the 

imine intermediate can be trapped by the cyanide as soon as it is formed. 

Furthermore, the one- pot protocol is more convenient from an operational 

point of view. Finally, we carried out this transformation using 200 mg (1.87 

mmol) of 1a in the presence of [Ru3]Cl2 (1 mol %); that  means an additional 

10-fold increase in the scale of the reaction, to conclude that the protocol is 

equally efficient (96% yield of α-amino nitrile 3a was obtained). However, some 

modifications were applied to guarantee the efficiency (the irradiation was kept 

during the whole period of stirring, that is 6 h, and the concentration of all the 

reactants was doubled). 
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Fig. 9. Substrate scope for the one-pot photocatalytic oxidative cyanation of primary and secondary amines 

to produce -aminonitriles. Reaction conditions: amine (10 mM), TMSCN (2 equiv), [Ru3]Cl2 (1 mol %), 
acetonitrile (0.5 mL), O2 (balloon, 1 atm), blue LED light (460 nm), bold (conversion yield %), reaction times 
between parenthesis. Reaction conditions for isolated products: amine (20 mM), TMSCN (2 equiv), [Ru3]Cl2 
(1 mol %), acetonitrile (5 mL), O2 (balloon, 1 atm), blue LED light (460 nm). Yields in red, reaction times 
between parenthesis. 

 

2.11. Mechanism 
Based on our experimental data and the literature reports5  on similar reactions 

we propose the mechanism summarized in Fig. 10. It consists of five different 

processes: (a) Photoexcitation of the Ru(II) photocatalyst with visible light to 

generate a singlet excited state and then a long-lived triplet excited state; (b) 

photosensitization of 3O2 to 1O2; (c) oxidation of benzylamine to the respective 

primary aldimine; (d) coupling between the primary aldimine and a second 

molecule of benzylamine to give the secondary aldimine and (e) addition of 

the cyanide anion to the electrophilic imine carbon to generate the α-amino 

nitrile. We speculate that in the last step, TMSCN undergoes hydrolysis due to 

water traces present in wet CH3CN,5 which generates HCN and Me3SiOH. Then, 

HCN activates the imine by proton transfer and the cyanide anion is added to 

the electrophilic carbon of the iminium intermediate (Fig. 10(b)). Hence, the 

cyanide addition step involves the participation of one molecule of water which 
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facilitates the release of the cyanide anion and provides the proton required 

for the formation of the final product. As a matter of fact, the by-product of the 

photooxidation step, H2O2, was noticed in the crudes of the photocatalytic 

experiments by 1H NMR (see SI Fig. 33 and 34) and was also detected with a 

peroxide stick test in the crude obtained for the photooxidation of 1a (SI Fig. 

35). 

 

 
Fig. 10. Mechanism of the photocatalytic one-pot preparation of -aminonitriles from primary 
benzylamines: a) Mechanism for the photooxidative coupling of benzyamines; b) Mechanism for the 
cyanation step. 

 

3. Conclusions 
In conclusion, we have prepared and characterized a series of dicationic Ru(II) 

polypyridyl complexes with general formula [Ru(bpy)2(N^N’)]Cl2, bearing 2-

(pyridyl)benzimidazole or its N-alkylated derivatives as the ancillary ligands 

(N^N’). Theoretical calculations estimate a moderate destabilization of the 

HOMO for the new derivatives relative to the prototype complex [Ru(bpy)3]2+, 

[1]2+, in agreement with their photophysical and electrochemical features. 

Indeed, this series of complexes exhibit moderate or excellent photostability 

under visible light irradiation, efficient light absorption in the visible range and 

photoluminescence with em longer than that recorded for [1]Cl2. Moreover, our 

Ru(II) photosensitizers display better PLQY (between 13 and 15 %) than [1]Cl2 (9 

%) and half lifetimes for their excited states in the range 231-617 ns. 

Interestingly, we have demonstrated that the emission of these Ru(II) complexes 

is quenched by O2, which concurrently generates singlet oxygen with moderate 

or good  (e. g., 64 % for [Ru2]Cl2). All these features suggest that 
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phosphorescence is the most likely emission mechanism for these dyes. 

Electrochemical measurements have confirmed that the excited state of these 

Ru(II) complexes is a good oxidant and an excellent reductant. Consequently, the 

photophysical and electrochemical features of these dyes make them suitable 

triplet photosensitizers and excellent photoredox catalysts. Indeed, we have 

proved that they promote the photooxidation of primary and secondary amines 

to produce the corresponding imines in an efficient and selective manner. More 

importantly, we have applied them to the one-pot photooxidative cyanation of 

the afore-mentioned amines to produce -amino nitriles (10 examples). This 

transformation proceeds selectively with excellent or moderate yields, under 

mild and eco-friendly conditions, that is, room temperature, visible light, O2 as a 

green oxidant, low PC loading and acetonitrile as solvent. At the same time, we 

have revealed that complexes [Ru2]Cl2-[Ru5]Cl2 are slightly more active PCs than 

their parent compound [Ru1]Cl2. Therefore, the functionalization of the N^N’ 

ligand with alkyl groups is beneficial in terms of photocatalytic activity, likely due 

to the higher  and φ
PC of [Ru2]Cl2-[Ru5]Cl2 relative to [Ru1]Cl2. Further to this, 

we have plotted a mechanism for the studied one-pot photooxidative cyanation 

of amines which involves the participation of 1O2 as the actual oxidant. In brief, 

we have developed a new family of accessible Ru(II) PCs and we have 

demonstrated their excellent performance in the efficient and eco-friendly one-

pot preparation of -amino nitriles. 

 

4. Synthesis and characterization 

4.1. Ru(II)-complexes 
[Ru(bpy)2(L1)]Cl2: [Ru1]Cl2 

In a 100 mL Schlenk flask, the ancillary ligand L1 (0.037 

g, 0.193 mmol) was added to a solution of 

RuCl2(bpy)2·2H2O (0.100 g, 0.193 mmol) in EtOH (19 

mL), and the mixture was stirred at 90 °C for 16 h. 

Then, the volume was reduced to the half under 

vacuum and Et2O (15 mL) was added to precipitate a 

dark red solid that was isolated by filtration and 

washed with Et2O (5 mL). Then, the solid was dried 

under vacuum at 80 °C for 6 h. Dark red powder. Yield: 

0.081 g (0.119 mmol, 62%). Mr (C32H25Cl2N7Ru) = 

679.56 g/mol. Anal. Calcd for C32H25Cl2N7Ru(H2O)0.35: 

C 56.04; H 3.78; N 14.29; Found: C 56.25; H 4.01; N 

14.25. 1H NMR (400 MHz, DMSO-d6, 25 °C) δ 16.20 (s, 

1H; HN-H), 9.06 (d, JH-H = 7.7 Hz, 1H; He), 8.88 (dd, JH-H = 8.1, 4.1 Hz, 3H; H9, H9´, H3), 8.80 (d, JH-H = 

8.1 Hz, 1H; H3´), 8.24 (t, JH-H = 7.9 Hz, 2H; Hd, H4), 8.15 (dt, JH-H = 10.6, 7.6 Hz, 2H; H10, H10´), 8.08 
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(t, JH-H = 7.5 Hz, 1H; H4´), 7.96 (d, JH-H = 5.7 Hz, 1H; H6), 7.85 (d, JH-H = 5.7 Hz, 1H; H12´), 7.82 – 7.76 

(m, 2H, H12, H6´), 7.74 (d, J = 8.3 Hz, 1H, Hb), 7.70 (d, J = 5.6 Hz, 1H, Hj), 7.63 – 7.57 (m, 1H, Hc), 

7.52 (dq, J = 13.5, 6.6 Hz, 4H, H5, H11, H11´, H5´), 7.36 (t, J = 7.7 Hz, 1H, Hk), 7.02 (t, J = 7.8 Hz, 1H, 

Hl), 5.65 (d, J = 8.3 Hz, 1H, Hm) ppm. 13C{1H} NMR spectra data is not available due to 

decomposition signs observed in DMSO-d6. FT-IR (ATR) selected bands: 3376 (w, νN-H), 3012 (w, 

νC=CH), 1602-1541 (m, νC=C + C-N), 1419 (w, νC=N), 1151 (m, νC-C), 1065-1023 (m, δC-Hip), 764-730 (vs, 

δC-Hoop). HR-MS ESI(+)(DCM/DMSO, 4:1): [M-H+]+ calcd. for [C32H24N7Ru]+ 608.1137; found 

608.1145; [M]2+ calcd. for [C32H25N7Ru]2+ 304.5602 found 304.5612 Da. Anal. Calcd for 

C32H25Cl2N7Ru(H2O)0.35: C 56.04; H 3.78; N 14.29; Found: C 56.25; H 4.01; N 14.25. 

 

[Ru(bpy)2(L2)]Cl2, [Ru2]Cl2 

In a 100 mL Schlenk flask, the ancillary ligand L2 (0.040 

g, 0.192 mmol) was added to a solution of RuCl2(bpy)2 

·2H2O (0.100 g, 0.192 mmol) in ethanol (19 mL), and 

the mixture was stirred at 90 °C for 16 h. Then, the 

volume was reduced to the half under vacuum and 

diethyl ether (15 mL) was added to precipitate a crude 

solid that was isolated by filtration and washed with 

diethyl ether (5 mL). The solid was dissolved in 

methanol/acetone 1:1 (0.75 mL:0.75 mL) and placed in 

the freezer for 2 days to precipitate the excess of 

precursor. Then the solution was filtered, the solvent 

was removed under vacuum and the resulting solid 

was washed with Et2O (5 mL), and dried under vacuum 

at 80 °C for 6 h. Dark Red solid. Yield: 0.041 g (0.059 mmol, 31%). Mr (C33H27Cl2N7Ru) = 693.59 

g/mol. Anal. Calcd for C33H27Cl2N7Ru(H2O)0.32: C 56.67; H 3.98; N 14.02; Found: C 56.80; H 4.13; 

N 14.29. 1H NMR (400 MHz, DMSO-d6, 25 °C) δ 8.91 (d, JH-H = 8.2 Hz, 3H; H3, H9, H9´), 8.81 (dd, JH-

H = 8.2, 4.3 Hz, 2H; H3´, He), 8.24 (m, 2H; H4, H10), 8.15 (m, 2H; H10´, H4´), 8.09 (td, JH-H = 7.9, 1.2 

Hz, 1H; Hd), 8.01 (d, JH-H = 8.5 Hz, 1H; Hj), 7.91 (d, JH-H = 5.0 Hz, 1H; H6), 7.82 (d, JH-H = 5.5 Hz, 1H; 

H6´), 7.79 (d, JH-H = 5.57 Hz, 2H; Hb or  H12´), 7.77 (d, JH-H = 5.2 Hz, 2H; Hb or H12´), 7.73 (d, JH-H = 5.1 

Hz, 1H; H12), 7.57 (m, 4H; H5, H5´, H11, H11´), 7.46 (m, 2H; Hc, Hk), 7.08 (t, JH-H = 7.8 Hz, 1H; Hl), 5.68 

(d, JH-H = 8.4 Hz, 1H; Hm), 4.47 (s, 3H; HN-Me) ppm. 13C{1H} NMR spectra data is not available due 

to decomposition signs observed in DMSO-d6. FT-IR (ATR) selected bands: 3063 (w, νC=CH), 1601-

1565 (m, νC=C + C-N), 1420 (w, νC=N), 1162 (m, νC-C), 1025 (m, δC-Hip), 806 (w, δC-C), 745-731 (vs, δC-

Hoop). HR-MS ESI(+)(DCM/DMSO, 4:1): m/z [MMe]+ calcd. for [C32H24N7Ru]+ 608.1131 found 

608.1140 Da; [ML2+Cl-]+ calcd. for [C20H16N4RuCl]+ 449.0102; found 449.0106 Da; [M]2+ calcd. 

for [C33H27N7Ru]2+ 311.5680; found 311.5693. Anal. Calcd for C33H27Cl2N7Ru(H2O)0.32: C 56.67; H 

3.98; N 14.02; Found: C 56.80; H 4.13; N 14.29. 

 

 

 



Part 2. Ru(II) and Ir(III) tris-chelate complexes for photocatalysis 

 

334 

[Ru(bpy)2(L3)]Cl2, [Ru3]Cl2 

In a 100 mL Schlenk flask, the ancillary 

ligand L3 (0.055 g, 0.193 mmol) was added 

to a solution of RuCl2(bpy)2·2H2O (0.100 g, 

0.192 mmol) in ethanol (19 mL), and the 

mixture was stirred at 90 °C for 24 h. Then, 

the volume was reduced to the half under 

vacuum and diethyl ether (15 mL) was 

added to precipitate a crude solid that was 

isolated by filtration and washed with 

diethyl ether (5 mL). The solid was 

dissolved in water, filtered and dried 

under vacuum. The solid was washed with 

diethyl ether (5 mL) and dried under 

vacuum at 80 °C for 6 h. Dark red solid. 

Yield: 0.083 g (0.107 mmol, 56%). Mr (C39H31Cl2N7Ru) = 769.69 g/mol. Anal. Calcd for 

C39H31Cl2N7Ru(H2O)0.85: C 59.67; H 4.20; N 12.49; Found: C 59.79; H 4.35; N 12.70. 1H NMR (400 

MHz, DMSO-d6, 25 °C) δ 8.93 (br s, 3H; H3, H9, H9´), 8.85 (d, JH-H = 8.3 Hz; 1H, H3´), 8.53 (d, JH-H = 

8.3 Hz, 1H; He), 8.27 (t, JH-H = 7.9 Hz, 1H; H4),  8.17 (m, 2H; H10, H10´), 8.11 (d, JH-H = 8.3 Hz, 1H; Hb), 

8.06 (m, 2H; Hd, H4´), 7.97 (d, JH-H = 5.4 Hz, 1H; H6), 7.88 (d, JH-H = 5.4 Hz, 1H; H6´), 7.77 (m, 2H; 

H12´, H12), 7.68 (d, JH-H = 5.4 Hz, 1H; Hj), 7.63 (m, 1H; H5), 7.50 (m, 5H; H11, H11´, H5´, Hc, Hk), 7.33 

(m, 3H; Hr, Hr, Hs), 7.14 (m, 1H; Hl), 7.05 (s, Hq), 7.03 (s, Hq), 6.37 (d, JH-H = 17.9 Hz, 1H; Ho), 6.29 

(d, JH-H = 17.9 Hz, 1H, Ho), 5.76 (d, J = 8.3 Hz, 1H; Hm) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 

°C) δ 157.33, 156.91, 156.46, 152.44, 151.62, 151.20, 151.00, 150.55, 147.73, 139.77, 137.93, 

137.72, 137.59, 137.54, 137.41, 136.64, 135.09, 128.95, 127.77, 127.74, 127.63, 127.59, 127.55, 

127.43, 126.13, 125.59, 125.38, 125.14, 124.50, 124.37, 124.22, 123.98, 114.87, 112.85, 47.98 

ppm. FT-IR (ATR) selected bands: 3065 (w, νC=CH), 1601-1565 (m, νC=C + C-N), 1420 (w, νC=N), 1157 

(m, νC-C), 1062-1015 (m, δC-Hip), 773 (vs, δC-Hoop). HR-MS ESI(+)(DCM/DMSO, 4:1): m/z [MBn]+ 

calcd. for [C32H24N7Ru]+ 608.1131; found 608.1138 Da; [M]2+ calcd. for [C39H31N7Ru]2+ 349.5837; 

found 349.5850 Da. Anal. Calcd for C39H31Cl2N7Ru(H2O)0.85: C 59.67; H 4.20; N 12.49; Found: C 

59.79; H 4.35; N 12.70 
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[Ru(bpy)2(L4)]Cl2, [Ru4]Cl2 

In a 100 mL Schlenk flask, the ancillary 

ligand L4 (0.079 g, 0.192 mmol) was 

added to a solution of RuCl2(bpy)2·2H2O 

(0.100 g, 0.192 mmol) in ethanol (19 

mL), and the mixture was stirred at 90 

°C for 16 h. Then, the volume was 

reduced to the half under vacuum and 

diethyl ether (15 mL) was added to 

precipitate a crude solid that was 

isolated by filtration and washed with 

diethyl ether (5 mL). The solid was 

dissolved in methanol/acetone 1:1 

(0.75/0.75 mL) and placed in the freezer 

for 2 days. Then the solution was 

filtered, dried under vacuum, washed with diethyl ether (5 mL) and finally, dried under vacuum 

at 80 °C for 6h. Dark red solid. Yield: 0.09 g (0.101 mmol, 53%). Mr (C39H30Cl2IN7Ru) = 895.58 

g/mol. Anal. Calcd for C39H30Cl2IN7Ru(H2O)0.64: C 51.64; H 3.48; N 10.81; Found: C 51.69; H 3.60; 

N 11.03. 1H NMR (400 MHz, DMSO-d6, 25 °C) δ 8.90 (m, 3H; H3, H9, H9´), 8.82 (d, JH-H = 8.0 Hz, 

1H; H3´), 8.46 (d, JH-H = 8.4 Hz, 1H; He), 8.27 (t, JH-H = 7.9 Hz, 1H; H4), 8.17 (q, JH-H = 7.9 Hz, 2H; H10, 

H10´), 8.09 (m, 2H; H4´, Hd), 8.01 (d, JH-H = 8.5 Hz, 1H; Hj), 7.96 (d, JH-H = 5.3 Hz, 1H; H6), 7.85 (d, JH-

H = 5.3 Hz, 1H; H12´), 7.79 (d, JH-H = 5.2 Hz, 1H; H12), 7.75 (d, JH-H = 5.4 Hz, 1H; H6´), 7.72 (s, 1H; Hb), 

7.62 (m, 2H;, Hr, Hr), 7.62 (m, 1H; H5), 7.51 (m, 5;, H11, H11´, H5´, Hc, Hk), 7.13 (t, JH-H = 7.8 Hz, 1H; 

Hl), 6.89 (s, 1H; Hq), 6.86 (s, 1H;  Hq), 6.32 (d, JH-H = 18.1 Hz, 1H; Ho), 6.24 (d, JH-H = 18.1 Hz, 1H; 

Ho), 5.75 (d, J = 8.4 Hz, 1H, Hm) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 °C) δ 157.54, 157.13, 

156.66, 156.64, 152.67, 151.78, 151.34, 150.68, 147.83, 139.99, 138.12, 137.84, 137.77, 137.66, 

136.72, 135.10, 128.11, 127.84, 126.42, 125.49, 125.39, 124.66, 124.54, 124.13, 115.08, 113.00, 

94.23, 47.80 ppm. FT-IR (ATR) selected bands:  3066 (w, νC=CH), 1601-1572 (m, νC=C + C-N), 1439 

(w, νC=N), 1159 (m, νC-C), 1060 (m, δC-Hip), 762-746 (vs, δC-Hoop). HR-MS ESI(+)(DCM/DMSO, 4:1): 

m/z [M4I-Bn)]+ calcd. for [C32H24N7Ru]+ 608.1131; found 608.1143; [M]2+ calcd. for 412.5320; 

found 412.5329. Anal. Calcd for C39H30Cl2IN7Ru(H2O)0.64: C 51.64; H 3.48; N 10.81; Found: C 

51.69; H 3.60; N 11.03. 
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[Ru(bpy)2(L5)]Cl2, [Ru5]Cl2 

In a 100 mL Schlenk flask, the ancillary 

ligand L5 (0.065 g, 0.193 mmol) was 

added to a solution of RuCl2(bpy)2·2H2O 

(0.100 g, 0.192 mmol) in ethanol (19 

mL), and the mixture was stirred at 90 

°C for 16 h. Then, the volume was 

reduced to the half under vacuum and 

diethyl ether (15 mL) was added to 

precipitate a crude solid that was 

isolated by filtration and washed with 

diethyl ether (5 mL). The solid was 

dissolved in ethanol/Acetone 1:1 

(0.75/0.75 mL) and placed in the 

freezer for 3 days. Then the solution is filtered, dried under vacuum, washed with diethyl ether 

(5 mL) and dried under vacuum at 80 °C for 6 h. Dark red solid. Yield: 0.081 g (0.099 mmol, 51%). 

Mr (C43H33Cl2N7Ru) = 819.75 g/mol. Anal. Calcd for C43H33Cl2N7Ru(H2O)0.75: C 61.98; H 4.17; N 

11.77; Found: C 61.90; H 4.32; N 12.01.1H NMR (400 MHz, DMSO-d6, 25 °C) δ 8.92 (m, 3H; H3, 

H9, H9´), 8.86 (d, JH-H = 7.9 Hz, 1H ;H3´), 8.50 (d, JH-H = 8.3 Hz, 1H; He), 8.28 (t, JH-H = 7.7 Hz, 1H; H4), 

8.17 (m, 3H; H10, H10´, H4´), 8.09 (d, JH-H = 8.4 Hz, 1H), 8.03 (m, 1H; Hd), 7.97 (m; 3H), 7.91 (m, 1H), 

7.74 (m; 4H), 7.64 (m, 1H; H5), 7.51 (m, 8H; H11, H11´, H5´, Hc, Hk, 3Harom), 7.29 (d, JH-H = 8.7 Hz, 1H), 

7.16 (t, JH-H = 7.7 Hz, 1H; Hl), 6.52 (d, JH-H = 18.1 Hz, 1H; Ho), 6.42 (d, JH-H = 18.1 Hz, 1H; Ho), 5.79 

(d, JH-H = 8.2 Hz, 1H; Hm) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 °C) δ 157.58, 157.13, 156.69, 

152.64, 151.93, 151.84, 151.37, 151.32, 150.81, 147.91, 140.08, 138.13, 137.91, 137.82, 137.75, 

137.60, 136.91, 132.96, 132.75, 132.37, 131.45, 129.01, 127.95, 127.87, 127.80, 127.72, 127.67, 

127.64, 126.76, 126.44, 126.37, 126.33, 125.55, 125.38, 124.68, 124.55, 124.43, 124.22, 124.15, 

123.93, 115.14, 113.12, 48.45 ppm. FT-IR (ATR) selected bands:  3065 (w, νC=CH), 1601-1576 (m, 

νC=C + C-N), 1421 (w, νC=N), 1157 (m, νC-C), 1062-1013 (m, δC-Hip), 763-746 (vs, δC-Hoop). HR-MS 

ESI(+)(DCM/DMSO, 4:1): m/z [M-(CH2-Naphtyl)]+ calcd. for [C32H24N7Ru]+ 608.1131; found 

608.1130; [M]2+ calcd. for [C43H33N7Ru]2+ 374.5915; found 374.5924. Anal. Calcd for 

C43H33Cl2N7Ru(H2O)0.75: C 61.98; H 4.17; N 11.77; Found: C 61.90; H 4.32; N 12.01. 
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0. Abstract 

 
Fig. 1.Scheme of the photocatalytic dehydrogenation of N-heterocycles and highlights of its main features. 

 

Photoredox catalysis constitutes a very powerful tool in organic synthesis, due to its 

versatility, efficiency, and the mild conditions required by photoinduced 

transformations. In this paper, we present an efficient and selective photocatalytic 

procedure for the aerobic oxidative dehydrogenation of partially saturated N-

heterocycles to afford the respective N-heteroarenes (indoles, quinolines, acridines, 

and quinoxalines). The protocol involves the use of new Ir(III) biscyclometalated 

photocatalysts of general formula [Ir(C^N)2(N^N′)]Cl, where the C^N ligand is 2-(2,4-

difluorophenyl)pyridinate, and N^N′ are different ligands based on the 2-(2′-

pyridyl)benzimidazole scaffold. In-depth electrochemical and photophysical studies as 

well as DFT calculations have allowed us to establish structure−activity relationships, 

which provide insights for the rational design of efficient metal-based dyes in 

photocatalytic oxidation reactions. In addition, we have formulated a dual mechanism, 

mediated by the radical anion superoxide, for the above-mentioned transformations. 
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1. Introduction 
N-heterocycles are pivotal scaffolds in the pharmaceutical industry due to their 

biological activity and medicinal applications.1 In particular, indoles,2 quinolines,3,4 

acridines,5,6 and quinoxalines7 display anticancer, antibiotic, antibacterial, antifungal, 

and anti-inflammatory properties. Moreover, the redox couples formed by 1,2,3,4-

tetrahydroquinolines (THQ) and the corresponding quinolines have been proposed as 

potential hydrogen-storage material systems for fuel cell applications, since the 

catalytic hydrogenation of quinolines takes place under mild reaction conditions and 

can be reverted through catalytic dehydrogenation protocols.8 

Traditional procedures for preparing N-containing aromatic molecules from partially 

saturated N-heterocycles involve harsh reaction conditions (high temperatures), the 

use of stoichiometric toxic or corrosive oxidants (2,3-dichloro-5,6-dicyano-1,4- 

benzoquinone (DDQ), sulfur, or metal oxides), as well as the generation of undesirable 

waste.9  

More recently, several groups have described methodologies to prepare different 

aromatic N-heterocycles (N-heteroarenes) from partially saturated precursors through 

either catalytic oxidative dehydrogenation using O210 or catalytic acceptorless 

dehydrogenation.11,12 Nevertheless, both strategies require high temperatures and/or 

harsh reaction conditions and, in some cases, harmful solvents and high catalyst 

loadings. 

The synthesis of N-heteroarenes can also be accomplished through photocatalytic 

approaches such as the acceptorless dehydrogenation (ADH) of THQs, indolines and 

similar heterocycles. Different photocatalytic systems have been successfully used to 

prove this methodology, namely, combinations of a Ru-photocatalyst (PC) and a Co 

catalyst,8,13 or an acridinium PC and a Pd metal catalyst,14 and also heterogeneous PCs, 

that is, hexagonal boron carbon nitride nanosheets15 or Rh-photodeposited TiO2 

nanoparticles.16 This transformation produces molecular hydrogen as the only 

byproduct, but it must be managed through expensive procedures when operating at 

high scale. 

Alternatively, it is possible to access N-heteroarenes through oxidative 

dehydrogenation (ODH) of partially saturated precursors under aerobic photocatalytic 

conditions, which implies the use of O2 as the hydrogen acceptor (green oxidant), 

visible light, and a photosensitizer. In particular, the synthesis of a variety of N-

heteroarenes (quinolines, quinoxalines, quinazolines, acridines, and indoles) has been 

performed using this type of strategy in the presence of different photocatalytic 

systems: [Ru(bpy)3]Cl2,17 Rose Bengal,9 TiO2 grafted with Ni(II) ions in the presence of 4-

amino-TEMPO,18 and a cobalt-phthalocyanine photoredox catalyst in a biphasic 
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medium.19 Nevertheless, there is still scope to explore new photosensitizers with the 

goal of increasing product yields, reducing reaction times and employing solvents with 

low boiling points. What is more, additional studies should be done for a better 

understanding of the reaction mechanism entailed in this type of transformations. 

In a previous work, we have designed a family of new Ir(III) biscyclometalated 

complexes with β-carbolines as efficient photocatalysts for the one-pot oxidative 

thiocyanation of indolines, which produces the respective 3-thiocyanate indoles.20 We 

have also reported on a protocol to prepare α-amino nitriles through the Ru-

photosensitized oxidative cyanation of amines.21 

In this work, we present the synthesis of new Ir(III) biscyclometalated complexes of 

general formula [Ir(C^N)2(N^N′)]Cl, where C^N = 2-(2,4-difluorophenyl)pyridinate 

(dfppy) and N^N′ stands for different N,N-donor ligands containing the 2-(2′-

pyridyl)benzimidazole scaffold. The ligand dfppy was chosen to obtain enhanced 

photoluminescent quantum yields and higher excited-state lifetimes, since this 

behaviour is usually expected from the presence of electron-withdrawing groups, such 

as the −F atoms on the C^N ligands in this type of complexes.22,23 2-(2′-

pyridyl)benzimidazole was selected as the scaffold for the N^N′ ligands due to both its 

commercial availability and the presence of the imidazole N−H, which allows easy 

functionalization with a variety of alkyl groups. This, in turn, allows to explore the 

impact of different functional groups on the photophysical and electrochemical 

properties of the resulting complexes (see below). In addition, we describe the 

evaluation of these complexes as photosensitizers in oxidative dehydrogenation 

processes. Furthermore, relationships between the photosensitizing abilities of these 

complexes and their electrochemical and photophysical properties are established. In 

particular, the effect of using dfppy as the C^N ligand and the influence of the different 

functional groups of the N^N′ ligands on the photocatalytic performance of our dyes 

are emphasized. 

 

2. Results and discussion 

2.1. Synthesis of Ligands and Iridium(III) Complexes 
We have synthesized a family of Ir(III) biscyclometalated compounds of general formula 

rac-[Ir(C^N)2(N^N′)]Cl with the aim of developing new efficient photocatalysts. In this 

series of compounds, we have furnished the iridium center with two units of the anionic 

C^N donor 2-(2,4-difluorophenyl)pyridinate (dfppy) and one N,N-ligand, that is the 2-

(2′-pyridyl)benzimidazole scaffold (Hpybim = L1) or its N-alkylated derivatives (L2-L5). 

The ligand 2-(2′-pyridyl)benzimidazole (L1) is commercially available, and its N-

functionalized derivatives (L2−L5) were prepared by reacting L1 with MeI, for L2, or the 
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appropriate alkyl bromide (R-Br), for L3−L5, at room temperature in the presence of 

K2CO3 and using DMF as solvent (see Fig. 2).24−26 The incorporation of diverse alkyl 

groups into the N^N′ ligand aimed to reduce intermolecular interactions and to assess 

different effects on the photophysical and photocatalytic properties of the resulting Ir 

derivatives. Thus, the methyl and benzyl groups (L2, L3, and L4) were chosen to protect 

the respective complexes from either self-quenching or N−H reactivity. The 

naphthalenylmethyl group (L5) was used to evaluate the potential beneficial effect of 

a π-extended system on the absorption profile of its Ir derivative. 

The Ir(III) compounds [Ir1]Cl−[Ir5]Cl were obtained by refluxing the iridium dimer [Ir(μ-

Cl)(dfppy)2]2 (dfppy = 2-(2,4-difluorophenyl)pyridinate) in the presence of ligands L1−L5 

(1:2 molar ratio) in a dichloromethane-methanol mixture (1:1.25; v/v) (Fig. 2). The 

products were isolated in the form of bright yellow solids, as chloride salts of racemic 

mixtures corresponding to the Δ and Λ cationic complexes (helical chirality). 

The synthesis of the PF6
− salts of complexes [Ir1]+ and [Ir2]+ has been previously 

described, but to the best of our knowledge, their photocatalytic activity has not been 

studied so far.27,28 

 

 
Fig. 2. Synthesis route and molecular structures of ligands L1−L5 and complexes [Ir1]Cl−[Ir5]Cl. Complexes 
were obtained as racemic mixtures but only Λ enantiomers are shown. 
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2.2. Characterization of the Ir(III) Complexes 
The iridium derivatives were unequivocally characterized by multinuclear NMR, mass 

spectrometry, elemental analysis, and IR spectroscopy. In addition, the crystal 

structures of [Ir1]Cl and the PF6
− salts of [Ir3]+, [Ir4]+, and [Ir5]+ were determined by X-

ray diffraction. 

The 1H and 13C{1H} spectra of complexes [Ir1]Cl−[Ir5]Cl were recorded in DMSO-d6 (SI 

Fig. 1−15) and show the following distinctive attributes: (1) The non-equivalent dfppy 

ligands exhibit two sets of peaks, due to the asymmetry of the complexes (C1 symmetry 

group); (2) [Ir1]Cl displays a strongly deshielded broad singlet (δ = 15.91 ppm) due to 

the N−H proton which is likely involved in a hydrogen bond with the Cl− counterion,29 

while [Ir2]Cl features a narrow singlet at 4.48 ppm belonging to the N-Me group; (3) 

for complexes [Ir3]Cl−[Ir5]Cl, two reciprocally coupled doublets (2JH−H ≈ 18 Hz), 

emerging as an AB pseudo-quartet, were found in the range 6.52−6.24 ppm and are 

attributed to the diastereotopic protons of the −CH2 group as a result of the helical 

chirality typical of tris-chelate octahedral complexes, while for the achiral free ligands 

L3−L5, the −CH2 group appears as a singlet integrating for 2H; (4) complexes 

[Ir3]Cl−[Ir5]Cl exhibit a singlet around 48 ppm for the −CH2 group in their 13C{1H} NMR 

spectra. 

The 19F NMR spectra of all the derivatives feature two quartets in the range between 

−106.5 and −107 ppm (F11 and F11’) and two triplets at about −109 ppm (F9 and F9’), for 

the two non-equivalent dfppy (see atom numbering in Section 4.1. and SI). 

The HR-MS (ESI+) spectra of the Ir(III) complexes present peaks where the m/z values 

and the isotopic patterns match unambiguously with those calculated for the 

monocationic species of general formula [Ir(dfppy)2(N^N′)]+ (N^N′ = L1−L5). We also 

detected for all the compounds a peak corresponding to the monocationic fragment 

[C22H12F4IrN2]+ = [Ir(dfppy)2]+, which corresponds to the loss of the N^N′ ligand. 

 

2.3. Crystal Structure by X-ray Diffraction 
The crystal structures of rac-[Ir1]Cl, rac-[Ir3]PF6, rac-[Ir4]PF6, and rac-[Ir5]PF6 were 

resolved by single-crystal X-ray diffraction. Single crystals were isolated either by slow 

evaporation of a methanolic solution of [Ir1]Cl or by slow diffusion of a saturated 

NH4PF6 aqueous solution into solutions of [Ir3]Cl, [Ir4]Cl, and [Ir5]Cl in 

methanol/dichloromethane. The complexes crystallize in either the monoclinic P21/c or 

P21/n, or triclinic P-1 space groups. The ORTEP diagrams for the corresponding Λ 

enantiomers are shown in Fig. 3. Selected bond distances and angles along with 

standard deviations are collected in Table 1, and relevant crystallographic parameters 

are included in SI Table 1. 
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The molecular structures of these complexes display a pseudo-octahedral geometry 

with the well-known trans-N,N and cis-C,C arrangement for the C^N ligands (Fig. 3). In 

all the derivatives, the Ir−N bond distances for the C^N ligands (1.963(12)−2.074(12) Å) 

are shorter than for the N^N′ ligands (2.119(6)−2.181(7) Å) as a consequence of the 

strong trans influence exerted by the coordinated phenyl rings.30,31,32,33 Besides, the 

Ir−Nbim length is shorter than the Ir−Npy in the N^N′ ligand of every complex, likely due 

to the bigger π-electron density on the benzimidazole (bim) fragment relative to the 

pyridine (py) ring and therefore the higher π-donor ability of bim versus py. The Ir−C 

bond distances are standard (1.995(13)−2.020(6) Å).34,35 The torsion angles for the C^N 

and the N^N′ ligands, C−C−C−N (−0.02 to −6.22°) and N−C−C−N (1.57 to −18.99°), are 

small, which in practice underlines the virtual coplanarity of the metallacycles. 
 

 

 
Fig. 3. ORTEP diagrams for the molecular structures of (Λ)-[Ir1]+, (Λ)-[Ir3]+, (Λ)-[Ir4]+ and (Λ)-[Ir5]+ obtained 
by X-ray diffraction. Thermal ellipsoids are shown at the 30% probability level. The Δ enantiomers, the H 
atoms, the Cl− or PF6

− counterions, and the solvent molecules (MeOH for rac-[Ir1]Cl) have been omitted for 
the sake of clarity. 
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Table 1. Selected Bond Lengths (Å) for [Ir1]Cl·MeOH, [Ir3]PF6, [Ir4]PF6, and [Ir5]PF6. 

[Ir1]Cl·MeOH [Ir3]PF6 [Ir4]PF6 [Ir5]PF6 

Ir(1)-N(1) 2.054(5) Ir(1)-N(1) 2.042(4) Ir(1)-N(1) 2.059(7) Ir(1)-N(1) 1.963(12) Ir(2)-N(7) 2.046(8) 

Ir(1)-N(2) 2.058(5) Ir(1)-N(2) 2.054(4) Ir(1)-N(2) 2.043(7) Ir(1)-N(2) 2.074(12) Ir(2)-N(6) 2.032(8) 

Ir(1)-N(3) 2.138(5) Ir(1)-N(3) 2.142(4) Ir(1)-N(3) 2.119(6) Ir(1)-N(3) 2.131(8) Ir(2)-N(9) 2.119(8) 

Ir(1)-N(5) 2.179(5) Ir(1)-N(5) 2.153(4) Ir(1)-N(5) 2.158(6) Ir(1)-N(5) 2.163(8) Ir(2)-N(8) 2.181(7) 

Ir(1)-C(11) 2.020(6) Ir(1)-C(11) 2.019(5) Ir(1)-C(11) 2.013(8) Ir(1)-C(11) 1.995(13) Ir(2)-C(67) 2.000(10) 

Ir(1)-C(22) 2.018(6) Ir(1)-C(22) 2.005(5) Ir(1)-C(22) 2.002(7) Ir(1)-C(22) 2.015(11) Ir(2)-C(56) 2.003(9) 

 

2.4. Photostability Experiments 
In order to verify the photostability in solution of the new Ir(III)-complexes and the 

standard photocatalysts [Ir(ppy)2(bpy)]Cl and [Ir(dfppy)2(bpy)]Cl (denoted as [1]Cl and 

[2]Cl), we monitored their evolution in acetonitrile under air by 1H NMR spectroscopy 

(1.4 × 10−2 M, CD3CN) over a period of 24 h under irradiation with blue light (λir = 460 

nm, 24 W) at room temperature (SI Fig. 16−22). All the complexes including [1]Cl and 

[2]Cl are remarkably stable over the 24 h irradiation period. Indeed, no degradation 

was observed for [Ir1]Cl−[Ir4]Cl, and just 3% photodegradation was experimentally 

determined for [Ir5]Cl. An in-depth analysis of the spectrum, recorded for this PC upon 

24 h under light exposure, allowed us to speculate that it undergoes photocleavage of 

the −CH2-naphthyl group. 

 

2.5. Theoretical Calculations 
Density functional theory (DFT) calculations were performed on the cation complexes 

[Ir1]+−[Ir5]+ and also on the reference photosensitizers [Ir(ppy)2(bpy)]+, [1]+, and 

[Ir(dfppy)2(bpy)]+, [2]+, for a deeper comprehension of the photophysical and 

electrochemical properties of the synthesized compounds and to rationalize the 

observed trends among them and relative to [1]+ and [2]+. Calculations were executed 

at the B3LYP/(6-31GDP+LANL2DZ) level including solvent effects (CH3CN) (see 

procedure in the SI and SI Tables 2a, 2b, and 3). 

In agreement with the molecular structure determined by X-ray diffraction for [Ir1]Cl, 

[Ir3]PF6, [Ir4]PF6, and [Ir5]PF6, our calculations provide structures with a pseudo-

octahedral geometry for [Ir1]+−[Ir5]+, [1]+, and [2]+ in their ground electronic state (S0). 

Fig. 4 shows the isovalue contour pictures for the molecular orbitals, from HOMO−2 (or 

HOMO−3) to LUMO+2, of [Ir3]+ and [2]+ at their electronic ground state (S0). A similar 

sketch is shown in SI Fig. 23b for [Ir3]+ and [1]+. The topologies of the MOs for [Ir1]+, 

[Ir2]+ and [Ir4]+ are very similar to those of [Ir3]+. By contrast, the MO of [Ir5]+ exhibit 

some differences that will be discussed later. The MOs of all the compounds are 

gathered in SI Tables 2a and 2b. 
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The HOMOs calculated for [1]+, [2]+, and the new derivatives are formed by a 

combination of Ir orbitals (dπ) and C^N orbitals (π of ppy− or dfppy−) as described 

elsewhere for this type of complexes.20,36,37 Hence, the HOMOs are located on the Ir 

metal centre and the phenyl rings of the C^N ligands, although they exhibit a π-

antibonding nature at the Ir−Cphenyl interfaces. On the contrary, the LUMOs are 

distributed mainly over the N^N′ ligands (bpy or 2-(2′-pyridyl)benzimidazole scaffold of 

L1−L5) in all the cases,37,38 with a very small contribution of the Ir dπ orbitals. 

Interestingly, the alkyl substituents installed on the N^N′ ligands of [Ir2]+−[Ir4]+ do not 

participate in the respective frontier orbitals, while the naphthyl group of [Ir5]+ 

contributes predominantly to HOMO−1 and LUMO+4. Hence, we assume that the alkyl 

groups of [Ir2]+−[Ir4]+ are not involved in photophysical processes, that is, absorption 

or emission of photons, and therefore these moieties act as protecting shields for the 

PC emitting excited states against decay processes.39 

The energies calculated for the HOMOs of [Ir1]+−[Ir5]+ and [2]+ are in a very small range 

(from −5.93 to −5.97 eV, Fig. 4 and SI Fig. 23a), but are noticeably lower than the energy 

obtained for the HOMO of [1]+ (−5.65 eV). This effect is ascribed to the electron-

withdrawing ability of the −F atoms in dfppy, which leads to a remarkable stabilization 

of the HOMO in [Ir1]+−[Ir5]+ and [2]+ relative to [1]+.28,40 

The energies calculated for the LUMOs of [Ir1]+−[Ir5]+ and [2]+ are also very similar 

(from −2.45 to −2.49 eV, Fig. 4 and SI Fig. 23) and slightly lower than that estimated for 

the LUMO of [1]+ (−2.41 eV). These energies show a negligible influence of either the 

replacement of a pyridine ring with a benzimidazole unit or the installation of different 

substituents on the N atom of L1−L5. Consequently, the HOMO−LUMO band gaps for 

[Ir1]+−[Ir5]+ and [2]+ (3.45−3.49 eV) are in a narrow range, but they are significantly 

higher than that corresponding to [1]+ (3.23 eV). These tendencies are in 

agreement with those observed experimentally for the electrochemical band gaps (vide 

infra). 

The nature of the emitting excited states and the emission energies for the new 

compounds (T1 − S0) were calculated using the time-dependent DFT (TD-DFT) method 

(Fig. 5). The obtained values predict very similar emission λmax for [Ir1]+−[Ir5]+ and [2]+, 

although a blue-shift relative to the respective λmax for [1]+ is also predicted. All these 

estimations are consistent with the emission energies determined experimentally (see 

next section) and establish that the presence of the electron-withdrawing −F atoms on 

the C^N ligands is the main factor affecting the emission energies. 
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Fig. 4. Schematic representation of the energies and the isovalue contour pictures calculated for the frontier 
molecular orbitals of [Ir(dfppy)2(bpy)]+, [2]+, and [Ir3]+. 

 

 
Fig. 5. Energy diagram showing the calculated energy difference values between the lowest triplet excited 
state (T1) and the singlet ground state (S0), keeping the geometry of the respective triplet for complexes 
[1]+, [2]+, and [Ir1]+−[Ir5]+. 
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2.6. Photophysical Properties 
UV−vis Absorption Spectra. The UV−vis spectra of complexes [Ir1]Cl−[Ir5]Cl were 

recorded in acetonitrile solutions (10−5 M) at 25 °C (Fig. 6(A)). The absorption spectra 

of complexes [Ir1]Cl−[Ir5]Cl show one intense absorption band centred at around 250 

nm, which corresponds to singlet spin-allowed ligand centred transitions (1LC, π→π*) 

occurring in both types of ligands, the C^N (dfppy) and the N^N′. Additional bands are 

observed at around 313 nm for [Ir2]Cl−[Ir5]Cl and 348 nm for [Ir1]Cl. These bands are 

attributed to mixed spin-allowed 1MLCT and 1LLCT transitions. The weak absorption 

tails entering in the visible region come from spin-forbidden 3MLCT and 3LC 

transitions.41,42,43 In general, the absorption bands of [Ir5]Cl are more intense and are 

more extended in the range between 420 and 500 nm, and hence overlap better with 

the emission band of the light source used in photocatalytic assays (Fig. 6(A)). This is 

likely due to the higher π-conjugation of the naphthyl group. 

Emission Spectra. The emission spectra of complexes [Ir1]Cl−[Ir5]Cl were recorded in 

solutions of dry and deoxygenated acetonitrile (10−5 M) at 25 °C under excitation at 405 

nm (see Fig. 6(B)). All the spectra are alike, featuring a broad unstructured emission 

band, typical of a high charge transfer character.40 These bands have an absolute 

maximum between 522 and 546 nm for [Ir1]Cl−[Ir5]Cl (Table 2), which resembles the 

value reported for [2]PF6 (λem = 534 nm). Nevertheless, the emission of all these 

complexes is blue-shifted relative to that of the archetypal photosensitizer [1]PF6 (602 

nm), as anticipated by DFT calculations. 

The photoluminescence quantum yields (PLQY, ΦPL) were also determined in 

deoxygenated acetonitrile solutions (10−5 M). [Ir1]Cl and [Ir3]Cl display very good 

quantum yields of 78% and 63%, respectively (Table 2). On the other hand, [Ir2]Cl and 

[Ir4]Cl feature moderate quantum yields of 36% and 46%, respectively, while [Ir5]Cl 

shows a low quantum yield (9%) equal to that of [1]PF6 (9%) and lower than that for 

[2]PF6 (18%). We speculate that the lower ΦPL values determined for [Ir2]Cl−[Ir5]Cl 

versus [Ir1]Cl are mainly due to the intramolecular rotation of the N-alkyl groups in 

solution, which favours the dissipation of energy by non-radiative channels for these 

complexes.44,45 In addition, the very low PLQY of [Ir5]Cl could be the result of an extra 

factor, that is, the thermal population of a ligand-centred (3LC, πL5 → π*L5) excited state, 

(T2, 2.70 eV) close in energy to the emissive lowest excited state (T1, 2.65 eV) (SI Table 

3). This feature provides a non-radiative decay pathway to [Ir5]Cl, since the non-

participation of the metal centre in T2 hampers the intersystem crossing process, and 

hence a low PLQY is observed.46 Therefore, we conclude that the functional group on 

the N^N′ ligand exerts an important influence in the efficiency of the emission process. 

The excited-state lifetimes (τ) are excellent for the substituted derivatives 

[Ir2]Cl−[Ir5]Cl, between 1012 and 2066 ns and much longer than that reported for 
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[1]PF6, whereas for the non-functionalized compound, [Ir1]Cl, τ is much shorter, 59 ns 

(Table 2). Hence, the functionalization of the imidazolyl nitrogen has also an important 

effect on the lifetimes of the excited states. In particular, we speculate that the 

presence of the N−H group in [Ir1]Cl could accelerate the radiative deactivation of the 

excited state relative to its functionalized counterparts [Ir2]Cl−[Ir5]Cl. The rationale for 

this could be that the ground state (S0) of [Ir1]+ is stabilized in acetonitrile solution 

through either N−H---Cl− or N−H---NC−Me hydrogen bonding interactions. By 

contrast, in the excited state, which exhibits partial 3MLCT nature, the charge transfer 

from the metal centre to the π* orbital of the N^N′ ligand decreases the polarization of 

the N−H bond and therefore the strength of the interaction with either the Cl− 

counterion or the solvent molecules, shortening the lifetime of the triplet excited state 

(T1). In [Ir2]Cl−[Ir5]Cl, the presence of bulky apolar alkyl groups impedes hydrogen-

bonding interactions and therefore avoids the differential stabilization of S0 relative to 

T1. This would explain the longer lifetimes observed for the excited states of 

[Ir2]Cl−[Ir5]Cl vs [Ir1]Cl. 

The radiative and non-radiative deactivation rate constants, kr and knr, were calculated 

from ΦPL and τ and are summarized in Table 2. It is worth noting that [Ir1]Cl has a kr < 

knr, while [Ir2]Cl−[Ir4]Cl exhibit similar values for kr and knr and [Ir5]Cl features a knr one 

order of magnitude higher than kr. 

Overall, the photophysical properties of our photosensitizers are in general superior to 

those reported for [1]PF6 47 and [2]PF6, and a priori the long lifetimes of [Ir2]Cl−[Ir5]Cl 

could favour their interaction with O2 to generate ROS. 
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Fig. 6. (A) Overlaid UV−vis absorption spectra of [Ir1]Cl−[Ir5]Cl (10−5 M) in CH3CN at 25 °C along with the 
emission spectrum of the blue light used in the photocatalytic assays. (B) Overlaid emission spectra of 
[Ir1]Cl−[Ir5]Cl (10−5 M) in deoxygenated CH3CN at 25 °C upon excitation with λex = 405 nm (right). 
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Table 2. Photophysical Properties for Complexes [Ir1]Cl−[Ir5]Cl (10−5 M) in CH3CN at 25 °C under λex = 405 
nm.[a] 

[a]Data for [1]PF6 and [2]PF6 reported by E. Zysman-Colman47,49 and De Cola,48 respectively. [b]Radiative 
deactivation rate constant: kr = φPL × τ−1. [c]Non-radiative deactivation rate constant: knr = τ−1 − kr (assuming 
unitary intersystem crossing efficiency). 

 

2.7. Electrochemical Properties 
The redox potentials of [Ir1]Cl−[Ir5]Cl were experimentally ascertained by cyclic 

voltammetry (CV) in deoxygenated CH3CN solutions (5 × 10−4 M), in order to establish 

the oxidative and reductive abilities of the corresponding ground and excited states, as 

well as the redox stability of our complexes. Potentials are referred to the 

ferrocenium/ferrocene (Fc+/Fc) couple. 

The cyclic voltammograms (CV) of these compounds are presented in Fig. 7. The anodic 

region of every CV shows two peaks: (a) an irreversible peak between +0.56 and +0.63 

V (Table 3 and Fig. 7) attributed to the oxidation of the chloride counteranion (2 Cl− → 

Cl2 + 2 e−) and (b) a reversible one electron oxidation peak in the range +1.19 to +1.22 

V, ascribed to an oxidation process affecting the Ir(III) center along with the 

difluorophenyl rings of C^N ligands,28 as disclosed by the topology of the respective 

HOMO. 

 

Complex abs (nm)  [M-1 cm-1] λem 
(nm) 

φPL 

(%) 
τ 

(ns) 
kr (s1)[b] knr (s1)[c] 

[Ir(ppy)2(bpy)]+ 
265, 310, 375, 

420 
- 602 9 275 3.38105 33105 

[Ir(dfppy)2(bpy)]+ 250, 305 - 534 18 1500 1.20105 5.47105 

[Ir1]Cl 233, 246, 348 0.303, 0.408, 0.206 522 78 59 132105 37.3105 

[Ir2]Cl 
238, 244, 319, 

331 
0.348, 0.428, 0.239, 

0.226 
539 36 2066 1.74105 3.10105 

[Ir3]Cl 
237, 244, 320, 

333 
0.328, 0.426, 0.229, 

0.215 
544 63 1321 4.77105 2.80105 

[Ir4]Cl 244, 322, 334 0.487, 0.228, 0.213 544 46 1510 3.05105 3.58105 

[Ir5]Cl 244, 321, 333 0.533, 0.268, 0.249 546 9 1012 0.89105 8.99105 
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Fig. 7. Cyclic voltammograms of complexes [Ir1]Cl−[Ir5]Cl in acetonitrile solution (5 × 10−4 M), using 0.1 M 
[nBu4N][PF6] as supporting electrolyte and recorded with a scan rate of 0.10 V·s−1. 

 

In the cathodic region, [Ir1]Cl exhibits two irreversible peaks (Ered1
1/2 = −1.79 V, Ered2

1/2 

= −2.33 V). Nonetheless, complexes [Ir2]Cl−[Ir5]Cl display one pseudo-reversible one-

electron peak and one irreversible one-electron peak in the ranges from −1.67 to −1.76 

V (Ered1
1/2) and from −2.21 to −2.27 V (Ered2

1/2), respectively. These waves are attributed 

to stepwise reductions centred in the respective N^N′ ligands, as suggested by the 

topology of the calculated LUMO for these compounds. Interestingly, the pseudo-

reversible nature of Ered1
1/2 observed for [Ir2]Cl−[Ir5]Cl, compared to the irreversible 

character of Ered1
1/2 obtained for [Ir1]Cl, underlines the stabilizing effect of the alkyl 

groups attached to the N^N′ ligands on the redox behaviour of these dyes. Moreover, 

a low intensity irreversible wave is observed for complexes [Ir2]Cl−[Ir4]Cl between 

−1.00 and −1.11 V. This peak is imputed to the oxidation of a species formed in situ by 

chemical decomposition during the CV experiment, as it can only be seen in the return 

scan. The experimental electrochemical band gaps have been calculated as the 

difference between Eox2
1/2 and Ered1

1/2. They are in a very narrow range for complexes 

[Ir1]Cl−[Ir5]Cl and are very similar to the value reported for [2]PF6, although are higher 

than the respective value for [1]PF6 in agreement with the trends predicted 

theoretically for the HOMO−LUMO band gaps. Paradoxically, the excited states of this 

type of Ir(III) derivatives exhibit a versatile and outstanding redox behavior.50,51,52 

Indeed, our dyes show a high excited-state redox power as oxidants, E1/2(IrIII*/IrII) 

ranges from +0.54 to +0.61 V, and also as reductants, E1/2(IrIV/IrIII*) ranges from −1.16 

to −1.05 V (Fig. 8 and SI Table 4), and they are meaningfully better excited-state 

oxidants than the standard photosensitizer [1](PF6) (E1/2(IrIII*/IrII) = +0.28 V).53 These 

facts underscore their potential as photocatalysts in single electron transfer (SET) 

processes. 
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Table 3. Redox potentials for complexes [Ir1]Cl−[Ir5]Cl referenced to Fc+/Fc and recorded by CV in 
acetonitrile solution.[a] 

Complex Eox1
1/2 (V) Eox2

1/2 (V) Ered1
1/2 (V) Ered2

1/2 (V) E1/2 (V)[b] E1/2(IrIV/IrIII*)[d] E1/2(IrIII*/IrII)[d] 

[1]PF6
[c] - +]0.87 -1.78 (qr) - 2.65 -1.19 +0.28 

[2]PF6
[c] - +1.22 -1.65 - 2.87 -1.10 +0.67 

[Ir1]Cl +0.63 (ir) +1.22 (qr) -1.79 (ir) -2.33 (ir) 3.01 -1.16 +0.59 

[Ir2]Cl +0.58 (ir) +1.19 (qr) -1.76 (qr) -2.27 (ir) 2.95 -1.11 +0.54 

[Ir3]Cl +0.56 (ir) +1.21 (qr) -1.69 (qr) -2.22 (ir) 2.90 -1.07 +0.59 

[Ir4]Cl +0.59 (ir) +1.22 (qr) -1.67 (qr) -2.21 (ir) 2.89 -1.06 +0.61 

[Ir5]Cl +0.59 (ir) +1.22 (qr) -1.69 (qr) -2.23 (ir) 2.91 -1.05 +0.58 

[a]Data for [1]PF6 and [2]PF6 reported by McCusker53 and Ko,54 respectively. Voltammograms recorded in 
acetonitrile solution (5 × 10−4 M), using 0.1 M [nBu4N][PF6] as supporting electrolyte with scan rate of 0.10 
V·s−1 and referenced to Fc+/Fc (qr = quasi-reversible, ir = irreversible) [b]ΔE1/2 = Eox2

1/2 − Ered1
1/2. [c]Data for 

[1]PF6 and [2]PF6 are given in acetonitrile vs Fc+/Fc (calculated from the original works using the equation: 
V(Fc+/Fc) = V(SCE) − 0.404). [d]E1/2(IrIV/IrIII*) and E1/2(IrIII*/IrII) are calculated as explained in Table S4. 

 

 
Fig. 8. Latimer diagram for [Ir3]Cl, with redox potentials determined by CV and the emission energy 
calculated from the photoluminescence spectrum. The redox potentials for [Ir3]+ and its excited state [Ir3*]+ 
are given in V versus Fc+/Fc. E1/2(IrIV/IrIII*) = E1/2(IrIV/IrIII) − E1/2(IrIII*/IrIII) and E1/2(IrIII*/IrII) = E1/2(IrIII/IrII) + 
E1/2(IrIII*/IrIII). All the potential values are given as reduction potentials regardless the sense of the arrows 
for the quenching cycles. 

 

2.8. Photocatalytic Activity in the Oxidation of Heterocycles 
The new iridium complexes were tested as photocatalysts in the dehydrogenation of 

different partially saturated heterocycles (indolines, quinolines, isoquinolines, etc.). 

First, we chose indoline (1a) as the model substrate and irradiated it with blue light 

(460 nm) in the presence of [Ir1]Cl (1 mol %) under O2 (1 atm, pure oxygen balloon) at 

room temperature for 24 h, using three different solvents, i.e.: acetonitrile, 

dichloromethane, and ethanol. 

Thus, we could determine that acetonitrile is the best solvent choice, since it provides 

a quantitative yield (>99%) for indole (2a), whereas lower yields were obtained using 

dichloromethane and ethanol (Table 4) under analogous conditions. 
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Table 4. Solvent screening in the photooxidation of indoline 1a.[a] 

Entry Solvent Yield (%) 

1 CH3CN 100 

2 CH2Cl2 65 

3 EtOH 48 

[a] Reaction conditions: indoline 1a (10 mM), PC ([Ir1]Cl, 1 mol %), solvent (0.5 mL), O2 (balloon, 1 atm), 

blue light (LED, ir = 460 nm, 24 W), room temperature, for 24 hours. Yields of 2a were experimentally 

determined by 1H NMR integration of the corresponding reaction crudes. The yield values were calculated 

as the mean of three independent experiments. 

 

It is noteworthy that the transformation is selective for 2a, since no overoxidation 

products such as isatin were observed.55,56 Then, we performed a catalyst screening for 

the photooxidation of indoline (1a) using acetonitrile as solvent and a catalyst loading 

of 0.1 % for [Ir1]Cl−[Ir5]Cl and also for the standard PSs [1]Cl and [2]Cl. Consequently, 

we found out that [Ir3]Cl is the most efficient catalyst for the oxidative 

dehydrogenation of indoline (1a), whereas [Ir1]Cl provided a very low yield for 2a 

(entries 1 and 3, Table 5). We tentatively explain the poor yield obtained with the non-

alkylated luminophore [Ir1]Cl owing to the irreversible nature of its reduction [IrIII] → 

[IrII] and also to its short excited-state lifetime, as seen in Fig. 7 and discussed in the 

Mechanism section. 

 
Table 5. Photocatalysts screening in the photooxidation of indoline 1a.[a] 

 

Entry Complex Yield (%) 

1 [1]Cl 54 

2 [2]Cl 55 

3 [Ir1]Cl 20 

4 [Ir2]Cl 42 

5 [Ir3]Cl 62 

6 [Ir4]Cl 58 

7 [Ir5]Cl 57 

[a] Reaction conditions: indoline 1a (10 mM), PC (0.1 mol %), acetonitrile (0.5 mL), O2 (balloon, 1 atm), blue 
light (LED, irr = 460 nm, 24 W), room temperature, for 24 hours. Yields of 2a were experimentally 
determined by 1H NMR integration of the corresponding reaction crudes. The yield values were calculated 
as the mean of three independent experiments. 
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By contrast, it is worth remarking that the alkylated derivatives, [Ir3]Cl−[Ir5]Cl, provide 

better yields than the standard PSs, [1]Cl and [2]Cl, as a result of a balanced 

combination of favourable photophysical and electrochemical properties. 

Next, we performed a set of control experiments to verify the photocatalytic essence 

of this transformation and the role of O2. Indeed, we realized that in the absence of 

light, PC, or O2 (N2 atmosphere), the reaction did not proceed or was dramatically 

impeded, and thus we concluded that this transformation is light-driven in the presence 

of a PC and that oxygen is involved in the oxidation (Table 6). It is worth mentioning 

that the detection of a small percentage of 2a under a N2 atmosphere (entry 4, Table 

6) could be due to the presence of O2 traces in the solvent (incomplete deoxygenation). 

Moreover, we carried out additional control experiments in the presence of DABCO 

(1O2 quencher),57 TEMPO (radical scavenger),58 and 1,4-benzoquinone (BQ, O2
•− 

scavenger)56,59 to elucidate the actual oxidant. The presence of DABCO decreases the 

yield slightly (84%), while TEMPO and BQ cause a dramatic and significant drop of the 

yield, respectively. These results suggest that superoxide has a major contribution in 

this reaction, while singlet oxygen plays just a minor role (Table 6). 

 
Table 6. Control experiments for the photooxidation of indoline 1a.[a] 

 

Entry Conditions Yield (%) 

1 PC, O2, light 100 

2 PC, O2, no light 0 

3 No PC, O2, light 0 

4 PC, N2, light 10 

5 PC, O2, light, DABCO[b] 84 

6 PC, O2, light, TEMPO[c] 15 

7 PC, O2, light, BQ[d] 45 

[a] Reaction conditions: indoline 1a (10 mM), PC ([Ir3]Cl, 0.3 mol %), CH3CN (0.5 mL) at room temperature, 

under a saturated atmosphere of either O2 or N2 (1 atm) and under irradiation with blue light (LED, irr = 
460 nm, 24 W) during 24 hours in a septum-capped tube. Yields of 2a were determined by 1H NMR 
integration of the corresponding reaction crudes. [b]DABCO (3 eq). [c]TEMPO (3 eq). [d]BQ (3 eq). The yield 
values were calculated as the mean of three independent experiments. 

 

Then, we tested the substrate scope using the optimized conditions on a variety of 

indolines bearing different functional groups (Table 7). Most of the desired indoles 

were obtained in high yields and with excellent selectivity. However, the oxidation of 

1-acetyl-5-bromoindoline (1f) was ineffective. This failure is likely due to the electron-

withdrawing and steric effects attributed to the N-acetyl group, which inhibit the 

oxidation step.8,16,18 Indeed, according to our general mechanistic proposal, we presume 
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that the reductive quenching of the triplet excited state of the PC, 3[IrIII]*, in the 

presence of 1f would give rise to an unstable radical cation intermediate due to the 

remarkable electron-withdrawing effect attributed to the formyl substituent on the N 

atom. Moreover, the oxidative dehydrogenation of 5-nitroindoline (1c) and 6-

nitroindoline (1g) were also precluded (0 and 20% of respective indoles), which is likely 

related to the strong electron-withdrawing ability of the −NO2 group.18 Indeed, it is well-

known that electron-poor nitro-aromatic substrates can undergo a photoinduced 

electron donation from the triplet excited state of different photosensitizers, which 

competes with the photoinduced reductive quenching proposed as one of the steps in 

the mechanism of this reaction.60,61 

To validate the applicability of this protocol, we decided to scale the reaction up to 1 g 

(gram scale) of indoline (1a) in the presence of [Ir3]Cl (0.3 mol %). Thus, it was possible 

to obtain 2a in 95 % yield by increasing the reaction time from 24 to 75 h. (see 1H and 
13C NMR and characterization of isolated products in SI Fig. 40 and 41). 

 
Table 7. Substrate Scope for the photooxidation of indolines[a] 

 

Entry Substrate Product 
Yield (%) / 

[Photocatalyst (mol%)] 

1 

  

 
100 [0.3] 

2 

  

 
62 [1] 

3 

  

 
0 [1.5] 

4 

  

 
94 [1] 

5 

  

 
100 [0.3] 
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6 

  

 
0 [1.5] 

7 

  

 
20 [1.5] 

[a] Reaction conditions: indoline (10 mM), PC ([Ir3]Cl; 0.1 – 1.5 mol %), CH3CN (0.5 mL) at room 

temperature, under a saturated atmosphere of O2 (1 atm) and under irradiation with blue light (LED, irr = 

460 nm, 24 W) during 24 hours in a septum-capped tube. Yields were determined by 1H NMR integration 

of the corresponding reaction crudes. The yield values were calculated as the mean of three independent 

experiments. 

 

Next, we assayed the stepwise oxidative dehydrogenation of 1,2,3,4-
tetrahydroquinolines to produce the respective quinolines. First, we selected 1,2,3,4-
tetrahydroquinoline (THQ, 3a) as the model substrate and applied the standard 
conditions using [Ir1]Cl as the photocatalyst (1 mol %) for 24 h in three different 
solvents, that is, acetonitrile, dichloromethane, and ethanol (Table 8). 
 

Table 8. Solvent screening in the photooxidation of 1,2,3,4-tetrahydroquinoline 3a.[a] 

 
 
 

Entry Solvent Yield (%) 

1 CH3CN 20 

2 CH2Cl2 13 

3 EtOH 7 

[a] Reaction conditions: 1,2,3,4-tetrahydroquinoline 3a (10 mM), PC ([Ir1]Cl, 1 mol %), solvent (0.5 mL), O2 

(balloon, 1 atm), blue light (LED, irr = 460 nm, 24 W), room temperature for 24 hours. Yields of 4a were 
experimentally determined by 1H NMR integration of the corresponding reaction crudes. The yield values 
were calculated as the mean of three independent experiments. 

 
Again, acetonitrile provided the best yield for quinoline, 4a, (20%) and was chosen as 

the solvent for additional experiments. Partial dehydrogenation products such as 3,4-

dihydroquinoline were not detected, making this protocol selective.62 A PCs screening 

including complexes [Ir1]Cl−[Ir5]Cl and also [1]Cl and [2]Cl was performed using a 

catalyst loading of 1 mol %. Unlike [Ir1]Cl, the functionalized PCs, [Ir2]Cl−[Ir5]Cl, 

promoted full conversions of 3a to 4a under these conditions. Hence, in order to 

discriminate the most active PC, we examined the photocatalytic activity of these 

complexes one more time, decreasing the catalyst loading down to 0.1 mol % (Table 9). 

In short, [Ir4]Cl turned out to be the most efficient PC (70 % yield of 4a), and again, the 

non-alkylated complex, [Ir1]Cl, was by far the less efficient PC. Besides, complexes 
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[Ir3]Cl−[Ir5]Cl exhibited better performances than the archetypal photosensitizer [1]Cl, 

and [Ir4]Cl−[Ir5]Cl are even more active than the fluorinated standard PS [2]Cl. We 

theorize that the good performance of [Ir5]Cl, despite its low ΦPL, could be ascribed to 

its better absorptivity in the visible range. 

 
Table 9. Photocatalysts screening in the photooxidation of 1,2,3,4-tetrahydroquinoline 3a.[a] 

 

 

 
Entry Complex Yield (%) 

1 [1]Cl 45 

2 [2]Cl 62 

3 [Ir1]Cl 0 

4 [Ir2]Cl 27 

5 [Ir3]Cl 56 

6 [Ir4]Cl 70 

7 [Ir5]Cl 68 

[a] Reaction conditions: 1,2,3,4-tetrahydroquinoline 3a (10 mM), PC (0.1 mol %), acetonitrile (0.5 mL), O2 

(balloon, 1 atm), blue light (LED, irr = 460 nm, 24 W), room temperature for 24 hours. Yields of 4a were 
experimentally determined from 1H NMR integration of the corresponding reaction crudes. The yield 
values were calculated as the mean of three independent experiments.  

 

The usual control experiments were done to gain insight into the mechanism of this 

transformation. In particular, we observed no conversion without light or PC as well as 

a drastic decrease in the yield in the absence of O2 (4% of 4a, under a N2 atmosphere) 

(Table 10). The use of the ROS scavengers DABCO, TEMPO, and BQ revealed similar 

behaviours to those established for the photooxidation of indoline, that is, a slight drop 

in the yield of 4a in the presence of DABCO (87%), but a severe inhibition of the 

transformation in the presence of TEMPO (7%) and BQ (17%) relative to the standard 

conditions (entries 1 and 5−7 in Table 10). In conclusion, we propose that both singlet 

oxygen and superoxide take part in the dehydrogenation reaction of 1,2,3,4- 

tetrahydroquinoline, although the main role would correspond to the radical anion 

superoxide (O2
•−). To gain additional insight into the reaction mechanism, we 

performed emission quenching Stern−Volmer experiments. Thus, we could determine 

that phosphorescence of [Ir4]Cl was strongly quenched in the presence of increasing 

concentrations of 3a under nitrogen, and consequently we proved that reductive 

quenching can be rationally proposed as the first step in the mechanism of this 

transformation. In other words, we concluded that 3a can be efficiently oxidized by 

[Ir4]*+ with a quenching constant, Ksv = 29.728 × 103 M−1.63,64,65 However, we also 

demonstrated that the emission of [Ir4]Cl is quenched upon exposure to open air (SI 
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Fig. 47). Hence, oxidative quenching of [Ir4]*+ mediated by O2 can operate as the first 

step in the mechanism of this reaction as well. See a detailed discussion below. 

 
Table 10. Control experiments for the photooxidation of 1,2,3,4-tetrahydroquinoline 3a.[a] 

 

 

 
Entry Conditions Yield (%) 

1 PC, O2, light 100 

2 PC, O2, no light 0 

3 No PC, O2, light 0 

4 PC, N2, light 4 

5 PC, O2, light, DABCO[b] 86 

6 PC, O2, light, TEMPO[c] 7 

7 PC, O2, light, BQ[d] 17 

[a] Reaction conditions: 1,2,3,4-tetrahydroquinoline 3a (10 mM), PC ([Ir4]Cl; 0.7 mol %), CH3CN (0.5 mL) at 

room temperature, under a saturated atmosphere of either O2 or N2 (1 atm) and under irradiation with 

blue light (LED, irr = 460 nm, 24 W) during 24 hours in a septum-capped tube. Yields of 4a were determined 

by 1H NMR integration of the corresponding reaction crudes. [b]DABCO (3 eq). [c]TEMPO (3 eq). [d]1,4-

Benzoquinone (3 eq). The yield values were calculated as the mean of three independent experiments. 

 

To complete this study, we extended the above-mentioned protocol to a selection of 

tetrahydroquinolines and analogues, such as 1,2,3,4-tetrahydroisoquinoline, 9,10-

dihydroacridine and several 1,2,3,4-tetrahydroquinoxalines (Table 11). 

In general, we obtained high yields and excellent selectivity for most of the expected 

products (4b, 4c, and 4e−4h). In a previous photocatalytic protocol, Bahnemann et al. 

obtained a mixture between the partially dehydrogenated product 4b and the fully 

dehydrogenated product, when using the tetrahydroisoquinoline 3b.18 However, the 

yields for the quinoxalines, 4i−4k, and 6-methyl-quinoline, 4f, were only moderate, in 

the range between 52 and 62%. On the other hand, 2,3-dihydrobenzofuran-5-

carboxaldehyde (3d) was not oxidized to its dehydrogenated derivative. It is 

noteworthy that the oxidation of 7-nitro-1,2,3,4-tetrahydroquinoline (3c) was achieved 

albeit with a low yield, since, as aforementioned, the nitro substituent usually behaves 

as a quencher for the excited state of PCs. Moreover, the yield for 4c could be improved 

by prolonging the reaction time and increasing the catalyst loading (>99% yield, with 5 

mol % PC, 48 h). 

After this, we successfully scaled our methodology up to 1 g (gram scale) of 3a in the 

presence of [Ir4]Cl (0.7 mol %) to obtain 4a with a yield of 88%, albeit it was necessary 

to extend the reaction time from 24 to 75 h (see 1H and 13C NMR spectra and 

characterization of isolated products in SI Fig. 42 and 43). 
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Table 11. Substrate Scope for the photooxidation of tetrahydroquinolines[a] 

 
Entry Substrate Product Yield (%) / [PC (mol %)] 

1 

  

 
100 [0.7] 

2 

  

 
100 [0.7] 

3 

  

 
40 / >99[b] [5] 

4 

  

 
0 [5] 

5 

  

 
100 [0.7] 

6 

  

 
61 [1.5] 

7 

  

 
94 [1.5] 

8 

  

 
100 [0.7] 

9 

 
 

 
52 [1.5] 

10 

 
 

 
54 [3] 

11 

 
 

 
62 [5] 
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[a] Reaction conditions: substrate (10 mM), PC ([Ir4]Cl; 0.1 - 5 mol %), CH3CN (0.5 mL) at room temperature, 

under a saturated atmosphere of O2 (1 atm) and under irradiation with blue light (LED, irr = 460 nm, 24 

W) during 24 hours in a septum-capped tube. Yields were determined by 1H NMR integration of the 

corresponding reaction crudes. [b]Reaction time of 48 hours. The yield values were calculated as the mean 

of three independent experiments. 

 

2.9. Mechanism 
Based on the experimental results summarized in Table 12 along with the bibliographic 

background,17 we propose a dual mechanism for the aerobic photooxidative 

dehydrogenation of 1,2,3,4-tetrahydroquinoline based on both a reductive quenching 

cycle (pathway A) and simultaneously on an oxidative quenching cycle (pathway B). In 

both cases, the reaction is mediated by the radical anion superoxide (O2
•−), and we 

postulate that both mechanisms could operate concurrently (Fig. 10). 

 
Table 12. Experimental evidences supporting both the reductive and the oxidative quenching cycles as well 

as the participation of O2
 in the afore-mentioned photocatalytic reactions. 

Evidence Experiment 

 Strong inhibition of photocatalytic oxidation in the 

presence of TEMPO and BQ (radical and O2
 

scavengers). 

Control experiments performed in Tables 6 
and 10. 

 Low photocatalytic activity obtained for [Ir1]Cl, 
due to irreversible reductive quenching. 

Screening of photocatalysts (Tables 5 and 
9) and Redox Potentials (Table 3). 

 Low dehydrogenation for 1c, 1g and 3c, due to the 
presence of –NO2 groups which induce oxidative 
quenching on PS and inhibit the photocatalytic 
quenching steps. 

Substrate scope experiments. See Table 7 
and 11. 

 Suitable redox potentials for sustaining both a 
reductive quenching cycle and an oxidative 
quenching cycle. 

See text in this section, Table 3 and SI 
Table 4. 

 Detection of H2O2. 1H NMR of crudes and peroxide test sticks. 

 Evidence of both reductive quenching of *PC in the 
presence of THQ and oxidative quenching in the 
presence of O2. 

SternVolmer Experiments in Fig. 9 and SI 
Fig. 47. 

 

Pathway A. First, the model Ir(III) photosensitizer, [Ir3]Cl, is promoted to the singlet 

excited state under irradiation with blue light and then is converted to the respective 

triplet excited state through intersystem crossing. This species, 3[IrIII]*, exhibits a high 

oxidation ability and therefore is capable of generating the radical cation intermediate 

species A (THQ+), through a SET, which entails a reductive quenching of the excited 

state. The redox potential of the couple THQ/THQ+ was determined by CV, 

E(THQ/THQ+) = −0.16 V vs Fc+/Fc (SI Fig. 24) and compared to E(IrIII*/IrII) = +0.59 V to 

demonstrate the feasibility of this step. Concurrently, the reduced form of the PC, [IrII], 

is formed, and then, [IrII] reduces O2 to produce O2
•−. Next, two protons and one 

additional electron are transferred from intermediate A to O2
•−, resulting in 
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intermediate B plus one molecule of hydrogen peroxide (H2O2). It is noteworthy that 

H2O2 has been detected by both 1H NMR and using Quantofix peroxide sticks in the 

crude solutions of photocatalytic assays (see SI). Subsequently, imine-enamine 

tautomerization facilitates the second oxidation process, yielding the aromatic 

heterocycle. 

Pathway B. Alternatively, 3[IrIII]* can undergo oxidative quenching upon reaction with 
O2 to produce O2

•− and concomitantly the oxidized intermediate [IrIV] (Fig. 10). Both the 
emission quenching of [Ir4]Cl in the presence of O2 and the corresponding redox 
potentials, E(IrIII*/IrIV) = 1.06 V and E(O2/O2

•−) = −0.95 V versus Fc+/Fc support this step. 
Subsequently, [IrIV] oxidizes THQ to generate the species A (THQ+), returning to its 
ground state [IrIII]. Then, O2

•− and species A react with each other to give B and C, as 
explained above for pathway A. A similar mechanism could operate for the 
photocatalytic aerobic dehydrogenation of indolines, etc. 
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Fig. 9. (A) Stern−Volmer quenching experiments. Emission quenching of [Ir4]Cl (0.07 mM in CH3CN, 25 °C) 
upon incremental addition of substrate 3a (0.1−2 mM) under N2 and λir = 405 nm (left). (B) Stern−Volmer 
quenching plot, where I0 = PL intensity of [Ir4]Cl at [3a] = 0 mM; I = PL intensity of [Ir4]Cl at different [3a]; 
I0/I = 29.728 × [3a] + 1.0544; R2 = 0.9996 (right). 
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Fig. 10. Pathways A and B for the oxidative dehydrogenation of 3a in the presence of the new Ir(III) PCs. 
Steps (2), (3) and (4), (5) etc. from species A are common for both pathways. 

 

3. Conclusions 
In conclusion, we have designed and prepared a new family of Ir(III) photosensitizers of 

general formula [Ir(C^N)2(N^N′)]Cl, where C^N = 2-(2,4-difluorophenyl)pyridinate and 

N^N′ = 2-(2′-pyridyl)benzimidazole (L1) or its N-alkylated derivatives L2-L5.We have 

ascertained that these complexes are notably stable under irradiation with blue light 

for a period of 24 h. Moreover, we have demonstrated that they absorb weakly in the 

visible light region and can be excited with blue light. Indeed, all of them are emissive 

in the range between 522 and 546 nm (λex = 405 nm). In particular, the N-functionalized 

derivatives, [Ir2]Cl−[Ir5]Cl, exhibit moderate or high PLQYs (9−63%) and very long 

excited-state lifetimes (1012−2066 ns). On the contrary, the non-alkylated compound, 

[Ir1]Cl, features an excellent PLQY (78%) but a very short excited-state lifetime (59 ns). 

This divergent behaviour suggests that the N−H group speeds up the radiative 

deactivation of the excited state for [Ir1]Cl, by stabilization of the ground state through 

hydrogen bonds with counterion/solvent molecules, whereas the replacement of the 

N−H with apolar N-alkyl groups prevents this effect on the ground state and lengthens 

the lifetime of the respective excited states in acetonitrile. Regarding their 

electrochemical properties, all the Ir complexes display a similar redox behaviour, with 

electrochemical band-gaps higher than that determined for the standard 

photosensitizer [Ir(ppy)2(bpy)]PF6, [1]PF6. This is due to the strong stabilization of the 

HOMO, associated with the presence of electro-withdrawing −F atoms in the C^N 
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ligands of our PS, as revealed by theoretical calculations. Nevertheless, [Ir1]Cl features 

an irreversible Ered1
1/2 in contrast to the reversible Ered1

1/2 of its derivatives. 

Upon excitation with blue light, these compounds exhibit highly efficient and selective 

photocatalytic activities in the preparation of a wide variety of aromatic N-heterocyclic 

products through oxidative dehydrogenation of partially saturated substrates such as 

different indolines, 1,2,3,4-tetrahydroquinolines, 1,2,3,4-tetrahydroisoquinoline, 9,10-

dihydroacridine, and 1,2,3,4-tetrahydroquinoxalines. More specifically, the 

performance of the N-alkylated derivatives is better than that of [Ir1]Cl in these 

transformations, which seems to be linked to either the irreversible Ered1
1/2 of [Ir1]Cl 

compared to the reversible Ered1
1/2 of [Ir2]Cl-[Ir5]Cl or the low excited-state lifetime of 

[Ir1]Cl. We have proved the efficiency of this methodology on a gram scale for the 

synthesis of 2a and 4a. It is worth mentioning that this protocol satisfies most of the 

requirements of green chemistry, since it makes use of O2 as a green oxidant, 

acetonitrile as a low boiling point solvent, visible light as the energy source, and very 

low PC loadings.66 Furthermore, we propose that these Ir-photosensitized 

transformations occur through a dual mechanism based on both a reductive quenching 

cycle (pathway A) and an oxidative quenching cycle (pathway B) which operate 

simultaneously and are mediated by the radical anion superoxide (O2
•−). 

To summarize, we have shown that the easy N-alkylation of 2-(2′-pyridyl)benzimidazole 

affords ligands suitable for the assembly of Ir(III) photosensitizers, [Ir2]Cl−[Ir5]Cl, which 

feature ideal properties to be used in photoredox catalysis. Indeed, these PSs exhibit 

highly efficient and selective photocatalytic activities in the preparation of a wide 

variety of N-heterocyclic products through oxidative dehydrogenation of partially 

saturated substrates. The above-mentioned results provide insights and tools for the 

rational design of efficient photocatalysts. 
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4. Synthesis and characterization 

4.1. Ir(III)-complexes 
[Ir(dfppy)2(L1)]Cl: [Ir1]Cl 

In a 100 mL Schlenk flask, previously purged with 

nitrogen, the ancillary ligand L1 (0.0323 g, 0.165 

mmol) was added to a solution of [Ir(µ-Cl)(dfppy)2]2 

(0.1003 g, 0.082 mmol) in a mixture of 

dichloromethane (8 mL) / methanol (10 mL), and the 

mixture was stirred at 60 C for 24 hours under a N2 

atmosphere. The resulting solution was concentrated 

to half the volume under vacuum and diethyl ether 

(15 mL) was added to precipitate a crude solid that 

was isolated by filtration and washed with diethyl 

ether (2×5 mL). The product was dried under vacuum 

to produce a yellow powder. Yield: 0.0940 g (0.117 

mmol, 71%). Mr (C34H21ClF4IrN5) = 803.23 g/mol. Anal. Calcd for C34H21ClF4IrN5(CH2Cl2)0.15: C 

50.27; H 2.63; N 8.58; Found: C 50.55; H 2.59; N 8.24. 1H NMR (400 MHz, DMSO-d6, 25 C) δ 

15.91 (bs, 1H, NH), 9.06 (d, J = 7.4 Hz, 1H, He), 8.38 (t, J = 7.8 Hz, 1H, Hd), 8.25 (dd, J = 21.6, 8.3 

Hz, 2H, H3, H3´), 8.07 – 7.85 (m, 3H, H4, H4´, Hb), 7.83 – 7.64 (m, 4H, Hj, H6, H6´, Hc), 7.39 (t, J = 7.7 

Hz, 1H, Hk), 7.22 (q, J = 5.9 Hz, 2H, H5, H5´), 7.13 (t, J = 7.7 Hz, 1H, Hl), 7.08 – 6.87 (m, 2H, H10, 

H10´), 6.21 (d, J = 8.3 Hz, 1H, Hm), 5.76 (d, J = 7.1 Hz, 1H, H12), 5.67 (d, J = 7.4 Hz, 1H, H12´) ppm. 
19F NMR (376 MHz, DMSO-d6, 25 C) δ -106.68 (q, J = 9.7 Hz, 1F, F11), -107.11 (q, J = 9.2 Hz, 1F, 

F11’), -108.83 (t, J = 11.5 Hz, 1F, F9), -109.31 (t, J = 11.8 Hz, 1F, F9’) ppm. 13C{1H} NMR (101 MHz, 

DMSO-d6, 25 C) δ 163.38, 162.69, 161.53, 160.84, 158.94, 155.06, 153.29, 151.27, 150.54, 

149.93, 149.84, 149.73, 149.64, 146.94, 140.20, 139.61, 139.38, 134.51, 128.80, 128.16, 127.78, 

125.36, 124.71, 124.30, 123.09, 122.90, 122.60, 115.56, 114.04, 113.97, 113.47, 112.90, 98.71, 

98.55 ppm. FT-IR (KBr, cm-1) selected bands: 3333 (w, νN-H), 3017 (w, νC=CH), 1602-1571 (m, νC=C 

+ C-N), 1429 (w, νC=N), 1165 (m, νC-C), 1042 (m, δC-Hip), 750-739 (vs, δC-Hoop). HR ESI+ MS 

(DCM/DMSO, 4:1): m/zexp = 768.1368 (m/zcalcd [M+] = m/zcalcd [C34H21F4IrN5]+ = 768.1362) ); 

573.0560 (m/zcalcd [M+-L1] = m/zcalcd [C22H12F4IrN2]+ = 573.0566). Solubility: soluble in dimethyl 

sulfoxide, dichloromethane, methanol, acetone, acetonitrile, dimethylformamide, 

tetrahydrofuran. 
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[Ir(dfppy)2(L2)]Cl: [Ir2]Cl 
In a 100 mL Schlenk flask, previously purged with 

nitrogen, the ancillary ligand L2 (0.0387 g, 0.185 

mmol) was added to a solution of [Ir(µ-Cl)(dfppy)2]2 

(0.1001 g, 0.082 mmol) in a mixture of 

dichloromethane (8 mL) / methanol (10 mL), and the 

mixture was stirred at 60 ºC for 24 hours under a N2 

atmosphere. The resulting solution was 

concentrated to half the volume under vacuum and 

diethyl ether (15 mL) was added to precipitate a 

crude solid that was isolated by filtration and washed 

with diethyl ether (2×5 mL). The product was dried 

under vacuum to produce a yellow powder. Yield: 

0.0896 g (0.110 mmol, 67%). Mr (C35H23ClF4IrN5) = 

817.25 g/mol. Anal. Calcd for C35H23ClF4IrN5(CH2Cl2)0.88: C 48.31; H 2.80; N 7.85; Found: C 48.35; 

H 2.85; N 8.19. 1H NMR (400 MHz, DMSO-d6, 25 C) δ 8.85 (d, J = 8.4 Hz, 1H, He), 8.36 (t, J = 8.0 

Hz, 1H, Hd), 8.30 (d, J = 8.7 Hz, 1H, H3), 8.23 (d, J = 8.6 Hz, 1H, H3´), 8.05 – 7.94 (m, 4H, H4, H4´, Hj, 

Hb), 7.80 (d, J = 5.9 Hz, 1H, H6), 7.77 – 7.68 (m, 2H, H6´, Hc), 7.48 (t, J = 7.8 Hz, 1H, Hk), 7.27 – 7.14 

(m, 3H, H5´, H5, Hl), 7.08 – 6.93 (m, 2H, H10, H10´), 6.24 (d, J = 8.3 Hz, 1H, Hm), 5.72 (d, J = 8.4 Hz, 

1H, H12), 5.63 (d, J = 8.4 Hz, 1H, H12´), 4.48 (s, 3H, HN-Me) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 

25 C) δ 162.74, 159.36, 159.01, 155.65, 155.08, 152.83, 151.90, 151.42, 151.32, 150.19, 149.35, 

148.02, 146.67, 145.18, 139.82, 138.32, 136.51, 134.23, 133.13, 130.81, 130.11, 127.82, 126.48, 

125.10, 124.37, 124.26, 123.34, 120.46, 120.10, 113.76, 112.93, 98.78, 33.52 ppm.  19F NMR 

(376 MHz, DMSO-d6, 25 C) δ -106.57 (q, J = 9.6 Hz, 1F), -107.01 (q, J = 8.9 Hz, 1F), -108.75 (t, J 

= 11.2 Hz, 1F), -109.21 (t, J = 11.2 Hz, 1F) ppm. FT-IR (KBr, cm-1) selected bands: 3064 (w, νC=CH), 

1601-1571 (m, νC=C + C-N), 1428 (w, νC=N), 1162 (m, νC-C), 1042 (m, δC-Hip), 746 (vs, δC-Hoop). HR ESI+ 

MS (DCM/DMSO, 4:1): m/zexp = 782.1520 (m/zcalcd [M+] = m/zcalcd [C35H23F4IrN5]+ = 782.1519); 

573.0558 (m/zcalcd [M+-L2] = m/zcalcd [C22H12F4IrN2]+ = 573.0566). Solubility: soluble in dimethyl 

sulfoxide, dichloromethane, methanol, acetone, acetonitrile, dimethylformamide, 

tetrahydrofuran. 
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[Ir(dfppy)2(L3)]Cl: [Ir3]Cl 

In a 100 mL Schlenk flask, previously purged 

with nitrogen, the ancillary ligand L3 (0.0530 

g, 0.186 mmol) was added to a solution of 

[Ir(µ-Cl)(dfppy)2]2 (0.1003 g, 0.082 mmol) in 

a mixture of dichloromethane (8 mL) / 

methanol (10 mL), and the mixture was 

stirred at 60 ºC for 24 hours under a N2 

atmosphere. The resulting solution was 

concentrated to half the volume under 

vacuum and diethyl ether (15 mL) was 

added to precipitate a crude solid that was 

isolated by filtration and washed with 

diethyl ether (2×5 mL). The product was dried under vacuum to produce a yellow powder. Yield: 

0.1216 g (0.136 mmol, 83%). Mr (C41H27ClF4IrN5) = 893.35 g/mol. Anal. Calcd for 

C41H27ClF4IrN5
.(CH2Cl2)1.2: C 50.93; H 2.98; N 7.04; Found: C 50.97; H 3.24; N 7.35. 1H NMR (400 

MHz, DMSO-d6, 25 C) δ 8.54 (d, J = 8.4 Hz, 1H, He), 8.31 (d, J = 8.6 Hz, 1H, H3), 8.27 – 8.17 (m, 

2H, H3´, Hd), 8.01 (td, J = 14.6, 14.1, 6.8 Hz, 4H, H4, H4´, Hj, Hb), 7.91 (d, J = 5.9 Hz, 1H, H6), 7.71 – 

7.62 (m, 2H, H6´, Hc), 7.53 – 7.44 (m, 1H, Hk), 7.29 (ddt, J = 28.6, 12.8, 6.9 Hz, 6H, Hr, Hr, Hs, H5, 

H5´, Hl), 7.13 – 6.94 (m, 4H, Hq, Hq, H10, H10´), 6.41 – 6.23 (m, 3H, Ho, Ho, Hm), 5.77 (dd, J = 8.4, 2.1 

Hz, 1H, H12), 5.64 (dd, J = 8.4, 2.1 Hz, 1H, H12´) ppm. 19F NMR (376 MHz, DMSO-d6, 25 C) δ -

106.51 (q, J = 9.6 Hz, 1F), -106.89 (q, J = 9.2, 8.6 Hz, 1F), -108.63 (t, J = 11.9 Hz, 1F), -109.13 (t, J 

= 11.6 Hz, 1F) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 C) δ 162.77, 155.17, 152.52, 152.48, 

151.71, 150.20, 149.66, 145.70, 140.30, 139.98, 139.89, 138.44, 136.69, 135.17, 135.13, 129.25, 

129.16, 129.12, 128.02, 126.39, 125.87, 124.54, 124.36, 123.19, 116.36, 113.87, 113.65, 113.25, 

113.02, 99.07, 98.90, 48.36 ppm. FT-IR (KBr, cm-1) selected bands: 3063 (w, νC=CH), 1602-1569 

(m, νC=C + C-N), 1429 (w, νC=N), 1165 (m, νC-C), 1067-1024-1013 (m, δC-Hip), 741 (vs, δC-Hoop). HR ESI+ 

MS (DCM/DMSO, 4:1): m/zexp = 858.1830 (m/zcalcd [M+] = m/zcalcd [C41H27F4IrN5]+ = 858.1831); 

573.0554 (m/zcalcd [M+-L3] = m/zcalcd [C22H12F4IrN2]+ = 573.0566). Solubility: soluble in dimethyl 

sulfoxide, dichloromethane, methanol, acetone, acetonitrile, dimethylformamide, 

tetrahydrofuran. 
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[Ir(dfppy)2(L4)]Cl: [Ir4]Cl 

In a 100 mL Schlenk flask, previously 

purged with nitrogen, the ancillary ligand 

L4 (0.0758 g, 0.184 mmol) was added to a 

solution of [Ir(µ-Cl)(dfppy)2]2 (0.1005 g, 

0.083 mmol) in a mixture of 

dichloromethane (8 mL) / methanol (10 

mL), and the mixture was stirred at 60 ºC 

for 24 hours under a N2 atmosphere. The 

resulting solution was concentrated to half 

the volume under vacuum and diethyl 

ether (15 mL) was added to precipitate a 

crude solid tat was isolated by filtration 

and washed with diethyl ether (2×5 mL). 

The product was dried under vacuum to produce a yellow powder. Yield: 0.1308 g (0.128 mmol, 

78%). Mr (C41H26ClF4IIrN5) = 1019.25 g/mol. Anal. Calcd for C41H26ClF4IIrN5: C 48.32; H 2.57; N 

6.87; Found: C 48.34; H 2.60; N 6.54. 1H NMR (400 MHz, DMSO-d6, 25 ºC) δ 8.48 (d, J = 8.2 Hz, 

1H, He), 8.30 (d, J = 8.8 Hz, 1H, H3), 8.27 – 8.19 (m, 2H, H3´, Hd), 8.01 (dd, J = 16.4, 8.0 Hz, 4H, H4, 

H4´, Hj, Hb), 7.89 (d, J = 5.9 Hz, 1H, H6), 7.74 – 7.65 (m, 4H, H6´, Hr, Hr, Hc), 7.49 (t, J = 7.7 Hz, 1H, 

Hk), 7.25 (dt, J = 14.0, 7.3 Hz, 3H, H5, H5´, Hl), 7.10 – 7.02 (m, 1H, H10), 7.02 – 6.95 (m, 1H, H10´), 

6.92 (d, J = 7.0 Hz, 2H, Hq, Hq), 6.36 – 6.19 (m, 3H, Ho, Ho, Hm), 5.76 (d, J = 8.4 Hz, 1H, H12), 5.63 

(d, J = 8.4 Hz, 1H, H12´) ppm. 19F NMR (376 MHz, DMSO-d6, 25 ºC) δ -106.50 (q, J = 9.9, 9.3 Hz, 

1F), -106.90 (q, J = 9.6 Hz, 1F), -108.63 (t, J = 11.6 Hz, 1F), -109.13 (t, J = 11.6 Hz, 1F) ppm. 13C{1H} 

NMR (101 MHz, DMSO-d6, 25 ºC) δ 164.05, 163.64, 162.75, 161.63, 161.51, 161.10, 159.37, 

159.11, 155.14, 153.39, 152.44, 151.72, 151.65, 145.59, 140.37, 139.99, 139.89, 138.46, 137.78, 

136.60, 134.96, 129.28, 128.33, 128.19, 127.80, 126.46, 125.92, 125.72, 124.54, 124.40, 123.45, 

123.25, 122.92, 116.34, 113.22, 112.96, 112.75, 99.07, 98.65, 94.29, 47.98 ppm. FT-IR (KBr, cm-

1) selected bands: 3011 (w, νC=CH), 1600-1571 (m, νC=C + C-N), 1441 (w, νC=N), 1162 (m, νC-C), 1061 

(m, δC-Hip), 755-745 (vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 4:1): m/zexp = 984.0792 (m/zcalcd [M+] 

= m/zcalcd [C41H26F4IIrN5]+ = 984.0798); 573.0553 (m/zcalcd [M+-L4] = m/zcalcd [C22H12F4IrN2]+ = 

573.0566). Solubility: soluble in dimethyl sulfoxide, dichloromethane, methanol, acetone, 

acetonitrile, dimethylformamide, tetrahydrofuran. 
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[Ir(dfppy)2(L5)]Cl: [Ir5]Cl 

In a 100 mL Schlenk flask, previously 

purged with nitrogen, the ancillary ligand 

L5 (0.0620 g, 0.185 mmol) was added to 

a solution of [Ir(µ-Cl)(dfppy)2]2 (0.1003 g, 

0.082 mmol) in a mixture of 

dichloromethane (8 mL) / methanol (10 

mL), and the mixture was stirred at 60 ºC 

for 24 hours under a N2 atmosphere. The 

resulting solution was concentrated to 

half the volume under vacuum and 

diethyl ether (15 mL) was added to 

precipitate a crude solid that was 

isolated by filtration and washed with diethyl ether (2×5 mL). The product was dried under 

vacuum to produce a yellow-orange powder. Yield: 0.1206 g (0.128 mmol, 77%). Mr 

(C45H29ClF4IrN5) = 943.41g/mol. Anal. Calcd for C45H29ClF4IrN5
.(CH2Cl2)0.85: C 54.22; H 3.05; N 

6.90; Found: C 54.25; H 2.95; N 7.22. 1H NMR (400 MHz, DMSO-d6, 25 ºC) δ 8.52 (d, J = 8.2 Hz, 

1H, He), 8.29 (t, J = 9.1 Hz, 2H, H3, H3´), 8.18 (t, J = 8.0 Hz, 1H, Hd), 8.05 (t, J = 7.6 Hz, 3H, H4, H4´, 

Hj), 8.00 (d, J = 5.7 Hz, 1H), 7.96 (d, J = 9.0 Hz, 2H, Hb), 7.91 (dd, J = 6.0, 3.3 Hz, 1H), 7.78 – 7.73 

(m, 1H), 7.71 (d, J = 5.7 Hz, 1H, H6´), 7.68 – 7.61 (m, 1H, Hc), 7.58 – 7.46 (m, 4H, Hk, H6), 7.35 (d, 

J = 8.6 Hz, 1H), 7.34 – 7.29 (m, 1H, H5), 7.29 – 7.20 (m, 2H, H5´, Hl), 7.07 (t, J = 10.9 Hz, 1H, H10), 

6.98 (t, J = 11.1 Hz, 1H, H10´), 6.49 (q, J = 18.1 Hz, 2H, Ho, Ho), 6.36 (d, J = 8.4 Hz, 1H, Hm), 5.79 (d, 

J = 8.2 Hz, 1H, H12), 5.64 (d, J = 8.3 Hz, 1H, H12´) ppm. 19F NMR (376 MHz, DMSO-d6, 25 ºC) δ -

106.49 (q, J = 9.6 Hz, 1F), -106.92 (q, J = 9.6 Hz, 1F), -108.62 (t, J = 11.6 Hz, 1F), -109.11 (t, J = 

11.2 Hz, 1F) ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 ºC) δ 162.80, 161.12, 159.14, 153.87, 

153.52, 152.53, 151.69, 150.28, 149.82, 145.66, 140.78, 140.29, 139.99, 139.85, 138.57, 137.32, 

136.77, 136.23, 132.80, 132.78, 132.38, 131.62, 130.38, 129.22, 129.00, 127.70, 127.65, 126.71, 

126.42, 125.96, 125.70, 124.56, 124.39, 124.18, 124.01, 122.95, 122.18, 116.41, 113.84, 113.05, 

111.41, 98.91, 48.61 ppm. FT-IR (KBr, cm-1) selected bands: 3016 (w, νC=CH), 1601-1575 (m, νC=C 

+ C-N), 1427 (w, νC=N), 1160 (m, νC-C), 1065 (m, δC-Hip), 756 (vs, δC-Hoop). HR ESI+ MS (DCM/DMSO, 

4:1): m/zexp = 908.1986 (m/zcalcd [M+] = m/zcalcd [C45H29F4IrN5]+ = 908.1988); 573.0553 (m/zcalcd 

[M+-L5] = m/zcalcd [C22H12F4IrN2]+ = 573.0566). Solubility: soluble in dimethyl sulfoxide, 

dichloromethane, methanol, acetone, acetonitrile, dimethylformamide, tetrahydrofuran. 
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Chapter 1. Thiabendazole-based Rh(III) and Ir(III) Biscyclometalated Complexes with 
Mitochondria-Targeted Anticancer Activity and Metal-Sensitive Photodynamic 
Activity. 

1. Ir(III) and Rh(III) tris-chelate complexes with general formula [M(C^N)2(N^N’)]X 

(M = Rh, Ir; N^N’ = thiabendazole and its N-benzylated derivative) display 

significant cytotoxicity in the dark against cancer cells A549 and SW480 

2. In the case of the Ir(III) derivatives their cytotoxic activity is enhanced upon 

blue light irradiation (PI of 15.8 for [Ir a]Cl and 3.6 for [Ir-b]Cl for A549 cells), 

whereas the Rh analogues do not show photo-enhancement of their activity 

due to lack of absorption in the blue range. 

3. These complexes are accumulated in the mitochondria and cause cell death by 

apoptosis and among the Ir PSs, the N-benzyl derivative exhibits better cellular 

uptake and is the most cytotoxic. 

4. Moreover, we have proved that the Ir(III) complexes exhibit photocatalytic 

activity in the photo-oxidation of sulphur-containing amino acids through the 

generation of singlet oxygen, suggesting that their mechanism of action could 

be related with the damage of proteins and the inhibition of their enzymatic or 

structural functions. 

 

Chapter 2. Photodynamic Therapy with Mitochondria-targeted Biscyclometalated 

Ir(III) Complexes. Multi-action Mechanism and Strong influence of the 

Cyclometalating Ligand. 

1. Two pairs of Ir(III) tris-chelate complexes with general formula 

[Ir(C^N)2(N^N’)]X (C^N = ppy, dfppy; N^N’ = thiabendazole and 2-

pyridylbenzimidazole moieties functionalized with an alkylamide on the 

imidazolic N atom) show a moderate cytotoxicity in the dark.  

2. The complexes with C^N = ppy can be activated efficiently with blue light (PI of 

20.8 for [1a]Cl and PI of 17.3 for [2a]Cl in PC-3 cells), whereas the analogue PSs 

with C^N = dfppy do not show significant photo-enhancement of their activity 

due to lack (or low) absorption in the blue range. 

3. The photoactivable complexes [1a]Cl and [2a]Cl are very active against PC-3 

and SK-MEL-28 cells upon light irradiation, with a high degree of selectivity for 

the SK-MEL-28 cells with respect to non-malignant cells. 

4. These compounds are internalized by endocytosis, are accumulated 

preferentially in the mitochondria and cause cell death by apoptosis (thanks to 

their ability to generate ROS). 
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5. It is worth mentioning, that they do not alter the cell cycle progression, which 

can make them an interesting option for cancers with resistance against 

cisplatin. 

 

Chapter 3. Rational Design of Mitochondria Targeted Thiabendazole-based Ir(III) 
Biscyclometalated Complexes for a Multimodal Photodynamic Therapy of Cancer. 

1. Photocytotoxicity of two series of Ir(III) tris-chelate complexes with general 

formula [Ir(C^N)2(N^N’)]X (C^N = ppy, dfppy; N^N’ = thiabendazole derivatives 

with acetophenone and various alkylamides on the imidazolic N atom) was 

determined and only complexes bearing ppy show an appreciable cytotoxicity 

enhancement under blue light irradiation. 

2. Interestingly, complexes [1a]Cl and [3a]Cl show promising PIs for SK-MEL-28 

melanoma cells (PI = 23.4 for [1a]Cl and PI = 21.4 for [3a]Cl) and a certain 

degree of selectivity relative to non-tumoral cells.  

3. Upon light irradiation, they cause cell death (by both necrosis and apoptosis) 

through ROS generation causing a multi-target effect involving mitochondrial 

membrane depolarization and severe cleavage on mtDNA resulting in the 

inhibition of the transcriptional process, which is an interesting result for the 

treatment of cancer resistant to conventional drugs. 

 

Chapter 4. Synthesis of -amino nitriles through one-pot selective Ru- 

photocatalyzed oxidative cyanation of amines. 

1. Ru(II) tris-chelate complexes with general formula [Ru(N^N)2(N^N’)]X2 (N^N = 

bpy; N^N’ = 2-(2-pyridyl)benzimidazole and its alkylated derivatives) are very 

active PCs for the photooxidation of primary and secondary amines to produce 

the corresponding imines. 

2. N-alkylated derivatives possess better photophysical properties than the 

parent PC with 2-(2-pyridyl)benzimidazole and some of them even better than 

the reference compound [Ru(bpy)3]Cl2. 

3. A scalable protocol for the one-pot photooxidative cyanation of the amines to 

produce -amino nitriles in a selective way under mild and eco-friendly 

conditions was developed. 
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Chapter 5. Photocatalytic Aerobic Dehydrogenation of N-Heterocycles with Ir(III) 

Photosensitizers Bearing the 2(2′-Pyridyl)benzimidazole Scaffold. 

1. Ir(III) tris-chelate complexes with general formula [Ir(C^N)2(N^N’)]X (C^N = 

dfppy; N^N’ = 2-(2-pyridyl)benzimidazole or different alkylated derivatives) are 

active PCs in the oxidative dehydrogenation of partially saturated substrates 

such as indolines, 1,2,3,4-tetrahydroquinolines and others, giving aromatic N-

heterocyclic products with high yields and selectivity for most of the tested 

substrates. 

2. These compounds offer improved activities compared to model PCs like 

[Ir(ppy)2(bpy)]PF6 and [Ir(dfppy)2(bpy)]PF6. 

3. It is possible to scale up this green protocol up to one gram satisfactorily.  

 

 


