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Abstract 
 

The clinical success of the platinum-based chemotherapeutic agents has prompted the 
investigation of coordination and organometallic complexes of alternative metal centers for use 
as anticancer agents. Among these alternatives, the third row transition metal neighbors of 
platinum on the periodic table have only recently been explored for their potential to yield 
anticancer-active complexes. In this Perspective, we summarize developments within the last six 
years on the application of rhenium, osmium, and iridium complexes as anticancer drug 
candidates. This review focuses on studies that discuss the potential mechanisms of action of 
these complexes. As reflected in this Perspective, complexes of these metal ions induce cancer 
cell death via a diverse range of mechanisms. Notably, small structural changes can significantly 
alter the mode of cell death, hindering efforts to elucidate structure-activity relationships. This 
property may both benefit and hinder the clinical development of these compounds.  
 
 

1. Introduction 
 

Despite significant advances over the last fifty years, cancer remains one of the leading 
causes of death worldwide.1 In conjunction with surgical resection and radiotherapy, 
chemotherapy, the application of cytotoxic chemical compounds, is still the predominant strategy 
for cancer treatment. The toxic side effects associated with chemotherapeutic treatment 
regimens, however, have directed research efforts towards the development of targeted 
therapies.2–4 These targeted approaches rely on the overexpression of specific receptors on 
cancer cells. In principle, targeted therapy provides a means to treat cancer without the off-target 
side effects associated with cytotoxic chemotherapeutic agents, but it is limited to cancers that 
exhibit specific targetable genotypes. For patients with cancers lacking these desired genotypes, 
chemotherapy remains the primary therapeutic option. As such, there is a need to develop more 
effective chemotherapeutic agents with superior toxicity profiles.  

  Among the most effective and well-studied class of chemotherapeutic agents are the 
platinum-based drugs, which comprise the FDA-approved compounds, cisplatin, carboplatin, and 
oxaliplatin.5 These drugs, whose mechanisms of action rely on the formation of covalent Pt–
DNA adducts,6 suffer from many of the limitations of chemotherapy. Namely, they induce toxic 
side effects,7 such as nephrotoxicity, ototoxicity, and peripheral neuropathy, which limit the 
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doses that can be safely administered to patients.8 In addition, cancer cells readily develop 
resistance to these drugs, rendering them useless for most relapsed forms of this disease.9 In spite 
of these limitations, the platinum drugs are still the first line treatment for many cancer types as 
evidenced by their use in approximately 50% of all chemotherapeutic treatment regimens.10 
Although continued efforts to improve upon platinum anticancer agents have been made,11,12 
there have been no new drugs of this class brought to the market in the United States since the 
FDA approval of oxaliplatin in 2002.13  

Given the clinical success of the platinum-based compounds, extensive research efforts 
have been directed towards investigating the anticancer activity of complexes of alternative 
metal ions. The aim of these studies is to capitalize on the novel therapeutic potential of 
inorganic complexes, while circumventing the limitations of the platinum drugs.14 The majority 
of these efforts have focused on complexes of ruthenium, gold, and titanium.15 Although several 
of these compounds have shown extremely promising activity that has warranted clinical trials, 
their chemistry is significantly different from that of platinum.16 Specifically, their ligand 
substitution kinetics are several orders of magnitude larger than those of platinum. More closely 
aligned chemistry can be found for elements that directly neighbor platinum in the third row of 
the transition metals, namely rhenium, osmium, and iridium.17–19 A potential advantage of 
complexes of these metal ions is their structural diversity compared to the typical square planar 
Pt(II) complexes. The unique molecular architectures of these complexes may enable novel 
modes of interaction with biomolecular targets.20 As such, there has been an increasing number 
of investigations exploiting the attractive chemical properties of these elements for the 
development of anticancer agents. 

In this Perspective, we summarize recent investigations of anticancer agents comprising 
the elements, rhenium, osmium, and iridium. The scope of this article is restricted to 
developments within the last six years, describing earlier studies only when necessary to give 
appropriate context for recent investigations. Additionally, an emphasis is placed on studies that 
investigated the mechanisms of action and in vivo properties of these complexes. Although a 
number of recent studies have demonstrated the use of rhenium,21–26 osmium,27,28 and iridium29,30 
complexes as photodynamic or photoactivated therapeutic agents, these light-activated 
compounds are beyond the scope of this Perspective. Collectively, the results summarized in this 
Perspective highlight the valuable anticancer activity of these complexes and demonstrate their 
growing potential as novel chemotherapeutic agents.  
 

2. Rhenium Complexes 
 

Complexes of rhenium have long been neglected as potential anticancer agents. Only 
recently have a number of investigations arisen that demonstrate the potent anticancer activity of 
these complexes.31 Rhenium attains a wide range of oxidation states and, as such, supports a 
diverse set of different ligand types and coordination geometries. Arguably, the most common 
structural motif applied in biological systems is the stable Re(I) tricarbonyl core.32 By leveraging 
their rich spectroscopic properties, these compounds can be employed for in vitro fluorescence 
and vibrational microscopic imaging.33,34 Additionally, their facile synthesis can be used to 
generate a wide range of compounds whose properties can be tuned to maximize biological 
activity. In addition to Re(I) tricarbonyl complexes, higher oxidation state rhenium compounds 
have also been explored for their anticancer activity. Efforts in this direction have mainly 
focused on rhenium compounds containing metal–ligand and metal–metal multiple bonds. 
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Because the advent of rhenium in cancer therapy is still at its infancy, the mechanisms of action 
of these compounds remain largely unknown. Several review articles summarize the anticancer 
activity of these complexes but provide little discussion on their mechanisms of action.31,32,35 In 
this section, we discuss recent studies that provide insight on the mechanistic aspects of their 
anticancer activity. We specifically focus our discussion on Re(I) tricarbonyl complexes and 
rhenium compounds of higher oxidation states that have been disclosed within the last six years.  
 
2.1. Rhenium Tricarbonyl Complexes 

 
Biological Macromolecule-Binding Studies 

  
 The anticancer activity of Re(I) tricarbonyl complexes presumably results from their 
interactions with intracellular biomolecules. These interactions have been explored for several 
members of this class of complexes. Because DNA is often the presumed target for metal-based 
drugs, many of these studies have focused on nucleobase interactions. Early studies on fac-
[Re(CO)3(OH2)3]

+ compounds verified that they can bind covalently to guanine nucleobases via 
substitution of the labile aqua ligands.36–38 A related diimine compound fac-
[Re(bpy)(CO)3(CH3CN)]+, where bpy = 2,2ʹ-bipyridine, also reacts with guanine to form a 
covalent adduct via substitution of the axial acetonitrile ligand.39 Although these results suggest 
that DNA might be an important target for these compounds in vitro and in vivo, more 
biologically relevant evidence is required to confirm this hypothesis.  
 Re(I) tricarbonyl complexes that do not contain labile ligands can non-covalently interact 
with DNA either through intercalation or groove binding. For example, a 1,10-phenanthroline-
5,6-dione Re(I) tricarbonyl complex (1) interacts with DNA via binding to the minor groove.40 
The free ligand, in contrast, intercalates between DNA base pairs. The cytotoxic activities of this 
rhenium complex and its free ligand were assessed in glioblastoma, prostate, and breast cancer 
cell lines. In all cell lines, the free ligand was approximately 10 times more cytotoxic than the 
corresponding rhenium complex, suggesting that the mode of DNA binding might play an 
important role in the anticancer activity of these compounds. Similarly, the lipophilic rhenium 
complexes, 2a and 2b, which both bear axial pyridine ligands containing a long alkyl chain, 
interact with the minor groove of DNA.41 Molecular docking studies confirm that the alkyl chain 
plays a key role in DNA binding because it allows for the complex to attain the proper 
orientation for fitting within the minor groove. The DNA-binding abilities of these complexes 
correlate with their cytotoxic activity in B and T cell lymphoma cancer cells. Complex 2b, which 
is more hydrophobic and binds more strongly to DNA than 2a, is also more cytotoxic. These 
studies illustrate the role that non-covalent DNA-binding interactions can have on the activity of 
Re(I) tricarbonyl complexes. 
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 Re(I) tricarbonyl complexes bearing axial alkylcarbonate ligands, such as complex 3, 
were reported to bind non-covalently to DNA via intercalation.42 However, the hallmark features 
of intercalative DNA binding, namely hypochromism and high binding affinity,43 are absent. For 
example, the binding constants for these rhenium alkylcarbonate complexes are on the order of 
104 M–1, whereas the binding constant of the well-established DNA intercalator, ethidium 
bromide, is on the order of 107 M–1.44 Thus, these complexes are most likely interacting with 
DNA via an alternative mechanism, such as major or minor groove binding. Covalent binding 
via loss of the axial alkycarbonate ligand is another possibility that was not explored in this 
study. A related series of rhenium diimine complexes bearing sulfonato and carboxylato axial 
ligands exhibit potent anticancer activity in a series of breast cancer cell lines.45 The most 
effective complex, 4, is active in the nanomolar range. Like the alkylcarbonate rhenium 
complexes, these compounds interact weakly with DNA, as reflected by their low binding 
constants that range from 104–105 M–1. Therefore, a groove-binding mechanism is most likely 
operative. Other related Re(I) tricarbonyl complexes also bind to DNA in a similar manner.46–51 
These results highlight the potential of DNA binding as a mechanism of action, but the 
importance of this target needs to be further verified in vitro and in vivo.  
 

 
 
 The possibility that these complexes target proteins has also been explored. This 
hypothesis is bolstered by the fact that histidine residues have been covalently modified with 
Re(I) tricarbonyl complexes as a well-established strategy to probe long-distance electron 
transfer pathways in proteins.52,53 Furthermore, several proteins containing covalent Re(I) 
modifications have been crystallized. In almost all cases, the Re(I) center is covalently bound to 
a histidine residue,54–61 reflecting the high affinity of these complexes for nitrogen donor ligands. 
More recently, co-crystallization experiments with hen egg white lysozyme (HEWL) and the fac-
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[Re(CO)3(H2O)3]
+ complex revealed the presence of rhenium covalent modifications on the 

glutamate, aspartate, and C-terminal carboxylate groups, suggesting that these residues may also 
be suitable protein side chain targets.62  

Modifications of the supporting ligands of Re(I) tricarbonyl complexes can be used to 
target specific proteins. For example, the Re(I) thiosemicarbazone complex (5) targets the 
estrogen receptor α (ERα).63 Estrogen receptors are overexpressed in hormone-dependent breast 
cancer cells64 and can be targeted by therapeutic agents to increase cancer cell selectivity.65–67 
Among a series of related Re(I) thiosemicarbazones, complex 5 binds to ERα with the highest 
affinity, illustrating the potential of rhenium thiosemicarbazones as protein-targeting anticancer 
agents. Further investigations on how ligand modifications drive selectivity for protein targets 
presents an interesting line of research for the development of rhenium-based anticancer agents.  
 

 
 

Cellular Localization and Mechanisms of Uptake  
 

 Although the application of Re(I) tricarbonyl complexes as anticancer agents is a 
relatively recent development, their use as molecular imaging agents has been explored in much 
greater detail.34,68–72 Their long-lived triplet metal-to-ligand charge transfer (3MLCT) 
luminescence can be exploited for fluorescence microscopy in living cells.73–76 For some of these 
complexes, however, the luminescence quantum yield is too low to be useful for fluorescence 
imaging. An alternative detection method is vibrational microscopy, which probes the high-
energy C≡O stretching modes of these complexes. The C≡O stretch occurs in a region that is 
transparent in vivo; no endogenous biomolecules absorb in the C≡O stretching region between 
1900–2100 cm–1. The localization of these compounds can, therefore, be detected directly via 

FTIR or Raman spectromicroscopy. These spectroscopic methods provide a useful means of 
probing compound uptake and intracellular localization. In combination with their therapeutic 
anticancer effects, the luminescence and vibrational imaging capabilities of these compounds 
make them interesting small-molecule theranostic77 agents, complexes that possess therapeutic 
and diagnostic capabilities.  

 The power of vibrational microscopy techniques was demonstrated in a study on the 
anticancer active Re(I) tricarbonyl complexes bearing pyridyl-triazole ligands with extended 
alkyl chains (6a–6c).78 Cytotoxicity measurements in breast cancer cells indicate that compound 
6c with the longest alkyl chain is the most potent compound, whereas compound 6a with the 
shortest alkyl chain is the least active. Accordingly, FTIR spectromicroscopy revealed that 
complex 6a was poorly taken up by the cells as no detectable vibrational signature of this 
compound was observed. In contrast, high concentrations of 6c were found in these breast cancer 
cells. Therefore, the cytotoxicity of this class of compounds correlates with the cellular uptake. 
In turn, the cellular uptake appears to depend on the lipophilicity of the complex because the 
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longer alkyl chain compounds were taken up more effectively. This result suggests that a passive 
diffusion mechanism of cell uptake, which is largely dependent on compound lipophilicity,79,80 
may be important for these compounds.   

 

   
 
Vibrational microscopy has also been employed to determine intracellular distribution of 

Re(I) tricarbonyl complexes. For example, the vitamin B12-conjugated Re(I) tricarbonyl 
complexes, 7a and 7b, were explored in this capacity.81 These compounds, which exploit vitamin 
B12 to increase cellular uptake via cobalamin transporters, exhibit cytotoxicity levels in the 
micromolar range in prostate cancer cells. Imaging their cellular uptake and intracellular 
distribution, however, is hindered by the fact that the vitamin B12 cofactor quenches the 
luminescence emission of the Re(I) tricarbonyl center. In this case, FTIR spectromicroscopy was 
successfully implemented to determine cell uptake and intracellular localization of these 
compounds. Complex 7b was found to localize in the cytoplasm and perinuclear regions of the 
cell. Lipid CH2 stretching modes were also measured because they are typical IR markers for 
organelles that are rich in membranes, such as the Golgi apparatus and the endoplasmic 
reticulum (ER).82 Colocalization of the C≡O stretching mode with the lipid CH2 modes was 
poor, indicating that this compound does not accumulate in the Golgi or ER.  
 
 

  
 

Additional cellular uptake studies have focused on Re(I) tricarbonyl complexes that bear 
receptor-targeting groups. For example, glucose- and fructose-conjugated compounds have been 
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designed to exhibit increased cellular uptake in cancer cells via the overexpressed glucose 
transporter proteins (GLUTs).83–85 The glucose-functionalized rhenium compounds do not have 
increased overall uptake compared to the non-functionalized molecules; however, their uptake is 
reduced in the presence of glucose,86,87 which saturates the glucose transporters. This result 
suggests that their uptake is at least partly mediated by these transporters. Similarly, the fructose-
conjugated compound is taken up through fructose transporters, and like the glucose analogues, 
it has lower uptake and cytotoxicity compared to the non-functionalized compound.  

The implementation of peptides is an alternative method for improving cellular uptake.88 
For example, a Re(I) tricarbonyl complex (8) conjugated to the myristoylated HIV-1 Tat cell-
penetrating peptide sequence (YGRKKRRQRRR) exhibits enhanced cellular uptake and 
cytotoxicity compared to the non-functionalized derivative.89 HIV-1 Tat is a membrane 
translocation peptide sequence,90 whereas myristic acid is a fatty acid.91 Both of these 
compounds have been used to increase the cellular uptake of conjugated anticancer agents.92,93 
Therefore, the use of cell-penetrating peptides appears to be an effective strategy for increasing 
cellular uptake of rhenium-based anticancer agents. 

 

  
  
 
Cell Death Modes and Insight into Mechanisms of Action 

 
 Once accumulated in the cell at sufficient concentrations, Re(I) tricarbonyl complexes 
can interact with biological targets to induce their cytotoxic activity. This process has been 
investigated for several members of this class of compounds. Within this class, we can broadly 
categorize them based on whether they bear a bidentate and monodentate ligand, species that are 
often referred to as [2+1] complexes,94 or a single tridentate ligand. Whereas the [2+1] 
compounds are susceptible to ligand substitution reactions via displacement of the monodentate 
ligand,95 compounds bearing tridentate ligands are generally inert.96 Among the former 
complexes, the lability of the monodentate ligand is a contributing factor to their cytotoxic 
activity. For example, this correlation is observed for the Re(I) tricarbonyl complexes bearing 
bidentate indomethacin-based ligands (9a–9c).97 Indomethacin is a non-steroidal anti-
inflammatory drug (NSAID), which has been shown to potentiate the anticancer properties of 
metal-based drug candidates.98–100 The cytotoxicity of these compounds is dependent on the 
nature of the axial ligand, which was varied to be either chloride, bromide, iodide, or 
thiocyanate. These studies revealed that complexes bearing more labile axial ligands, namely 
chloride and bromide, are more cytotoxic in pancreatic cancer cell lines. This result suggests that 
the formation of covalent bonds, which is gated by axial ligand substitution, is important for the 
biological activities exhibited by complexes of this type. In addition, complexes 9a–9c arrest the 
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G2/M phase of the cell cycle and inhibit the protein Aurora-A kinase, an enzyme that is involved 
in a number of oncogenic pathways.101   
 

 
 

Another class of Re(I) tricarbonyl complexes, which bears bidentate hydrazine ligands 
(10a and 10b), was investigated for anticancer activity.102 These complexes were mildly 
cytotoxic as characterized by IC50 (50% growth inhibitory concentration) values ranging from 16 
to 60 µM in H460 lung cancer cells. These agents induce cell death via an apoptotic mechanism 
and decrease intracellular levels of reactive oxygen species (ROS), suggesting that they also 
possess antioxidant properties. 

 

 
 
In a more recent study, a Re(I) tricarbonyl phenanthroline compound bearing a labile 

carboxylate axial ligand (11) was tested for its reactivity with HEWL, which was chosen as a 
model representative protein.103 Mass spectrometry analysis confirmed the formation of covalent 
rhenium-HEWL adducts via the loss of the axial carboxylate ligand. The luminescent properties 
of these rhenium complexes were also leveraged to image 11 in cervical cancer cells, revealing 
selective accumulation of this compound in the mitochondria. The production of ROS upon 
treatment with 11 was also observed. These results suggest that further interest should be placed 
on evaluating potential protein-based targets of Re(I) tricarbonyl anticancer agents.  
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A significant amount of work has also been carried out on the investigation of Re(I) 

tricarbonyl complexes that have relatively inert axial pyridine ligands. For example, compound 
12, which bears a histone deacetylase (HDAC) inhibitor conjugated to the axial pyridine, was 
investigated as an anticancer agent.104 HDAC inhibitors are already established as therapeutic 
drug candidates. The enzyme, HDAC, regulates gene expression by catalyzing the removal of the 
acetyl groups on histones, and its inhibition leads to events such as induction of cell death, 
reduction of angiogenesis, and immune responses.105 When this HDAC inhibitor is coordinated 
in the axial position of the Re(I) tricarbonyl complex, mitochondrial localization is observed and  
cell death is induced via caspase-independent paraptosis, a pathway that gives rise to enlarged 
mitochondria, production of ROS, and cytoplasmic vacuolization.106 Due to the large number of 
rhenium tricarbonyl complexes that induce apoptosis,107–112 the paraptotic mechanism of 
complex 12 could be a valuable characteristic for potent in vivo activity and overcoming 
cisplatin-resistance.   

 

 
 

 The axial pyridine ligands also provide a position for functional modification of these 
Re(I) anticancer agents. For example, the use of an electrophilic picolyl chloride ligand was 
employed to develop a Re(I) tricarbonyl complex (13) that is immobilized in the mitochondria 
upon reaction with nucleophilic thiols.113 Complex 13 exhibits sub-micromolar toxicity in lung, 
cisplatin-resistant lung, and cervical cancer cell lines. Confocal fluorescence microscopy studies 
confirmed the localization of 13 in the mitochondria. Its immobilization in this organelle was 
verified by a series of attempted washes with phosphate-buffered saline (PBS). Unlike the 
pyridine analogue, complex 13 was retained in the mitochondria after these thorough washes. 
Mechanistically, this compound inhibits mitochondrial respiration, increases intracellular ROS 
levels, and triggers caspase-dependent apoptosis to a greater extent than the non-immobilized 
complexes. 
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 Dinuclear rhenium compounds, tethered via axial pyridine ligands, have also been 
explored.114 The dinuclear compounds, 14a and 14b, are more cytotoxic than their mononuclear 
forms. When normalized per rhenium atom, however, compound 14b is only 0.8 to 2.3 times as 
toxic as its mononuclear analogue, indicating that the additional rhenium center only contributes 
to the activity of these complexes in an additive, rather than synergistic, manner. In contrast, 14a 
is several orders of magnitude more potent than its mononuclear analogue in a variety of cancer 
cell lines, demonstrating that the dinuclear structural motif gives rise to the activity of this 
compound. Additionally, compound 14b is more active than 14a, a property that can possibly be 
attributed to the higher lipophilicity of 14b. Notably, the intracellular localization and 
mechanism of induced cell death of these compounds are different. Compound 14b accumulates 
in the mitochondria and gives rise to paraptotic cell death, whereas 14a localizes to the lysosome 
and induces caspase-independent apoptosis. These results may guide the development of the 
structure-activity relationships (SARs) for Re(I) tricarbonyl compounds. This study demonstrates 
that subtle structural and lipophilic changes can dramatically alter the mechanisms of action and 
potency of these complexes.  
 

 
 

As mentioned above, inert Re(I) tricarbonyl complexes that bear tridentate ligands may 
also possess anticancer activity. For example, complex 15, which bears a tridentate bisquinoline 
ligand, was evaluated for anticancer activity in human breast, osteosarcoma, and hepatocellular 
cancer cells lines, revealing IC50 values as low as 6 µM in breast cancer cells.115 When 15 is 
administered at low concentrations, apoptosis induction is not observed. Rather, these 
concentrations induce ROS production and decrease cellular respiration while upregulating 
glycolytic pathways. In contrast, a related rhenium complex, which bears a tridentate 
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bisphenanthridine ligand (16), activates both extrinsic receptor-mediated and intrinsic 
mitochondria-dependent apoptotic pathways.116 The use of this compound on cells that 
overexpress the anti-apoptotic factor Bcl-2117 had no effect on its efficacy and mechanism of cell 
death. Furthermore, this compound shows comparable activity in daunorubicin-resistant, 
vincristine-resistant, and wild-type cancer cell lines, demonstrating its potential value for the 
treatment of refractory forms of cancer. 

 

 
 
Inert complexes bearing organometallic cyclopentadienyl (Cp) ligands, rather than 

nitrogen donor ligands, also exhibit anticancer activity. The potent anticancer drug, doxorubicin, 
was conjugated to a Cp ligand on Re(I) tricarbonyl complexes (17a and 17b) and tested against 
HeLa cervical cancer cells.118 Although the established target of doxorubicin is nuclear DNA,119 
confocal fluorescence microscopy studies of HeLa cells treated with 17a revealed that this 
compound localizes to the mitochondria (Fig. 1). However, intracellular rhenium quantification 
using inductively coupled plasma mass spectrometry (ICP-MS), showed substantial 
accumulation in the nucleus, comprising approximately 60% of the total internalized rhenium, 
whereas only about 30% was found in the mitochondria. The lack of luminescence observed in 
the nucleus compared to the mitochondria could be a consequence of quenching of the 
doxorubicin fluorescence by π-stacking between the nucleotide base pairs. Complex 17a 
possesses potent anticancer activity, acting in a manner that depolarizes the mitochondrial 
membrane potential and induces apoptosis. These results demonstrate how the presence of the 
metal pharmacophore has the ability to alter the cellular distribution of established drugs.  
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Fig. 1 Confocal fluorescence microscopy images of HeLa cells treated with compound 17a (left), MitoTracker dye 
(middle), and overlay of 17a and MitoTracker (right) shows localization to the mitochondrial membrane. The 
“autofluorescence” panel shows the emission of compound 17a. Reprinted with permission from reference 118. 
Copyright (2016), with permission from John Wiley and Sons. 
 

The utility of the inert Cp ligand as an attachment point for biologically active molecules 
was further investigated. Namely, an inhibitor of glycogen synthase kinase 3β (GSK-3β), a 
protein involved in glycogen metabolism,120 was conjugated to the Cp ligand of a Re(I) 
tricarbonyl complex (18).121 The activity of the enzyme, GSK-3β, is implicated in several forms 
of cancer and neurodegenerative diseases, thus rendering it an important drug target.122 The 
cytotoxic activity of the rhenium-inhibitor conjugate was greater than the inhibitor alone, 
suggesting that the Re(I) tricarbonyl core potentiates the activities of this class of complexes. 
Computational docking studies at the binding site of GSK-3β confirm that the organic ligand and 
its rhenium conjugate fit into the active site with favorable binding energies. 

 

 
 
In Vivo Studies 

 

 The majority of studies investigating the anticancer activities of Re(I) tricarbonyl 
complexes have focused solely on their in vitro properties. Fewer studies have explored the in 
vivo applicability of this class of compounds. There exists a significant theranostic potential for 
this class of compounds by virtue of the widespread availability of the isotope, technetium-99m  
(99mTc), which can be used for in vivo imaging via single-photon emission computed 
tomography (SPECT).35 In principal, the similarity in the chemistry of rhenium and technetium 
may enable the use of 99mTc analogues as companion diagnostics for novel rhenium-based drug 
candidates. We have verified the feasibility of this application in our investigations of complex 
19.123 Prior to in vivo studies, a series of these complexes, which each contain different diimine 
ligands, were explored for their anticancer activity in a range of cancer cell lines. The most 
potent complex, 19, exhibited anticancer activity at concentrations lower than 5 µM. 
Furthermore, the 3MLCT emission of this compound was used to probe the mechanisms of 
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cellular uptake and intracellular distribution. These studies revealed that this compound is taken 
up via an energy-dependent mechanism, which is partially mediated by endocytosis, and that it 
localizes to the endosome and lysosomes. The mechanism of cell death induced by these 
compounds does not canonically fit into any of the established categories, such as apoptosis and 
necrosis, suggesting that a novel mode of action may be operative. Based on these promising in 
vitro data, the in vivo biodistribution of this compound and its 99mTc analogue were investigated 
in C57BL/6 mice. The biodistribution was evaluated at three time points, revealing similar organ 
uptake patterns between the two compounds. This similarity bodes well for the possibility of 
using 99mTc as a companion diagnostic agent for use with anticancer-active Re(I) tricarbonyl 
complexes.  
 

 
 

A number of other studies have also demonstrated the suitability of using 99mTc as an 
imaging analogue for rhenium.124–127 In a recent example, Re(I) tricarbonyl complexes bearing 
hypoxia-targeting nitro-imidazole ligands (20a and 20b) were explored in this context.128 The 
nitro-imidazole group is well known to undergo selective reduction under hypoxic conditions to 
form electrophilic species that become trapped by biological nucleophiles.129 Accordingly, 
compounds 20a and 20b were found to accumulate in much higher concentrations in hypoxic 
cells compared to normoxic cells. Although the mechanism of uptake was not explored for these 
compounds, this example shows how conventional drug-targeting strategies can be applied to 
these rhenium anticancer agents. The 99mTc analogue of the hypoxia-targeting rhenium complex, 
20b, was imaged in mice bearing renal cell carcinoma SK-RE-52 xenografts. This compound 
effectively localized in hypoxic tumor tissues, further illustrating that 99mTc can be swapped for 
rhenium without significantly altering its biological properties. 

 

 
 
 In contrast to the relatively common 99mTc imaging studies discussed above, there have 

been only several investigations on the in vivo antitumor activity of Re(I) tricarbonyl 
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complexes.130–134 For example, the diselenoether Re(I) complex, 21, was one of the few 
compounds to be evaluated for in vivo activity.131,133,134 This compound, which was designed to 
combine the cytotoxic effects of rhenium with the antiproliferative effects of selenium,135 
inhibits tumor growth in mice bearing MDA-MB-321 breast cancer xenografts. The tumor 
volume of mice treated with this compound was reduced by 43% relative to those administered 
with the saline control. Furthermore, no weight loss was observed in treated mice, reflecting the 
minimal in vivo toxic side effects of this compound. 

 

 
 
In vivo studies involving zebrafish have also been explored for this class of 

compounds.136 Complex 22, which is tethered to a water-solubilizing and biocompatible 
poly(ethylene)glycol (PEG) chain,137,138 exhibits micromolar toxicity in HeLa cells. In contrast, a 
structural analogue that does not contain the PEG group is more cytotoxic by a factor of 2. To 
see if these results translate in vivo, both 22 and its PEG-free analogue were evaluated for 
toxicity in zebrafish embryos. The PEG-free complex gave rise to a significant extent of 
developmental defects in these embryos in contrast to complex 22, which was essentially non-
toxic. These results indicate that the PEG group acts to decrease toxic effects of rhenium 
anticancer agents, thereby providing a rational strategy for improving their toxicological 
properties.139 Furthermore, they validate the use of zebrafish as a model for evaluating metal-
based anticancer agents.  

 
 

2.2. Higher Oxidation State Complexes 

 
 Rhenium can attain a wide range of oxidation states in addition to the +1 state that was 
discussed above. The investigation of complexes of rhenium in higher oxidation states as 
anticancer agents, however, has been far less explored. In this respect, bidentate Re(V) oxo 
complexes bearing Schiff base ligands 23a and 23b were investigated for their ability to interact 
with DNA.140 These compounds interact with DNA weakly, as characterized by binding 
constants that fall near 104 M–1. Additionally, they cleave DNA, indicating that they could be 
useful for further in vitro anticancer activity studies.  
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 Dirhenium(III) complexes, which contain Re–Re quadruple bonds, are another class of 
high-valent rhenium compounds that exhibit anticancer activity.141,142 In a recent study, a series 
of mixed-valent dirhenium(III,II) complexes with bridging nitrobenzoate ligands (24a–24c) were 
investigated for anticancer activity.143 When tested in MCF-7 breast cancer cells, these 
complexes exhibited IC50 values near 60 µM, indicating that they are moderately active. They 
induced overall shrinkage of the cancer cells and blebbing of the nuclear membrane. 
Additionally, the cell cycle was arrested in the G0/G1 phase upon treatment with these 
compounds. Notably, no differences in cytotoxicity or cell cycle arrest patterns were observed 
between 24a–24c, indicating that the location of the nitro group on the bridging ligand does not 
significantly affect their potency. The precise molecular target and mechanism of action of these 
complexes, however, remains unknown. 
 

 
 

 In Vivo Studies  

 

The Re(V) oxo compounds (25a and 25b) were investigated in a panel of cancer cell 
lines, where they exhibit potent anticancer activities with IC50 values ranging from 45 to 695 
nM.144 These compounds induce a relatively unique form of cell death known as necroptosis. 
Necroptosis is a programmed form of cell death where the active degradation of mitochondrial, 
lysosomal, and plasma membranes occurs.145 Evidence for necroptosis was supported by 
experiments that show necrostatin-1, a known inhibitor of necroptosis,146,147 inhibits cell death 
induced by these compounds (Fig. 2). Further aspects of their cell death mechanism include the 
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generation of intracellular ROS, the depolarization of the mitochondrial membrane potential, and 
the stalling of cells in the G1 phase of the cell cycle. Due to the potent in vitro activity and a 
unique form of cell death, these complexes were studied for their effects in healthy mice. The 
minimal in vivo toxicity of both 25a and 25b was evidenced by the observation that C57BL/6 
mice treated with 36 mg/kg of the compound for 6 days showed no weight loss. Despite the 
promising features of these compounds and the lack of adverse side effects in healthy mice, in 
vivo anticancer studies were not carried out. Future studies of these compounds will hopefully 
provide further information about the mechanism of cell death in vivo.  

 

 
 

 
Fig. 2 Fluorescence microscopy images of A549 cells stained with Hoechst 33258 and propidium iodide, and treated 
with A) growth media only, B) 20 µM 25a for 12 h, C) 20 µM 25b for 12 h, D) necrostatin-1, E) necrostatin-1 and 
25a, or F) necrostatin-1 and 25b. Arrows indicate signs of membrane disintegration. Scale bar = 21 µm. Reprinted 
with permission from reference 144. Copyright (2015), with permission from American Chemical Society. 
 

As discussed above, dirhenium compounds are another class of high-valent rhenium 
anticancer agents. The dirhenium compound, 26, was recently evaluated for in vivo anticancer 
activity.148 This compound was found to inhibit tumor growth by 60% in rats implanted with 
Guerin’s carcinoma T8 cell tumor xenografts. When administered in conjunction with cisplatin, 
26 was more effective; the total tumor reduction was upwards of 85%, suggesting that this 
compound acts in a synergistic manner with cisplatin. Furthermore, the combination therapy of 
26 and cisplatin did not cause nephrotoxicity, indicating that this treatment strategy is better 
tolerated than cisplatin alone. To evaluate the possibility of DNA as a target, the interactions of 
26 with this biomolecule were investigated. These studies demonstrated that 26 binds DNA, 
most likely forming covalent interstrand crosslinks, and also cleaves plasmid DNA. To further 
improve the formulation of compound 26, it was encapsulated in liposomes.149 Liposomes, 
simple phospholipid vesicles, are commonly used as drug delivery vehicles to increase the 
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cellular uptake and selectivity for cancer cells.150 For example, liposomal formulations of 
cisplatin have successfully been implemented to reduce the toxic side effects of this drug.151 To 
capitalize on their synergistic properties, compound 26 and cisplatin were encapsulated together 
in liposomes. The liposomal formulation acts to suppress the hydrolysis of 26 and to decrease the 
toxic side effects of cisplatin. As anticipated, the implementation of these compounds co-
encapsulated in the liposomes gave rise to more effective and less toxic in vivo anticancer 
activity. The enhanced activity might partially be attributed to the possible formation of a Re–Pt 
species in the liposome. This study highlights the value of exploring synergistic effects of 
rhenium anticancer agents with established drugs and also the potential use of novel drug 
delivery vehicles to improve their activity. 

 

 
 

3. Osmium Complexes 
 

 Complexes of osmium have received far less attention than those of ruthenium with 
respect to their utility in medicinal chemistry. The general aversion to osmium is partially 
motivated by the well-known toxicity of OsO4.

152 In different chemical forms, however, osmium 
may possess properties that are useful for anticancer activity. In contrast to ruthenium, osmium 
prefers higher oxidation states and is generally more inert. Furthermore, the success of 
previously investigated ruthenium anticancer agents, such as NAMI-A153,154 and KP1019,155,156 
which have progressed to clinical trials, provides a rational starting point for exploring the 
corresponding osmium analogues. The implementation of novel ligands and the diverse 
coordination geometries and oxidation states of osmium has led to the development of a wide 
range of osmium-based anticancer agents within the last six years. Despite the expansion in the 
design and application of these compounds as anticancer agents, their mechanisms of action 
remain largely elusive. Whereas some review articles have illustrated the development of 
osmium anticancer agents,157,158 a comprehensive analysis on their modes of cell death is less 
discussed. In this section, we review efforts to understand the mechanisms of action of osmium 
anticancer agents, as categorized based on ligand type and formal oxidation state. 
 
3.1. Osmium Arene Complexes 
 
Biological Macromolecule-Binding Studies 

 

 The most thoroughly investigated class of osmium anticancer agents comprise the Os(II) 
arene “piano-stool” complexes that have the general formula [(arene)Os(NN)X]+, where NN is 
typically a bidentate nitrogen donor and X is a halogen or pseudo-halogen.159,160 These osmium 
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compounds were initially designed to match the corresponding ruthenium analogues, which 
exhibit potent anticancer activity and bind covalently to DNA.158,161 Like the ruthenium 
compounds, the Os(II) arene compounds bind covalently to DNA as well.162 However, attempts 
to correlate the activity of the osmium complexes to their DNA-binding properties have been 
somewhat tenuous. 
  Recent studies in this regard have been reported on complex 27, a piano-stool complex 
bearing a bidentate picolinate ligand conjugated to octreotide, a somatostatin receptor-binding 
cyclic peptide.163 The somatostatin receptor, which is overexpressed in a wide range of cancers, 
is a valuable target for cancer-selective therapeutic agents.164 This compound forms covalent 
adducts with the DNA oligonucleotide, 5′-dCATGGCT, at the guanine sites. Despite its 
favorable DNA-binding properties, however, it was inactive against breast cancer cells. 
Conversely, a related ruthenium-octreotide conjugate, which did not interact with DNA, induced 
cytotoxic effects in breast cancer cells. This result suggests that the mechanism of action of these 
octreotide-conjugates does not stem from their abilities to bind to DNA. Although complex 27 
was not tested further, the activity of the ruthenium complex was potentiated by overexpression 
of the somatostatin receptor and inhibited by saturation of the receptor with excess octreotide. 
This result confirms that the cellular uptake of these metal-octreotide conjugates is mediated by 
the somatostatin receptor and incorporation of the metal center does not unfavorably alter the 
uptake properties of octreotide.  
 

 
 

To further explore DNA as a potential target, the interaction of the Os(II) arene complex, 
28, with a short self-complementary 12-mer DNA oligonucleotide was investigated with ultra-
high resolution Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS).165 
As expected, these studies revealed covalent binding of this complex to the sole guanine 
nucleobase. A more novel discovery, however, was that this complex also binds covalently to a 
cytosine nucleobase, an uncommon phenomenon for metal-based drugs. This result highlights 
that these osmium complexes may exhibit DNA-binding properties that are distinct from the 
platinum-based drugs.  

 

Page 18 of 73Dalton Transactions



 19

 
 
Anticancer active tetranuclear Os(II) arene complexes were also investigated for their 

DNA-binding properties.166 The osmium centers in these complexes were linked either by a 4,4'-
azopyridine (29a) or a pyrazine moiety (29b). Complex 29a exhibited 2-fold greater activity in 
ovarian and lung cancer cells in comparison to 29b. Because supramolecular metal clusters are 
known to bind to DNA,167,168 the interactions of 29a and 29b with calf thymus DNA (ct-DNA) 
were evaluated. Both of these highly charged clusters bind ct-DNA, inducing its condensation. 
The interactions of these complexes with pBR322 plasmid DNA were further studied with 
atomic force microscopy (AFM). Both complex 29a and 29b form adducts with the plasmid 
DNA. Complex 29a is more toxic as compared to 29b, a property that may be attributed to the 
larger induction of DNA condensation caused by 29a.  

 

 
 
Computational studies on Os(II) picolinate compounds, [(η6-arene)Os(pic)Cl] (η6-arene  = 

benzene, biphenyl, or p-cymene and pic = 2-picolinic acid) have been carried out to assess the 
stability of these species with respect to aquation and nucleobase ligand substitution.169 
Consistent with earlier experimental results,170 the osmium compounds are predicted to be more 
stable and resistant to aquation than their ruthenium analogues and to also kinetically prefer 
binding to 9-ethylguanine (9-EtG) over 9-ethyladenine (9-EtA). These calculations indicate that 
the arene ligand plays a minor role in the nucleobase binding properties of these complexes. 
Evidently, the differing arenes significantly alter the steric interactions associated with ligand 
substitution of these complexes. For example, the compound containing the most hindered arene, 
p-cymene, also had the slowest nucleobase substitution rates. Although these results effectively 
demonstrate how computational studies can predict reactivity patterns, the extrapolation of their 
conclusions to highly complex biological systems should be taken with caution.  
 A set of osmium p-cymene diastereomers bearing iminopyridine ligands (30a–30d) were 
screened for activity in ovarian cancer cells.171 The activity of these complexes is primarily 
dictated by the halide ligand. For example, the iodido complexes, 30c and 30d, are over 20-fold 
more active than the chlorido complexes, 30a and 30b, but the diastereomeric pairs are equally 
active. Based on their potent activity, the iodido complexes were screened against the NCI-60 
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(National Cancer Institute) cell line panel.172,173 In this panel, the relative efficacy of the 
complexes in 60 types of cancer cells was determined. Using the NCI COMPARE algorithm,174 
the varying activities of these complexes in the NCI-60 panel were correlated to other known 
anticancer drugs in the NCI database. The algorithm results showed a strong correlation between 
the complexes and the anti-microtubular drug, vinblastine sulfate. Whereas vinblastine operates 
by inhibiting polymerization of tubulin,175 complexes 30c and 30d did not. This result suggests 
that these complexes operate via an alternative mechanism, despite displaying a similar spectrum 
of activity as vinblastine. 
 

 
 

Although now a well-recognized phenomenon,176 the ability of metal-based anticancer 
agents to target proteins remains a relatively understudied topic, especially for osmium 
complexes. In this context, a series of mononuclear (31a–31d) and trinuclear (31e–31h) Os(II) 
arene complexes bearing either pyridyl imine or phenoxy imine ligands exhibit potent anticancer 
activity in osteosarcoma and cisplatin-resistant ovarian cancer cell lines in a manner that is 
mediated by protein-based targets.177 These complexes are more cytotoxic in the osteosarcoma 
cancer cells. Among them, compound 31b is the most active complex with an IC50 value of 2.0 
µM, which is comparable to the IC50 value of cisplatin (1.5 µM). The phenoxy imine complexes 
(31a, 31b, 31e, and 31f) are more cytotoxic than the pyridyl imine complexes (31c, 31d, 31g, 
and 31h). Additionally, for both the trinuclear and mononuclear species, the bromido complexes 
(31b, 31d, 31f, and 31h) are more active than the chlorido complexes, indicating that substitution 
kinetics of this position are important for mediating the activities of these compounds. Further 
studies were performed to compare these complexes with similar ruthenium-based compounds. 
For instance, many Ru(II) drugs inhibit topoisomerase I through DNA intercalation.178 Thus, the 
structurally analogous Os(II) complexes (31b, 31e, and 31f) were tested for topoisomerase I 
inhibition. This enzyme is a viable drug target for several established anticancer drugs like 
topotecan.179 All of the osmium complexes tested inhibit topoisomerase I, indicating that this 
enzyme could be a potential target for future mononuclear and trinuclear osmium pyridyl imine 
complexes. 
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 Other possible drug targets that involve both DNA and proteins are the nucleosomes, the 
unit of chromatin that comprises DNA coiled about a histone protein octamer.180,181 The Os(II) 
arene complexes bearing N-substituted 2-pyridinecarbothioamides (PCA) ligands (32a and 32b), 
which exhibit potent anticancer activity in lung and ovarian cancer cells, were found to form 
covalent adducts with the histone proteins.182 Crystals of the nucleosome core particle were 
soaked in solutions containing complexes 32a and 32b. Single-crystal X-ray diffraction revealed 
that these complexes bind covalently to two histidine residues at the histone H2B site. The 
apparent preference for this complex to bind the protein histidine side chains, rather than 
nucleobase sites on the DNA, is unexpected given the known DNA-binding activities of related 
analogues. This result also suggests that these compounds could hinder chromatin mobility as a 
mechanism of action.  

 

 
 
The ability of the Os(II) arene complexes, 33a–33d, to interact covalently with a diverse 

set of proteins was studied in comparison to their ruthenium and rhodium analogues.183 These 
complexes contain flavonoid-based ligands, which are naturally occurring plant constituents184 
that have been shown to inhibit topoisomerase IIα.185,186 The ruthenium, rhodium, and osmium 
compounds exhibit extremely potent in vitro anticancer activities with IC50 values in the 
nanomolar range. Among these metal complexes, the most cytotoxic species were those bearing 
the flavonoid ligand with a p-Cl substituent. The interactions of these complexes with ubiquitin 
and cytochrome c were investigated by mass spectrometry. These studies verified that the 
complexes form covalent adducts with ubiquitin, binding selectively at histidine side chains. 
However, no such adducts were detected on cytochrome c, indicating that there may be sequence 
specificity associated with the ability of these complexes to bind proteins. These complexes also 
bind covalently to the nucleotide triphosphates, 5'-dGTP and 5'-dATP. Notably, the ruthenium 
and osmium complexes bind preferentially to 5'-dGTP, whereas the rhodium complex selectively 
interacts with 5'-dATP. This selectivity reflects a subtle difference in the coordination 
preferences of these metal ions. However, when incubated in the presence of a mixture of amino 
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acids and nucleotides, all metal complexes preferentially bind histidine, providing further 
evidence of the importance of protein targets.  

 

 
 

 The exceedingly slow ligand substitution kinetics of osmium complexes, especially in 
comparison to its second row congener ruthenium, give rise to new facets in its medicinally 
relevant biological chemistry. For example, Os(II) arene complexes bearing N-heterocyclic 
carbene (NHC) ligands, such as 34, are kinetically inert, yet highly cytotoxic in ovarian cancer 
cells.187 The osmium complexes, unlike their ruthenium analogues, do not interact covalently 
with ubiquitin. The kinetic inertness of these osmium complexes may be advantageous because 
many metal complexes are deactivated by intracellular nucleophiles like glutathione (GSH). 
Among this series of related Os(II) NHC complexes, compound 34, which bears the lipophilic 
dodecyl alkyl chain, is the most active in comparison to the less lipophilic alkyl substituents. 
This result suggests that the lipophilicity of the complex is the primary determinant of activity 
for this class of compounds.  
 

 
 

The slow ligand substitution kinetics of these Os(II) arene complexes can also be utilized 
to exploit outer-sphere ligand-based reactivity. For example, the thiol-reactive maleimide groups 
were conjugated to the osmium complexes, 35a–35e188 and 36a–36c.189 These compounds react 
with thiols, like cysteine, at the maleimide site without any direct ligand substitution reaction at 
the osmium center. The most active complexes, 35a and 35b, exhibit almost identical IC50 values 
of 9.0 and 8.0 µM, respectively. In contrast, complexes 36a–36c showed no in vitro anticancer 
activity at all. The differing activities of these osmium maleimide compounds highlight the effect 
that ligand modifications can have on the function of metal complexes. 
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Mechanism of Cell Death 

 
The mechanisms of cell death induced by structurally similar Os(II) arene complexes can 

be remarkably dependent on the nature of the supporting ligands. As a representative example, 
the differing activity and mechanism of action of a set of osmium complexes bearing 
iminopyridine ligands (37a and 37b) were explored and compared to their largely investigated 
osmium azopyridine derivatives.190 Complexes 37a and 37b, which differ only by the nature of 
the halide ligand, exhibit potent anticancer activity against ovarian and lung cancer cell lines. 
Their activity is correlated to their ability to produce ROS and oxidize NADH. Unlike the 
ruthenium azopyridine analogues,191 these complexes cannot readily oxidize GSH but are 
competent oxidants for NADH, converting it to NAD+ via a hydride transfer to the Os(II) center. 
Between 37a and 37b, the chlorido complex, 37a, is substantially less cytotoxic than the iodido 
complex. Furthermore, the iodido complex, 37b, is equally potent in wild-type and cisplatin- and 
oxaliplatin-resistant cell lines. In contrast, the activity of the chlorido complex, 37a, is 
diminished by a factor of 4 in the drug-resistant cell lines.192 This result suggests that 37b 
operates under a distinct mechanism of action from both the platinum drugs and its chlorido 
analogue 37a. Additional mechanistic studies on 37b revealed that its activity is not dependent 
on the expression levels or mutation status of p53 and that it also induces late-stage apoptosis 
with increased activity in the presence of L-buthionine sulfoximine (BSO), a glutathione S-

Page 23 of 73 Dalton Transactions



 24

transferase (GST) inhibitor.193 These studies have provided insight on the effect that small 
changes in ligand substituents can have on the mechanism of action of structurally analogous 
metal complexes. 

 

 
 
Modifications of the chelating ligand also play a large role in affecting the mechanism of 

action of these complexes. For example, the osmium complex, 38,  which contains an 
azopyridine ligand, induces cell death via a different mechanism than its iminopyridine 
analogue.194 Complex 38 exhibits greater activity than cisplatin in lung cancer cells. Similar to 
37a and 37b, the halide ligand plays an important role, as evidenced by the substantially greater 
cytotoxicity of 38 compared to its chlorido analogue. Compound 38 induces cell death via 
disruption of mitochondrial function as indicated by depolarization of the mitochondrial 
membrane potential and release of cytochrome c into the cytosol. Similar to the iminopyridine 
complexes, 37a and 37b, 38 is selective for cancer cells over non-cancerous fibroblasts, and its 
activity is inversely related to intracellular GSH concentration.195 Complex 38 also operates 
through a ROS-dependent pathway and modulates metabolic processes.196 Because the activity 
of 38 is dependent on GSH concentration, the role of this tripeptide in mediating the activity of 
38 was further explored.197 HPLC studies showed that the Os–I bond of this complex hydrolyzes 
to form the presumed active species, the hydroxido complex [(η6-p-cymene)Os(p-NMe2-
azopyridine)(OH)], in the presence of GSH. This hydroxido species can then interact with excess 
GSH to form the osmium-thiolato (GS–) or osmium-sulfenato (GSO–) adducts. To probe the 
intracellular localization of 38, synchrotron-based X-ray fluorescence imaging was employed.198 
This technique allows for simultaneous mapping of specific elements based on their distinct X-
ray emission energies.199 Ovarian cancer cells treated with 38 were imaged to track the 
intracellular localization of osmium. The osmium of complex 38 localized primarily in the 
mitochondria (Fig. 3). Imaging of calcium revealed that these ions were depleted from the ER 
and enriched in the cytosol, suggesting that 38 alters intracellular calcium trafficking. Because 
the export of calcium from the ER is a hallmark feature of apoptosis,200 this result suggests that 
38 can trigger this mode of cell death. Collectively, the detailed studies of 38 indicate that this 
compound mediates cell death via a mechanism of action that is distinct from that of cisplatin. 
The primary feature of this mechanism include its ability to increase intracellular ROS levels, 
which leads to apoptosis. Additionally, related iridium azopyridine complexes operate via similar 
mechanisms of action, which will be discussed in Part 4 of this review.201 
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Fig. 3 X-ray fluorescence map of osmium (red), zinc (green), and calcium (blue) in A2780 ovarian cancer cells 
treated with 38. Reprinted with permission from reference 198. Copyright (2017), with permission from John Wiley 
and Sons.  
  
 Based on their structural similarity to the osmium iminopyridine and azopyridine 
complexes described above, cyclometalated Os(II) arene complexes bearing 1-substituted 4-
phenyl-1,2,3-triazole ligands were explored for their anticancer activity.202 The most potent 
compound in this series, 39, stalls cells in the S phase of the cell cycle. These compounds were 
also evaluated as inhibitors of topoisomerase IIα. However, they failed to inhibit this enzyme at 
biologically relevant concentrations, suggesting that topoisomerase IIα is not a likely target and 
that a different mechanism of action is operative. 
 

 
 
 An alternative approach to control osmium-mediated cell death mechanisms is the use of 
bioactive ligands, which have known mechanisms of action, on Os(II) arene complexes. 
Lapachol, a natural product with anticancer activity that stems from its ability to generate 
ROS,203 was employed as a ligand for Os(II) arene complex 40.204 The Os(II) complex triggered 
apoptosis in cancer cells via the production of ROS, resulting in an IC50 value that is similar to 
free lapachol. Because no significant enhancement of activity was observed for the complex, the 
cytotoxicity of 40 is most likely a consequence of the lapachol moiety.  
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 Protein kinase inhibitors, a well-established class of anticancer drugs,205,206 have also 
been implemented as ligands for Os(II) arene complexes. Complexes 41a–41c, which bear 
quinoxalinone-based protein kinase inhibitor-like ligands, gave rise to significant cytotoxic 
effects in a panel of cancer cell lines.207 They killed cells via an apoptotic pathway but did not 
substantially alter the cell cycle. Paullones, another type of cyclic-dependent kinase (Cdk-2) 
inhibitors,208 were used as ligands on the Os(II) arene complexes, 42a and 42b.209 Like 41a–
41c, these complexes showed potent anticancer activity but did not affect the cell cycle. The 
Cdk-2 inhibitory activities of these complexes were substantially reduced relative to the free 
ligands, suggesting that alternative causes of cell death are operational for this class of 
compounds. 
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 An Os(II) arene complex bearing valproic acid (43), a drug used to treat bipolar disorder 
and seizures,210 was investigated for use as an anticancer agent.211 Valproic acid inhibits HDAC, 
a property that gives rise to its antiproliferative effects.212 Compared to an analogous complex 
without valproic acid, 43 exhibits a 3-fold higher cytotoxic activity in ovarian cancer cells. 
Complex 43 was also shown to induce apoptosis, produce ROS, and disrupt the mitochondrial 
membrane potential. Lastly, 43 inhibits HDAC with similar potency as free valproic acid, 
suggesting that this enzyme is a critical target for this complex.  
 

 
 
 The enzyme GST, which catalyzes the conjugation of glutathione to metal-based 
anticancer agents to deactivate them, is upregulated in multidrug-resistant cancers.213 An 
inhibitor of GST, ethacrynic acid (EA),214 could therefore help overcome drug-resistance in 
cancer cells. To explore this hypothesis, EA was conjugated to osmium to yield complexes 44a, 
44b,215

 and 45a–45d.216 These complexes were designed to deliver EA upon intracellular 
cleavage of the ester bonds. Accordingly, these compounds show GST inhibitory activity and are 
also effective in cisplatin-resistant cancer cell lines.  
 

 
 
 

Page 27 of 73 Dalton Transactions



 28

 
 

Similar to the approach described above of using osmium complexes conjugated to EA, 
the osmium complex, 46, and its ruthenium analogue were designed to contain dichloroacetate 
(DCA) as a bioactive ligand.217 Sodium dichloroacetate is used for the treatment of lactic 
acidosis.218 Its activity is attributed to its ability to inhibit pyruvate dehydrogenase kinase (PDK), 
an enzyme that is important to cancer cells for maintaining their unique metabolic profile of 
aerobic glycolysis.219,220 Complex 46 and its ruthenium analogue exhibit similar micromolar 
toxicities in ovarian cancer cells. Although the cytotoxic activities of the two complexes were 
comparable, only the ruthenium complex gave rise to a substantial population of cells in the sub-
G1 phase.  Additionally, the ruthenium analogue gave rise to higher levels of mitochondrial 
cytochrome c in the cytosol. This study illustrates the potential of bioactive molecule-releasing 
osmium complexes as potent anticancer agents and demonstrates that ruthenium analogues may 
have distinct mechanisms of action.  

 
 

 In a new direction, the exploitation of the catalytic properties of Os(II) arene complexes 
to mediate anticancer activity has been investigated for complex 47 and related derivatives.221

 

This compound catalyzes the enantio-selective transfer hydrogenation reduction of pyruvate to 
lactate using formic acid as a hydride source. Furthermore, the catalytic activity of 47 is retained 
in live cells. The compounds are only cytotoxic against cancer cells in the presence of excess 
formate, suggesting that toxicity is dependent on the ability of these complexes to catalyze this 
reaction. Additionally, a more biologically relevant hydride source, formylmethionine, also 
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enables this reactivity in cells. The development of catalytic metallodrugs is an important field 
that may usher in the next generation of metal-based anticancer agents.190,191,222–224 
 

 
 
In Vivo Studies 

 

Only a handful of Os(II) arene complexes have been investigated with in vivo models of 
cancer.225–229 Among several of the more recent examples, Os(II) arene complexes bearing alkyl 
and perfluoroalkyl groups (48a and 48b) were investigated in chicken embryos to probe their 
anti-angiogenic effects.226 Using the chicken embryo chorioallantoic membrane (CAM) 
model,230 the complexes were shown to disrupt vascular activity through induction of vaso-
occlusion of the vasculature, signifying their potential use for preventing tumor angiogenesis.  

 

 
 

 The in vivo anticancer activity of the indolo[3,2-c]quinoline osmium complex (49) was 
evaluated in mice bearing xenografts of CT-26 murine colon cancer cells.227 The osmium 
complex administered over the span of five days at low doses, both intraperitoneally and orally, 
was found to reduce tumor growth to a greater extent than its ruthenium analogues. The greater 
in vivo activity of the osmium complex is surprising because the ruthenium analogue was 
actually more potent in the in vitro cancer models. This result highlights the challenges in 
attempting to use in vitro models to predict the in vivo activity of novel drug candidates. 
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 Given the growing interest in osmium anticancer agents, a validated protocol for 
analyzing the biodistribution of osmium in mice via ICP-MS was recently reported.225 For 
standard in vivo biodistribution studies, animal organs are digested with strongly oxidizing 
acids.231 Under these conditions, however, osmium is lost in the form of the highly toxic and 
volatile OsO4. In this study, mild digestion conditions were established to prevent oxidation and 
loss of osmium. To demonstrate the efficacy of this procedure, the biodistribution patterns of the 
Os(II) arene complex, 50, and its Ru(II) congener were evaluated in mice. Both compounds 
displayed similar uptake profiles. In general, higher concentrations of osmium were detected 
compared to ruthenium, indicating that the osmium complexes clear less effectively in vivo. The 
compounds were taken up preferentially in the liver with only moderate uptake in the tumor. 
This study validates a new osmium quantification method that could be useful for exploring the 
in vivo anticancer activities of complexes containing this element. 
 

 
 

Following the method described above for the ICP-MS analysis of osmium in biological 
samples, the biodistribution of complex 32b was investigated and compared to that of its 
ruthenium analogue.232 Complex 32b182 exhibits potent in vitro cytotoxic activity and can be 
administered orally in vivo as an anticancer agent. When administered orally over the course of 
14 days, both the ruthenium and osmium complexes inhibited tumor growth in mice bearing CT-
26 colon cancer tumor xenografts. After this initial 14-day treatment period, the mice were 
further observed for an additional 7 days without additional compound administration. After 
cessation of treatment, tumors on mice that were treated with the ruthenium complex returned to 
volumes that matched those found on the untreated controls. In contrast, the mice treated with 
osmium complex 32b did not display observable regrowth of the tumors. This result indicates the 
long-lasting effects of 32b on tumor growth and may illustrate its potential for preventing cancer 
relapse in patients. The biodistribution of these complexes was evaluated by ICP-MS, and the 
metal localization was imaged with laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS), a highly sensitive element-specific imaging technique.233 The liver and kidney 
had the highest concentrations of the metal complexes. LA-ICP-MS showed that the ruthenium 
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and osmium concentrations were higher in the cortex rather than the medulla of the kidney. This 
result is consistent with kidney distribution patterns of cisplatin.234 With respect to the tumor 
localization, the ruthenium analogue was found to penetrate deeper into the interior of the tumor 
compared to the osmium complex, which primarily localized to the outer edge of the tumor as 
shown in Fig. 4. These results highlight the application of LA-ICP-MS for determining the 
spatial distribution of osmium in tissues. 

 

 
Fig. 4 Osmium (left) and ruthenium (right) spatial distribution in CT-26 tumor xenografts after oral administration 
of 15 mg/kg of compound. The images in purple illustrate the tumors with haematoxylin-eosin (H&E) staining and 
the other images show the metal distribution using LA-ICP-MS. The average metal concentration is illustrated on 
the scale with an asterisk. Reprinted with permission from reference 232. Copyright (2018), with permission from 
Royal Society of Chemistry. 
 
3.2. Osmium Indazole Complexes 

 
 The Ru(III) complex, trans-[tetrachlorobis(1H-indazole)ruthenate(III)], also known as 
KP1019, is one of the few non-platinum metal-based compounds to progress to clinical 
trials.155,156 This complex is activated both by reduction and ligand substitution reactions.235 
Given the substantially different redox chemistry and slower ligand exchange kinetics of third 
row transition metals compared to their second row analogues, it was expected that osmium 
derivatives may exhibit different and possibly complementary anticancer activities to KP1019. 
The osmium analogue of KP1019 has only recently been investigated.236 An interesting feature 
of this osmium complex is the accessibility of different isomers that vary based on the tautomeric 
state of the coordinating indazole ligand. For example, the trans isomer (51) contains the 2H-
indazole tautomer, but the cis isomer (52a) bears the 1H-indazole tautomer. The ability of 1H-
indazole to tautomerize into 2H-indazole could be important for the physiological and biological 
properties of these complexes. To investigate this hypothesis, a series of osmium complexes with 
different tautomeric forms of indazole were investigated for their anticancer activity and 
compared to the ruthenium complex, KP1019.237 Unlike KP1019, these compounds were 
essentially inert to ligand substitution reactions with amino acids and nucleobases. Despite their 
kinetic inertness, they still exhibit moderate anticancer activity, albeit less than that of KP1019. 
Related anticancer active Os(III) and Os(IV) 1H- and 2H-indazole complexes (52a–52c) were 
subjected to mechanistic studies to understand how they induce cell death.238 Complexes 52a and 
52b, which are substantially less cytotoxic than cisplatin, induce late-stage apoptosis, 
characterized by both the flipping of phosphatidylserine to the outside of the cell and plasma 
membrane permeabilization. Among these osmium indazole complexes, the most active 
compound is the trans 2H-indazole complex, 51. The other compounds are substantially less 
potent, indicating that coordination isomers and ligand tautomeric forms can have large effects 
on the cytotoxic activity of this class of compounds.  
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In Vivo Studies 

 
Within this class of compounds, only complexes 53a and 53b, which contain a single 

indazole ligand in either the 1H- (53a) or 2H- (53b) tautomeric forms, were tested for in vivo 
anticancer activity in hematoma Hep3B SCID mouse xenotransplantation models.239 Like 
compounds 51 and 52a–52c, which were only tested in vitro, the different tautomeric forms of 
the indazole ligand gave rise to substantially different in vivo activities. In contrast to compound 
53a, which partially reduces tumor growth, 53b has no effect on tumor size. Despite its inability 
to inhibit tumor growth, 53b enhances the long-term survival of mice. These studies highlight the 
subtle effects of ligand conformations on modulating the biological activity of coordination 
complexes.  

 

 
 

3.3. Osmium Nitrido Complexes 

 

The stability of higher oxidation states of osmium gives access to novel metal-ligand 
multiple bond architectures. For example, the osmium nitrido unit, in which osmium is formally 
in the +6 oxidation state, is a stable structural motif that supports an Os–N triple bond. This class 
of compounds has previously been investigated for N-atom transfer reactions and in various 
catalytic roles.240,241 Members of this class of compounds were also recently discovered to 
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possess anticancer activity. The Os(VI) nitrido complexes bearing pyrazole (54a and 54b)242 and 
quinolinolato (55)243 ligands, for example, both give rise to cytotoxic effects in a panel of cancer 
cell lines. These compounds induce apoptosis and arrest the cell cycle in the S phase. Compound 
54b also led to phosphorylation of the histone protein H2AX, a known marker for DNA 
damage.244,245 Additionally, 54a and 54b cleave supercoiled plasmid DNA. Taken together, these 
results implicate that DNA is a major target for this class of compounds. 

 

 
 

 
 
A related class of Os(VI) nitrido compounds, which bear chelating diimine ligands, give 

rise to potent, sub-micromolar cytotoxicity in cancer cells. One of the most potent compounds, 
56, was shown to induce cell death via DNA damage, as reflected by the phosphorylation of 
H2AX and apoptosis induction.246 Another potent compound, an analogue of 56 with a 4,7-
diphenyl-1,10-phenanthroline ligand, causes ER stress instead of DNA damage, signifying the 
important role of the supporting ligands in mediating the anticancer activity of these complexes. 
Remarkably, complex 56 possesses enhanced toxicity in breast cancer stem cells (CSCs) as 
well.247 Because cancer stem cells are largely responsible for cancer relapse and patient 
mortality,248–251 the ability of this class of compounds to target CSCs provides interesting 
therapeutic possibilities for the use of Os(VI) nitrido complexes.  

 

 
 

In Vivo Studies  
 

In vivo studies of Os(VI) nitrido complexes remain fairly limited at this stage. Most 
recently, the cancer stem cell-selective complex, 56, and a related terpyridine-bearing Os(VI) 
nitrido complex 57 were evaluated in vivo for antitumor activity.252 These in vivo studies were 
prompted by the potent in vitro cytotoxic activity of these complexes in glioblastoma cells. 
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These compounds were injected intracranially into mice bearing patient-derived glioblastoma 
xenografts. Tumor growth was monitored by luminescence detection, capitalizing on the 
luciferase expression of the tumor model used. Fig. 5 shows the luminescence intensity of the 
tumor in both untreated and treated mice at 6 and 13 days after compound administration. 
Although both complex 56 and 57 increase the survival times of mice compared to the untreated 
control, compound 57 was substantially more effective than 56 in vivo. This result contradicts 
the in vitro studies, which demonstrated 56 to be the more potent of the two compounds. This 
result highlights the challenges of relying on in vitro studies to predict in vivo compound 
efficacy, a phenomenon that was discussed earlier in the context of compound 53b. These early 
results are promising for establishing this class of osmium complexes as anticancer agents. 
Further studies, however, should help determine their in vivo mechanisms of action more 
precisely.  

 

 
 

 
Fig. 5 Efficacy of 57 in mice bearing patient-derived glioblastoma xenografts. The mice shown on the left side of 
each panel are the untreated control group (injected with saline) and the mice shown on the right side of each panel 
were treated with 57. The luminescence, arising from the luciferase expression of the cancer cells, illustrates tumor 
growth after 13 days post injection. Reprinted with permission from reference 252. Copyright (2018), with 
permission from Elsevier. 
 

3.4. Osmocifen Complexes 

 

 Tamoxifen is an organic nonsteroidal antiestrogenic drug used for the treatment of breast 
and ovarian cancer.253 A second-generation analogue of tamoxifen is the organometallic drug 
candidate, ferrocifen, in which one of the phenyl groups in tamoxifen is replaced by a highly 
stable bis(cyclopentadienyl) Fe(II) (ferrocene) core.254–256 Ferrocifen has shown several 
advantages over tamoxifen. In addition to maintaining the antiestrogenic properties of tamoxifen, 
it also catalyzes the generation of ROS through redox cycling of the Fe(II) center.255 The 
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promising preclinical studies with ferrocifen have prompted an investigation of the 
corresponding ruthenium and osmium analogues, which are often referred to as “ruthenocifen” 
and “osmocifen” complexes, respectively.  

Osmocifen complexes were compared to iron and ruthenium analogues with respect to in 
vitro anticancer activity.257 The most potent osmocifen complex, 58, is significantly cytotoxic in 
both hormone-dependent and hormone-independent breast cancer cells.258 Hormone-dependent 
breast cancer cells generally rely on the presence of external hormones, such as estrogen and 
progesterone, for their continued proliferation. In contrast, hormone-independent breast cancer 
grows and metastasizes aggressively in the absence of these hormones. Tamoxifen, as an 
antiestrogenic drug, is used exclusively for hormone-dependent breast cancer.259 As such, the 
ability of the osmocifen complexes to induce cell death in hormone-independent breast cancer 
cells indicates that the osmium center alters the mechanism of action of tamoxifen, expanding its 
therapeutic utility to this type of aggressive cancer. Because ferrocifen induces cellular 
senescence, an irreversible cell cycle arrest pathway,260,261 58 and its ruthenium analogue were 
investigated in this capacity. These studies indicate that the extent of senescence induction was 
less for these compounds compared to ferrocifen. Although less potent than ferrocifen, the 
ruthenium and osmium derivatives exhibit low micromolar toxicity. To further probe the SARs 
for this class of compounds, complex 59, which lacks the O(CH2)3NMe2 tail of 58, was 
investigated for anticancer activity. This O(CH2)3NMe2 structural motif is apparently important 
for mediating the biological activity of this class of compounds, as evidenced by the diminished 
activity of 59 compared to 58. For example, complex 58 increases production of ROS, decreases 
the mitochondrial membrane potential, and oxidizes cytosolic and mitochondrial thioredoxins, 
proteins that are critical for maintaining the cellular redox status. These effects are attributed to 
the inhibition of thioredoxin reductase, an enzyme that controls the redox status of 
thioredoxin.262 Similar results were observed for complex 59 but to a lesser extent. These studies 
highlight the potential of osmocifen complexes as potent thioredoxin reductase inhibitors.  
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3.5. Osmium Polypyridyl Complexes 

 

The biological activity of Os(II) polypyridyl complexes was first investigated in 1952.263 
Since then, few studies have explored this class of compounds as anticancer agents. The lack of 
labile ligands in these compounds suggests that they bind with intracellular targets via non-
covalent interactions. Although these complexes may potentially bind to DNA via intercalation, 
an interesting application lies in their abilities to interact with protein-based targets. Complex 60, 
for example, was shown to inhibit STAT5B,264 a transcription factor that is known to upregulate 
oncogenic pathways in cancer cells.265–267 The inhibitory activity of 60 was demonstrated in 
living cells based on decreased transcription activity of STAT5B. The complex directly binds 
with STAT5B, preventing its dimerization to the functionally active form. The inhibition of 
STAT5B manifests in the cytotoxic effects of 60 against cancer cells. Another class of Os(II) 
polypyridyl complexes were investigated as inhibitors of the hypoxia-inducible factor (HIF) 
pathway.268 HIF regulates the hypoxic response in mammals.269 Under hypoxic conditions the 
HIF-1α and HIF-1β transcription factors dimerize to form the active HIF heterodimer, triggering 
the transcription of genes involved in cell proliferation and tumorigenesis.270–272 However, under 
normoxic conditions HIF-1α is degraded and the HIF heterodimer does not form. Among the 
compounds investigated in this study, 61 most effectively inhibits the HIF pathway by disrupting 
the HIF-1α-p300 protein complex, which is directly linked to the activation of tumorigenic gene 
transcription.271–273 These recent studies on Os(II) polypyridyl complexes revealed novel 
opportunities to target cancer-related proteins, such as STAT5B and HIF-1α. Although not 
considered in these studies, the luminescence properties of these complexes may be leveraged for 
simultaneous imaging as well,274 rendering these complexes an interesting new class of 
anticancer agents.  
 

 
 

 
 

3.6. Osmium Nitrosyl and Carbonyl Complexes 

 

 Carbon monoxide (CO) and nitric oxide (NO) mediate a wide range of biological 
processes,275–279 and recent studies have shown that they may possess favorable antiproliferative 
properties for use in cancer therapy.280,281 The application of coordination complexes as selective 

Page 36 of 73Dalton Transactions



 37

delivery agents for these gaseous molecules for cancer treatment is an expanding field of 
interest.282–285 The use of osmium complexes in this context, however, is much less explored. 
Among recent investigations, a library of twenty osmium and ruthenium complexes bearing 
azole heterocycle and nitrosyl ligands of the general formula, [MCl4(NO)(Hazole)]-, Hazole = 
azole heterocycle, M = Ru or Os, were compared for their antiproliferative properties.286 The 
osmium complexes were inert in the presence of ubiquitin, myoglobin, and the reducing agent, 
ascorbic acid. In contrast, the ruthenium analogues underwent rapid reduction upon treatment 
with ascorbic acid even though they were unreactive to ubiquitin and myoglobin. The ruthenium 
complexes are more cytotoxic than the osmium complexes in a panel of cancer cell lines, which 
could possibly be due to their more rapid reduction. The orientation of ligands about the osmium 
center, however, plays a large role in mediating the activity of the complexes. For example, the 
most cytotoxic osmium complex, 62, was about 3 to 10 times more active than its trans isomer 
depending on the cell line. Furthermore, consistent with its slow ligand exchange kinetics, 
complex 62 did not bind covalently to human serum albumin (HSA).287 It did, however, interact 
non-covalently with two hydrophobic binding sites within this protein. This result suggests that 
non-covalent adducts could play a role in the mechanism of action of this compound. Complex 
62 and the cis and trans ruthenium derivatives were further investigated for their mechanism of 
action.288 The cis and trans ruthenium analogues effectively depolarize the mitochondrial 
membrane, induce apoptosis, and increase ROS levels. In contrast, these effects were much less 
pronounced for the osmium analogue, 62. Although NO release was not directly investigated, 
intracellular levels of cyclic GMP (cGMP), which is produced intracellularly upon NO 
exposure,289 were determined. The cGMP levels were substantially higher for cells treated with 
the ruthenium complex in comparison to the osmium complex, 62. The poorer activity of the 
osmium complexes may be attributed to the stronger Os–NO bond, which prevents NO release 
and the formation of covalent adducts with the osmium center. 
 

 
 

Multinuclear osmium and ruthenium nitrosyl complexes linked to a central lanthanide ion 
via bridging oxalate ligands were developed as potential theranostic agents, simultaneously 
capitalizing on the therapeutic properties of the ruthenium and osmium centers and diagnostic 
imaging capabilities of the luminescent lanthanide core.290 Consistent with several of the 
compounds discussed above, the osmium complexes were substantially less active than their 
ruthenium analogues. The cellular uptake of the most active compound, 63, was investigated by 
ICP-MS. Consistent with the relative in vitro anticancer activities of these complexes, the 
ruthenium analogue was taken up to a much greater extent compared to the osmium complex, 63. 
Unfortunately, the luminescence or magnetic contrast properties of the lanthanides were not 
explored. However, the concept of capitalizing on the novel imaging properties of the 
lanthanides ions in combination with osmium-based anticancer agents is a promising strategy for 
the development of new theranostic drug candidates.  
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 The activity of osmium carbonyl complexes was explored in a series of trisosmium 
carbonyl clusters.291 These complexes were found to be more active against breast cancer cell 
lines lacking the estrogen receptor, indicating that they may operate through a receptor-
independent pathway. Additionally, the most potent complex, 64, induces apoptosis. The 
cytotoxicity of these complexes may arise from the labile acetonitrile ligand that could enable 
this cluster to form covalent biological adducts. Release of CO may also give rise to cytotoxic 
activity. For this class of compounds, however, more studies are necessary to understand their 
mechanism of action. 
 

 
 

In Vivo Studies 

 

 A related trisosmium carbonyl complex (65) was found to be cytotoxic in colorectal 
cancer cells lines and induce apoptosis through mitochondrial stress and ROS production.292 It 
was also evaluated in combination with cisplatin and doxorubicin. The combined therapy gave 
rise to synergistic effects that facilitated the induction of tumor cell apoptosis. Following these in 
vitro results, this compound was tested in vivo. The administration of 65 to mice bearing 
HCT116 colorectal cancer xenografts results in decreased tumor growth rate and an overall 50% 
reduction in tumor volume. This in vivo study demonstrates the therapeutic potential of 
trisosmium carbonyl clusters.  
 

 

Page 38 of 73Dalton Transactions



 39

 
3.7. Osmium Pybox Complexes 

Ruthenium pybox complexes bearing the water-soluble phosphine ligand, 1,3,5-triaza-7-
phosphaadamantane (PTA), have previously been shown to possess potent anticancer activity.293 
Motivated by these results for ruthenium, a series of Os(II) complexes bearing PTA and 
enantiopure (S,S) pybox ligands were investigated for both anticancer and antimicrobial 
activity.294 The compounds partially decrease the electrophoretic mobility of plasmid DNA, 
indicating that they unwind the DNA double helix to a small extent. The most active complex, 
66, exhibits cytotoxicity in the micromolar range against cervical cancer cells and induces 
apoptosis like the ruthenium analogues. This class of osmium complexes highlights how novel 
ligands can be applied to generate cytotoxic compounds. 

 

4. Iridium Complexes 
 

 Like rhenium and osmium, the anticancer properties of iridium complexes remain 
relatively less explored. In recent years, however, there has been a surge in the application of 
these complexes as anticancer agents and imaging probes.295–298 Although many of these 
compounds exhibit cytotoxicity in cancer cells, as highlighted in recent review articles,295,299 
their mechanisms of action have only been scarcely investigated. In this section, we summarize 
recent studies on the mechanism of action of anticancer iridium complexes, as categorized based 
on their compound structural types. 
 

4.1. Cyclometalated Iridium Complexes 

 

 Octahedral cyclometalated iridium complexes represent a common structural motif. This 
class of compounds has predominantly been investigated for their promising photophysical 
properties, which have enabled their use in photoredox catalysis.300 These compounds have also 
recently been shown to possess useful imaging and anticancer properties.301–307 Additionally, 
some complexes target DNA or inhibit specific proteins.303,308–313 For example, complexes 67a–
67c,314 and 68315 kill cancer cells via an apoptotic mechanism. Molecular docking studies suggest 
that their activity stems from their ability to bind the minor groove of DNA.  
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Modifications of the peripheral ligands can substantially alter the activity of these 
complexes. For example, β-carboline alkaloid moieties, which are kinase inhibitors,316 were 
coordinated to cyclometalated Ir(III) complexes 69a and 69b.317 Complex 69b inhibited the 
mammalian target of rapamycin (mTOR) signaling pathway, a kinase that regulates cell growth 
and autophagy,318 ultimately leading to cell death via autophagy. The ability of this complex to 
inhibit mTOR confirms how the implementation of the β-carboline alkaloid moiety can rationally 
lead to a desired mechanism of action. In another example, phosphorescent Ir(III) complexes 
containing 1,1'-dimethyl-2,2'-biimidazole ancillary ligands and two 2-phenylpyridine (70a) or 
two 2-thienylpyridine (70b) bidentate moieties were explored for anticancer activity.319 These 
complexes were designed to help understand the cellular processes during mitophagy, a type of 
autophagy that selectively degrades the mitochondria (Fig. 6b).320 Compounds 70a and 70b were 
found to accumulate in the mitochondria of A549 lung cancer cells and induce mitophagy, 
resulting in increased protein expression of PINK1, a protein that manages the autophagic 
clearance of damaged mitochondria after mitophagy. The results also showed increased 
expression of the protein Parkin, a regulator of cancer cell migration.321 As shown in Fig. 6a, 
complex 70a (green) was imaged using time-lapse confocal fluorescence microscopy in A549 
cells stained with eGFP-LC3 (an autophagosome marker, red) and LysoTracker Deep Red (a 
lysosome marker, LTDR, pink). These images show the process of mitophagy over the course of 
12 min. After 3 min, the iridium complex colocalizes with the eGFP-LC3 marker, signifying the 
formation of mitochondria-containing autophagosomes. Over longer time periods, the emission 
arising from the autophagosome diminished, a consequence of the hydrolytic digestion of these 
structures. The time-lapse microscopy experiment confirms that this class of compounds induces 
autophagy through mitochondrial damage. Overall, these studies demonstrate how ligand design 
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and modification can impact the mechanism of action of these complexes to give rise to 
substantial anticancer activity.  

 

 
 

 
 

 
Fig. 6 (A) Time-lapse confocal fluorescence imaging in A549 cells expressing eGFP-LC3 (red) treated with 70a (15 
µM, green) and LTDR (50 nM, pink) for 6 h. Scale bar: 10 µm. (B) Schematic illustration of mitophagy. Reprinted 
with permission from reference 319. Copyright (2017), with permission from American Chemical Society 
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 A related cyclometalated complex bearing a 2-(4-cyanophenyl)imidazole[4,5-
f][1,10]phenanthroline ligand (71) was evaluated for anticancer activity in MDA-MB-231 breast 
cancer cells.322 Confocal fluorescence microscopy revealed that these compounds accumulate in 
the mitochondria, and flow cytometry studies showed that complex 71 induces apoptosis. These 
results suggest that this complex’s mode of cell death proceeds via an intrinsic mitochondria-
mediated apoptotic pathway. A similar iridium complex that contains a novel ligand BTCP (2-
bicyclo[2.2.1]hept-en-yl-1H-1,3,7,8-tetraazacyclopenta[l]phenanthrene) (72) was studied for 
activity in a variety of cancer cell lines.323 Complex 72 induces ROS production and 
depolarization of the mitochondrial membrane potential. Complex 72 also stalls cells in the 
G0/G1 phase of the cell cycle. Fluorescence microscopy, in conjunction with fluorescent 
autophagosome marker monodansylcadaverine (MDC), was used to study cell invasion and 
induction of autophagy.324 These results showed increases in MDC fluorescence intensity with 
increasing concentrations of 72, indicating that this compound induces autophagy. Furthermore, 
the complex upregulates the pro-apoptotic proteins caspase-3, Bak, and Bid, while 
downregulating anti-apoptotic proteins Bcl-1, Bcl-x, and procaspase 7. Based on these results, it 
is apparent that complex 72 induces both autophagy and apoptotic cell death. 
 

 
 

Recently, iridium complexes have been shown to localize in the mitochondria. Many of 
these complexes give rise to an increase in ROS, depolarization of the mitochondrial membrane, 
and activation of caspases, signifying the mitochondria to be an important target for this class of 
compounds.325–329 For example, the ester functional groups on complexes 73a–73h undergo 
intracellular hydrolysis, trapping the resulting anionic complex in the cell where it induces 
autophagy and apoptosis.330 Colocalization studies with mitochondrial dyes confirm that these 
complexes accumulate in the mitochondria, as shown for related structural analogues. Following 
this trend, complex 74 accumulates in the mitochondria and has an IC50 value in the micromolar 
range.331 Upon inducing cell death, it downregulates the expression of the anti-apoptotic 
proteins, Bcl-1 and Bcl-x, while upregulating expression of the pro-apoptotic protein, Bak, as 
shown by Western blotting. It also stalls the cell cycle in the G0/G1 phase in PC-12 rat adrenal 
pheochromocytoma tumor cells. These studies suggest that the mitochondria are an important 
target for this class of compounds.  
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In Vivo Studies 

 

 Two Ir(III) complexes (75a and 75b) and two Rh(III) benzofuran-conjugated complexes 
were synthesized and screened against DU-145 prostate cancer cells.332 Benzofuran was chosen 
based on its known ability to act as an inhibitor of the autophagy-regulating kinase, mTOR,333 
and phosphoinositide 3-kinase (PI3), an enzyme involved in cell growth and proliferation.334 
Complex 75a has an IC50 value of 3 µM and induces antiproliferative effects by directly 
inhibiting translocation and the activities of the transcription factors, STAT3335 and NF-κB,336 
which are involved in tumor growth and cell proliferation, respectively. In vivo studies in RM-1 
murine prostate cancer xenograft mouse models demonstrate dose-dependent tumor growth 
suppression without adverse side effects for both complexes. These studies suggest that iridium 
complexes of this type may provide a new basis for the logical design of dual inhibitor anticancer 
drugs. 
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Another cyclometalated iridium complex (76) was studied for in vivo activity in a mouse 
model.337 This complex has potent anticancer activity against A549 lung cancer cells as 
characterized by an IC50 value of 0.93 µM. Confocal laser scanning microscopy studies revealed 
that 76 colocalizes with MitoTracker Green in A549 cells but does not localize with LysoTracker 
Green DND-26. This result indicates that complex 76 may selectively target the mitochondria. In 
order to investigate apoptosis as a possible mode of cell death, cells treated with this complex 
were stained with Hoechst dye and subjected to fluorescence microscopy studies. These 
microscopy studies showed the formation of cytoplasmic vacuoles with the plasma membranes 
and nuclei intact. In contrast, cells treated with cisplatin exhibited significant membrane blebbing 
and nuclear fragmentation. Cytoplasmic vacuoles can potentially signify autophagic or paraptotic 
cell death.338 In order to distinguish between the two pathways, cells were co-treated with 76 and 
well-known autophagy inhibitors 3-methyladenine, chloroquine, wortmannin, and bafilomycin 
A1.339,340 Because the activity of 76 remains unchanged after co-treatment with these inhibitors, 
autophagy was ruled out as a possible mechanism. The possibility of paraptosis, which is 
characterized by mitochondrial dilation, was investigated with transmission electron microscopy 
(TEM).341 These TEM studies confirmed that the vacuoles originated from enlarged 
mitochondria, suggesting that paraptosis is the operative mechanism of cell death. The in vivo 
activity of this complex was evaluated in mice bearing A549 xenografts. Complex 76 was able to 
significantly inhibit tumor growth in a manner that was superior to an equivalent treatment 
regimen with cisplatin. In addition, mice treated with 76 did not show any significant change in 
body weight during the experiment, whereas the body weight of cisplatin-treated mice dropped 
by 10% on average. These results highlight the ability of this complex to kill lung cancer cells 
through a paraptotic cell death mechanism with limited side effects in mice. 
 

 

 
 

4.2. Multinuclear Complexes 
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 Multimetallic molecular frameworks offer interesting possibilities for the design of new 
anticancer agents to exploit the activity of several metal ions simultaneously. This approach has 
been very successful in the development of multinuclear analogues of cisplatin, as some of these 
compounds have progressed towards clinical trials.342 This strategy is also relatively successful 
for alternative metal ion complexes. In this context, several homo- and heteronuclear iridium 
complexes have been evaluated as anticancer agents. 

A set of highly charged cationic dinuclear Ir(III) complexes were investigated for their 
anticancer activity.343 The alkane linker between the two Ir(III) centers was varied, ranging from 
7 up to 16 carbons, to study its effect on the biological activities of the compounds. The most 
potent compound, 77, contained a 16-carbon chain linker. By virtue of their cationic charge, the 
complexes bind to ct-DNA with high affinity as shown by circular dichroism (CD) spectroscopy. 
Complex 77 induces significant changes in the CD spectral intensity of DNA samples, indicating 
that 77 binds to this biomolecule with high affinity and causes significant structural distortion. 
Further mechanistic studies may help in understanding the mode of cell death such as the 
induction of an apoptotic response. Additional studies comparing wild-type and cisplatin-
resistant cell lines may provide more insight on the potency of this complex. 

 

 
 

 Tetranuclear iridium complexes 78a–78c were tested for anticancer activity against 
prostate, lung, and cervical cancer cell lines.344 The Ir(III) fragments were linked via the 
hydrophobic benzoquinone embelin, strategically chosen based on its cell permeability and 
ability to inhibit X-linked inhibitors of apoptosis protein (XIAP), an anti-apoptotic protein.345 
Two additional bridging ligands, comprising either a pyrazine, 4,4'-bipyridine, or 1,2-bis(4-
pyridyl)ethylene, were employed to complete the metallo-rectangular structures. The most 
cytotoxic iridium complex, 78c, gave rise to IC50 values that were less than 1 µM in all three cell 
lines. Cell cycle analysis showed cell population accumulation in the sub-G1 phase, suggesting 
that treatment with these complexes leads to DNA fragmentation. An annexin V/propidium 
iodide (PI) assay, which measures populations of cells undergoing apoptosis versus necrosis,346 
demonstrated the ability of the complexes to induce apoptosis in both the early and late stages. 
These results confirmed that embelin successfully inhibits the anti-apoptotic protein, XIAP, 
resulting in apoptotic cell death. 
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 The SARs for a series of iridium complexes bearing a ferrocenyl moiety (79a–79d) were 
explored.347 As described above for the example of ferrocifen, the presence of ferrocene as a 
functional group may potentiate the biological activity of anticancer agents.348 These four 
complexes exhibit high cytotoxicity against HT-29 colon, HepG-2 liver, MCF-7 breast, HCT-8 
colon, and A2780 ovarian cancer cell lines. The SARs revealed that the lipophilicity of the 
compounds was the major factor that dictates their cytotoxicity. Accordingly, the most lipophilic 
compound, 79b, gave rise to the most potent anticancer activity as characterized by IC50 values 
ranging from 4 to 8 µM in a panel of different cell lines. An annexin V/PI assay indicated that 
complexes 79a–79d induce early- and late-stage apoptosis in breast cancer cells (Fig. 7). As 
evidenced by the DCFH-DA (2',7'-dichlorodihydrofluorescin diacetate) assay, these compounds 
also induce the production of intracellular ROS. The origin of this ROS production was explored 
in the context of the enzyme thioredoxin reductase, which plays a key role in maintaining 
cellular redox status. These compounds were shown to effectively inhibit thioredoxin reductase, 
further strengthening the potential for ROS production to contribute to cytotoxicity.  
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Fig. 7 (A) Flow cytometry analysis of MCF-7 breast cancer cells after an annexin V/PI assay. (B) Flow cytometry 
analysis data transformed into density plots for untreated cells and treated cells with 10 µM (24 h) of 79a–79d 
(labeled 1–4, respectively) are shown. Reprinted with permission from reference 347. Copyright (2017), with 
permission from Royal Society of Chemistry. 
 
 The dinuclear iridium-ruthenium complex with the metal centers bridged by a 
pyrazino[2,3-f][1,10]phenanthroline ligand (80) was investigated for anticancer activity.349 This 
complex gives rise to more potent cytotoxic effects compared to the homonuclear diruthenium 
analogue. The mode of cell death induced by 80 was further explored via flow cytometric 
analysis of the cell cycle, which revealed stalling of the cells in the G1 phase. Western blots were 
carried out to check for changes in expression levels of proteins responsible for apoptosis in cells 
upon treatment with 80. Specifically, the apoptotic regulators Bcl-2 and Bax and the cleavage of 
poly(ADP-ribose) polymerase (PARP), which is involved in DNA repair and apoptosis, were 
investigated in response to treatment with compound 80.350 No significant increase in the 
expression levels of any of these three proteins was detected, indicating that 80 induces a non-
apoptotic form of cell death. Studies on the morphology of cells treated with 80 revealed 
extensive cytoplasmic vacuolization, a feature of autophagy.351 Western blot analysis of the 
LC3II protein, a diagnostic marker for autophagic cell death,352 confirmed that 80 induces 
autophagy in these cells. 
 

 
 

4.3. Iridium N-Heterocyclic Carbene Complexes 

 
 N-heterocyclic carbene ligands form remarkably stable complexes with late transition 
metal ions.353 As such, they have an increasingly important role in the development of new 
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metal-based drug candidates.354 For example, the Ir(III) complexes 81a, 81b, 82a, and 82b 
bearing bidentate NHC ligands were shown to be more effective than cisplatin in eradicating 
A549 lung cancer cells.355 These compounds triggered an increase in intracellular ROS levels 
and depolarization of the mitochondrial membrane potential, ultimately resulting in caspase-
dependent apoptosis. A structurally distinct Ir(I) NHC complex (83) was also found to possess 
anticancer activity against MCF-7 breast and HT-29 colon cancer cells.356 Reactivity of 83 with a 
representative protein, horse heart cytochrome c,357 was investigated using high-resolution 
electrospray ionization mass spectrometry (HR-ESI-MS). The resulting HR-ESI-MS spectra 
revealed the formation of an 83–cytochrome c adduct, confirming that this compound binds 
covalently. Although these studies illustrate in vitro anticancer activity, further in vivo 
investigations are needed to establish this class of complexes as potential drug candidates.   
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4.4. Peptide-Conjugated Iridium Complexes 

 
 Increasing selectivity for cancer cells is a strategy that should minimize toxic side effects 
of chemotherapeutic agents. An attractive method for drug design is to utilize peptide sequences 
that can act as targeting moieties for different cellular receptors.358,359 For example, complex 84 
bearing the peptide sequence, KKGG, was tested for its cytotoxicity against Jurkat lymphocytic 
leukemia, Molt-4 lymphoblastic leukemia, HeLa cervical, and A549 lung cancer cells, revealing 
potent activity as characterized by IC50 values in the micromolar range.360 Time-lapse 
microscopy studies at 37 °C showed significant morphological changes of Jurkat cells as they 
underwent swelling and membrane blebbing. Analogous studies at 4 °C indicated that the 
complex does not alter cell morphology at low temperatures, which is possibly a consequence of 
its diminished cellular uptake under these conditions. When cells were treated with Z-VAD-fmk, 
a pan-caspase inhibitor, and necrostatin-1, a necroptosis inhibitor, in conjunction with 84, no 
cytoprotective effects were observed. These results suggest that 84 kills cancer cells through a 
necrotic pathway, which is independent of the caspases and necroptosis-inducing protein 
machinery. These complexes were further studied to identify their biological targets. The KKGG 
peptide sequence was replaced with a KKKGG peptide that was conjugated to the 3-
trifluoromethyl-3-phenyldiazirine (TFPD) photoaffinity label. Diazirine photoaffinity label-
conjugated compounds can be effectively used to isolate protein targets in complex biological 
media.361,362 For this Ir(III) complex, the proteins that were targeted upon photoirradiation were 
purified by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
complexation of 84 to the protein target was confirmed by liquid chromatography-mass 
spectrometry (LC-MS/MS). The Ca2+ sensor protein, calmodulin,363–365 was found to be an 
important target for 84, indicating that this complex may alter intracellular calcium trafficking as 
part of its mechanism of action.  
 

 
 
 Similarly, a set of iridium complexes bearing phenylpyridine ligands was covalently 
attached to short peptides via histidine side chains.366 The most potent complex (85), which 
contains the peptide HRGDHKLA, exhibits an IC50 value of 4.5 µM in A549 lung cancer cells. 
Furthermore, it induces membrane blebbing and nuclear condensation, hallmark features of 
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apoptosis. Unfortunately, the specific biomolecular target was not determined in this study. 
Further mechanistic studies are required to conclusively identify the macromolecular target for 
this complex and to verify the mode of cell death that it induces.  
 

 
  

4.5. Iridium Arene Complexes  

 

 Among the most common class of iridium anticancer agents studied are those bearing Cp 
ligands. These so-called “piano-stool” and “half-sandwich” complexes exhibit a diverse range of 
anticancer activity and varying mechanisms of action.367–374 For example, compounds 86a–86c 
exhibit anticancer activity against lung cancer cells and arrest the cell cycle in the G2/M 
phase.368 Results from an annexin V/PI assay indicate that these compounds give rise to 
apoptotic cell death when administered at a concentration of 5 µM. When dosed at a higher 
concentration of 10 µM, however, necrotic cell death was operational. Further mechanistic 
studies will elucidate how these complexes induce cell death, guiding the rational design of 
improved analogues. 
 

 
  

This class of compounds can also be used with established anticancer drugs to potentiate 
their activity. For example, half-sandwich iridium complexes bearing bpy ligands are non-toxic 
to cancer cells alone. However, when used in conjunction with the platinum-based drugs, 
cisplatin and carboplatin, a significant synergistic effect was observed. This study indicates that 
this class of compounds might have broader applications as chemosensitizing agents.375  

Although usually not considered in most studies, there is recent evidence to suggest that 
the counterion of cationic half-sandwich Ir(III) complexes may affect biological activity. The 
previously reported iridium complex,376 87, was prepared with the different counterions, Cl–, 
PF6

–, BF4
–, SbF6

–
,  CF3SO3

–, BPh4
–, and BArF–, where BArF– = [3,5-(CF3)Ph]4B

–.377 Compounds 
with the Cl–, PF6

–, BF4
–, SbF6

–, and CF3SO3
– counterions were equally effective anticancer 

agents that gave rise to micromolar IC50 values in several cancer cell lines. The compound with 
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the CF3SO3
– counteranion induces both early- and late-stage apoptotic cell death and depolarizes 

the mitochondrial membrane potential. In contrast, the compounds containing the BPh4
–, and 

BArF– counteranions were effectively inactive in lung cancer cells, as indicated by IC50 values 
that exceeded 100 µM. As expected, the inactive compound with the BPh4

– anion did not perturb 
cellular function in a manner that was noticeably different from the untreated control. Although 
these results suggest that the counterion may play an important role in modulating the anticancer 
activity of cationic complexes, studies to investigate their impact on solubility, which may 
indirectly alter their biological properties, should be undertaken.  

 

 
 

 A half-sandwich iridium complex (88) induces apoptosis in ovarian and leukemia cancer 
cells and also fragments nuclear DNA.378 Cell cycle analysis indicated that 88 stalls cells in the 
G0/G1 phase. Additionally, apoptosis was investigated as a potential mode of cell death for this 
complex using enzyme-linked immunosorbent assay (ELISA), a technique used to detect 
biological targets. This method can be exploited to probe cytoplasmic nucleosomes that are 
released during the early apoptotic stages caused by DNA fragmentation.379 The increase in 
DNA fragmentation, as detected by ELISA, is consistent with an apoptotic mode of cell death. 
Confocal fluorescence microscopy was employed to visualize the mitochondrial membrane 
potential, using the probe tetramethylrhodamine ethyl ester (TMRE). This imaging study showed 
a decrease in mitochondrial membrane potential, as indicated by a decrease in the fluorescence 
signal of TMRE. Mitochondrial dysfunction was further supported by the ability of complex 88 
to induce ROS production. Overall, complex 88 may operate through a dual mechanism of action 
by causing both nuclear DNA damage and mitochondrial dysfunction.   
 

 
 
 Related half-sandwich iridium complexes also induce apoptosis through a caspase-
mediated pathway.380,381 One such complex, 89, was tested in K562 leukemia cell lines, 
revealing a remarkably low IC50 value of 0.26 µM.382 Similar to the other iridium piano-stool 
complexes, 89 increases ROS levels in cells and decreases the mitochondrial membrane 
potential. Western blot studies showed the upregulation of pro-apoptotic proteins Bax and 
caspase-9, the downregulation of anti-apoptotic Bcl-2, and the release of mitochondrial 
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cytochrome c into the cytosol. These results suggest that 89 induces cell death through a caspase-
dependent apoptotic pathway.  
 

 
 
 Ir(III) complexes (90a and 90b) containing phenylpyridine and N,N-
dimethylphenylazopyridine ligands were screened against 916 cell lines in the Sanger’s 
Genomics of Drug Sensitivity in Cancer panel.201 The resulting spectra of activity of these 
complexes in cancer cell lines can further be compared to those of 253 drugs in the Sanger 
Cancer Genome Database to identify compounds with similar mechanisms of action.201,383 The 
results of this study revealed 90b to have a novel spectrum of activity compared to the majority 
of the drugs in the database. Compound 90b was found to be highly active in cell lines 
containing mutations in the KIT gene, which codes for the cytokine receptor, C-KIT, that is 
overexpressed in blood and bone cancers.384 A good correlation between the spectra of activity 
of 90b and the related Os(II) arene complex, 38, which bears the same azopyridine ligand was 
observed, suggesting that this ligand plays a critical role in mediating the mechanism of cell 
death. Cells treated with 90a and 90b were stained with the nuclear-localizing dye, DAPI, and 
the NucView caspase activity indicator and imaged using confocal fluorescence microscopy 
(Fig. 8). These results revealed that complex 90b reduces cell count and induces apoptosis to a 
greater extent than 90a. Cell cycle analysis shows arrest in the S/G2 phase, which suggests that 
the compounds disrupt DNA replication or processes after the cloning of DNA. In contrast, the 
osmium analogue, 38, arrested the cell cycle in the G1 phase. Despite this difference, both 
complex 90b and 38 induce ROS production and apoptosis. As discussed above, the striking 
similarities in mechanisms of cell death are most likely a consequence of the azopyridine ligand. 
These results highlight the important role of the ligand in mediating the activities of metal-based 
anticancer agents. 
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Fig. 8 Fluorescence microscopy images of (A) A2780 and (B) OVCAR-3 ovarian cancer cells after treatment with 
growth media (control), 90a (1) at 2.5 µM, and 90b (2) at 2.5 µM. DAPI stain (blue) was used to locate nuclei and 
NucView reagent was used as a stain for caspase activity in apoptotic cells (green). Reprinted with permission from 
reference 201. Copyright (2017), with permission from Royal Society of Chemistry 
 

 Another series of Ir(III) arene complexes (91a–91h) exhibit antiproliferative effects in 
A2780 ovarian, A549 lung, and MCF-7 breast cancer cell lines.385 Studies to determine the mode 
of cell death, however, were inconclusive because hallmark signs of apoptosis or cell cycle arrest 
were not obvious. Additional studies could shed light on the mechanism of cell death for these 
complexes and aid in the rational design of future half-sandwich compounds. 

 

 
 

 A key component of the mechanism of action of Ir(III) half-sandwich complexes is their 
ability to cause redox imbalances in cancer cells. This property has been capitalized upon to 
generate the series of complexes (92), which exhibit potent anticancer activities and are 
competent catalysts for NADH oxidation.386 These complexes covalently bind 9-EtG through 
displacement of the labile halide ligand, indicating that DNA may be a potential biological target 
as well. Another recent study has implicated a mechanism of action that involves the disruption 
of cellular NADH levels.387 This interference results from the ability of two Ir(III) complexes 
(93a and 93b) to use NADH as a hydride source to catalyze transfer hydrogenation reactions. 
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This process leads to the catalytic consumption of NADH, irreparably altering the cellular redox 
status. Similar to the complexes above, 93a and 93b exhibit potent anticancer activity in a panel 
of cancer cell lines. These compounds undergo rapid aquation and, like 92, covalently bind 9-
EtG.386 Upon treatment with these complexes, the intracellular redox balance was disrupted in a 
manner that was attributed to the catalytic oxidation of NADH to NAD+. Complexes of a similar 
type, 94a and 94b, were synthesized and tested against cervical cancer cells.388 No binding to 9-
EtG or 9-methyladenine was observed by 1H NMR spectroscopy. However, catalytic hydride 
transfer from NADH to NAD+ and increased ROS levels were detected. Cell cycle analysis 
indicated that both 94a and 94b stall the G1 phase. These results illustrate that the compounds 
operate via a cell cycle-dependent pathway and induce apoptosis through ROS generation. 
 

 
 

 
 

 
 
 

5. Conclusion 
 

In this Perspective, we summarized recent developments on the use of complexes of 
rhenium, osmium, and iridium as anticancer agents. Collectively, these studies highlight how the 
diverse structural, redox, and ligand substitution properties of these complexes can result in 
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varying anticancer activities. Several characteristics emerge with respect to the mechanism of 
action of these complexes. Namely, many of these compounds trigger the formation of ROS and 
irreparably impair mitochondrial function. However, small alterations of ligand scaffolds in 
structurally related compounds can drastically change the mechanism of action, suggesting that a 
change in target is occurring as well. Although these features are interesting from a fundamental 
science perspective, they present a challenge for future development and optimization of new 
drug candidates. The large sensitivity of the mechanism of action for these complexes suggests 
that a variety of non-specific drug targets is possible. If properly vetted and optimized, however, 
this feature can lead to the development of improved chemotherapeutic agents that are 
substantially less susceptible to drug-resistant pathways. One clear advantage for using rhenium, 
osmium, and iridium complexes is their ability to be exploited for simultaneous imaging 
applications due to their rich spectroscopic properties. As highlighted in this Perspective, the 
structural diversity and unique features of these compounds will drive continued research on 
their development as new drug candidates for cancer treatment.  
  
 Abbreviations 

  

AFM  Atomic Force Microscopy 
BArF– [3,4-(CF)3Ph]4B

– 

bpy  2,2'-Bipyridine 
BSO  L-Buthionine Sulfoximine 
BTCP 2-Bicyclo[2.2.1]hept-en-yl-1H-1,3,7,8-tetraazacyclopenta[l]phenanthrene 
CAM Chicken Embryo Chorioallantoic Membrane 
CD Circular Dichroism 
Cdk-2 Cyclic-Dependent Kinase 
cGMP cyclic GMP 
CO Carbon Monoxide 
Cp Cyclopentadienyl 
CSCs Cancer Stem Cells 
ct-DNA calf thymus DNA 
DCA Dichloroacetate 
DCFH-DA 2',7'-Dichlorodihydrofluorescin diacetate 
EA Ethacrynic Acid 
ELISA Enzyme-Linked Immunosorbent Assay 
ER Endoplasmic Reticulum 
ERα Estrogen Receptor α 
9-EtA 9-Ethyladenine  
9-EtG  9-Ethylguanine 
FT-ICR MS  Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 
GLUTs Glucose Transporter Proteins 
GSH  Glutathione  
GSK-3β Glycogen Synthase Kinase 3β 
GST Glutathione S-transferase 
HDAC Histone Deacetylase 
H&E  Haematoxylin-Eosin 
HEWL  Hen Egg White Lysozyme 
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HIF Hypoxia-Inducible Factor 
HR-ESI-MS High-Resolution Electrospray Ionization Mass Spectrometry 
HSA Human Serum Albumin  
IC50  50% Growth Inhibitory Concentration  
ICP-MS Inductively Coupled Plasma Mass Spectrometry  
LA-ICP-MS Laser Ablation Inductively Coupled Plasma Mass Spectrometry 
LC-MS/MS Liquid Chromatography-Mass Spectrometry  
LTDR LysoTracker Deep Red 
MDC Monodansylcadaverine 
3MLCT Triplet Metal-to-Ligand Charge Transfer 
mTOR Mammalian Target of Rapamycin 
NCI National Cancer Institute  
NHC N-Heterocyclic Carbene 
NO Nitric Oxide 
NSAID Non-Steroidal Anti-Inflammatory Drug 
PARP Poly(ADP-Ribose) Polymerase 
PBS Phosphate-Buffered Saline 
PCA 2-Pyridinecarbothioamide 
PDK Pyruvate Dehydrogenase Kinase 
PEG Poly(Ethylene)Glycol 
PI  Propidium Iodide 
PI3 Phosphoinositide 3-Kinase 
PTA 1,3,5-Triaza-7-Phosphaadamantane 
ROS Reactive Oxygen Species 
SARs Structure-Activity Relationships 
SDS-PAGE Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis 
SPECT Single-Photon Emission Computed Tomography 
TEM Transmission Electron Microscopy 
TFPD Trifluoromethyl-3-Phenyldiazirine 
TMRE Tetramethylrhodamine Ethyl Ester 
XIAP  X-Linked Inhibitors of Apoptosis Protein 
 

Author Information 

Corresponding Author 

*E-mail: jjw275@cornell.edu 

ORCID 

Justin J. Wilson: 0000-0002-4086-7982 

Notes 

The authors declare no competing financial interests. 

Page 56 of 73Dalton Transactions



 57

Acknowledgements.  

Work in our laboratory is supported by Cornell University and by the Office of the Assistant 

Secretary of Defense for Health Affairs through the Ovarian Cancer Research Program under 

award no. W81XWH-17-1-0097.  

 

 

Notes and References 

1 R. L. Siegel, K. D. Miller and A. Jemal, CA-Cancer J. Clin., 2018, 68, 7–30. 
2 V. V. Padma, BioMedicine, 2015, 5, 1–6. 
3 J. Li, F. Chen, M. M. Cona, Y. Feng, U. Himmelreich, R. Oyen, A. Verbruggen and Y. Ni, 

Target. Oncol., 2012, 7, 69–85. 
4 S. Aggarwal, Nat. Rev. Drug Discov., 2010, 9, 427–428. 
5 P. J. O’Dwyer, J. P. Stevenson and S. W. Johnson, Drugs, 2000, 59, 19–27. 
6 E. R. Jamieson and S. J. Lippard, Chem. Rev., 1999, 99, 2467–2498. 
7 R. Oun, Y. E. Moussa and N. J. Wheate, Dalton Trans., 2018, 47, 6645–6653. 
8 J. T. Hartmann and H.-P. Lipp, Expert Opin. Pharmacother., 2003, 4, 889–901. 
9 L. Galluzzi, L. Senovilla, I. Vitale, J. Michels, I. Martins, O. Kepp, M. Castedo and G. 

Kroemer, Oncogene, 2012, 31, 1869–1883. 
10 M. Galanski, M. Jakupec and B. Keppler, Curr. Med. Chem., 2005, 12, 2075–2094. 
11 J. J. Wilson and S. J. Lippard, Chem. Rev., 2014, 114, 4470–4495. 
12 T. C. Johnstone, K. Suntharalingam and S. J. Lippard, Chem. Rev., 2016, 116, 3436–3486. 
13 A. Ibrahim, S. Hirschfeld, M. H. Cohen, D. J. Griebel, G. A. Williams and R. Pazdur, 

Oncologist, 2004, 9, 8–12. 
14 S. Medici, M. Peana, V. M. Nurchi, J. I. Lachowicz, G. Crisponi and M. A. Zoroddu, 

Coord. Chem. Rev., 2015, 284, 329–350. 
15 I. Ott and R. Gust, Arch. Pharm. Chem. Life Sci., 2007, 340, 117–126. 
16 G. Gasser, I. Ott and N. Metzler-Nolte, J. Med. Chem., 2011, 54, 3–25. 
17 T. C. Johnstone, K. Suntharalingam and S. J. Lippard, Philos. Trans. R. Soc. A, 2015, 373, 

1–11. 
18 M. Marloye, G. Berger, M. Gelbcke and F. Dufrasne, Future Med. Chem., 2016, 8, 2263–

2286. 
19 M. F. Peana, S. Medici and M. A. Zoroddu, in Biomedical Applications of Metals, eds. M. 

Rai, A. P. Ingle and S. Medici, Springer, Cham, 2018, vol. 221, pp. 49–72. 
20 E. Meggers, Chem. Commun., 2009, 1001–1010. 
21 A. Leonidova, V. Pierroz, R. Rubbiani, J. Heier, S. Ferrari and G. Gasser, Dalton Trans., 

2014, 43, 4287–4294. 
22 A. Kastl, S. Dieckmann, K. Wähler, T. Völker, L. Kastl, A. L. Merkel, A. Vultur, B. 

Shannan, K. Harms, M. Ocker, W. J. Parak, M. Herlyn and E. Meggers, ChemMedChem, 
2013, 8, 924–927. 

23 K. Wähler, A. Ludewig, P. Szabo, K. Harms and E. Meggers, Eur. J. Inorg. Chem., 2014, 
2014, 807–811. 

24 T. Joshi and G. Gasser, Synlett, 2015, 26, 275–284. 

Page 57 of 73 Dalton Transactions



 58

25 G. Mion, C. Mari, T. Da Ros, R. Rubbiani, G. Gasser and T. Gianferrara, ChemistrySelect, 
2017, 2, 190–200. 

26 A. Leonidova, V. Pierroz, R. Rubbiani, Y. Lan, A. G. Schmitz, A. Kaech, R. K. O. Sigel, 
S. Ferrari and G. Gasser, Chem. Sci., 2014, 5, 4044. 

27 E. C. Glazer, Photochem. Photobiol., 2017, 93, 1326–1328. 
28 S. Lazic, P. Kaspler, G. Shi, S. Monro, T. Sainuddin, S. Forward, K. Kasimova, R. 

Hennigar, A. Mandel, S. McFarland and L. Lilge, Photochem. Photobiol., 2017, 93, 1248–
1258. 

29 T. Huang, Q. Yu, S. Liu, W. Huang and Q. Zhao, Dalton Trans., , 
DOI:10.1039/C8DT00887F. 

30 A. Zamora, G. Vigueras, V. Rodríguez, M. D. Santana and J. Ruiz, Coord. Chem. Rev., 
2018, 360, 34–76. 

31 A. Leonidova and G. Gasser, ACS Chem. Biol., 2014, 9, 2180–2193. 
32 L. C.-C. Lee, K.-K. Leung and K. K.-W. Lo, Dalton Trans., 2017, 46, 16357–16380. 
33 S. Clède and C. Policar, Chem. Eur. J., 2015, 21, 942–958. 
34 V. Fernández-Moreira, F. L. Thorp-Greenwood and M. P. Coogan, Chem. Commun., 

2010, 46, 186–202. 
35 S. Jürgens, W. A. Herrmann and F. E. Kühn, J. Organomet. Chem., 2014, 751, 83–89. 
36 F. Zobi, B. Spingler, T. Fox and R. Alberto, Inorg. Chem., 2003, 42, 2818–2820. 
37 F. Zobi, B. Spingler and R. Alberto, ChemBioChem, 2005, 6, 1397–1405. 
38 F. Zobi, O. Blacque, R. K. O. Sigel and R. Alberto, Inorg. Chem., 2007, 46, 10458–10460. 
39 T. A. Oriskovich, P. S. White and H. H. Thorp, Inorg. Chem., 1995, 34, 1629–1631. 
40 M. Kaplanis, G. Stamatakis, V. D. Papakonstantinou, M. Paravatou-Petsotas, C. A. 

Demopoulos and C. A. Mitsopoulou, J. Inorg. Biochem., 2014, 135, 1–9. 
41 G. Balakrishnan, T. Rajendran, K. S. Murugan, M. S. Kumar, V. K. Sivasubramanian, M. 

Ganesan, A. Mahesh, T. Thirunalasundari and S. Rajagopal, Inorg. Chim. Acta, 2015, 434, 
51–59. 

42 J. Medley, G. Payne, H. N. Banerjee, D. Giri, A. Winstead, J. M. Wachira, J. A. Krause, 
R. Shaw, S. K. Pramanik and S. K. Mandal, Mol. Cell. Biochem., 2015, 398, 21–30. 

43 E. C. Long and J. K. Barton, Acc. Chem. Res., 1990, 23, 273–279. 
44 M. J. Waring, J. Mol. Biol., 1965, 13, 269–282. 
45 P. T. Wilder, D. J. Weber, A. Winstead, S. Parnell, T. V. Hinton, M. Stevenson, D. Giri, 

S. Azemati, P. Olczak, B. V. Powell, T. Odebode, S. Tadesse, Y. Zhang, S. K. Pramanik, 
J. M. Wachira, S. Ghimire, P. McCarthy, A. Barfield, H. N. Banerjee, C. Chen, J. A. 
Golen, A. L. Rheingold, J. A. Krause, D. M. Ho, P. Y. Zavalij, R. Shaw and S. K. Mandal, 
Mol. Cell. Biochem., 2018, 441, 151–163. 

46 C. Parson, V. Smith, C. Krauss, H. N. Banerjee, C. Reilly, J. A. Krause, J. M. Wachira, D. 
Giri, A. Winstead and S. K. Mandal, J. Bioprocess. Biotech., 2013, 4, 1–5. 

47 J. Y. Choi, R. M. Iacobazzi, M. Perrone, N. Margiotta, A. Cutrignelli, J. H. Jung, D. D. 
Park, B. S. Moon, N. Denora, S. E. Kim and B. C. Lee, Int. J. Mol. Sci., 2016, 17, 1–10. 

48 M. B. Ismail, I. N. Booysen and M. P. Akerman, Inorg. Chem. Commun., 2017, 78, 78–
81. 

49 M. B. Ismail, I. N. Booysen, E. Hosten and M. P. Akerman, J. Organomet. Chem., 2017, 
833, 1–9. 

50 M. B. Ismail, I. N. Booysen, M. P. Akerman and C. Grimmer, J. Organomet. Chem., 
2017, 833, 18–27. 

Page 58 of 73Dalton Transactions



 59

51 B. Jadoo, I. N. Booysen and M. P. Akerman, Polyhedron, 2017, 126, 159–165. 
52 J. E. Miller, C. Grǎdinaru, B. R. Crane, A. J. Di Bilio, W. A. Wehbi, S. Un, J. R. Winkler 

and H. B. Gray, J. Am. Chem. Soc., 2003, 125, 14220–14221. 
53 B. R. Crane, A. J. Di Bilio, J. R. Winkler and H. B. Gray, J. Am. Chem. Soc., 2001, 123, 

11623–11631. 
54 L. Ciccone, C. Policar, E. A. Stura and W. Shepard, J. Struct. Biol., 2016, 195, 353–364. 
55 K. Takematsu, H. Williamson, A. M. Blanco-Rodríguez, L. Sokolová, P. Nikolovski, J. T. 

Kaiser, M. Towrie, I. P. Clark, A. Vlček, Jr., J. R. Winkler and H. B. Gray, J. Am. Chem. 

Soc., 2013, 135, 15515–15525. 
56 F. Zobi and B. Spingler, Inorg. Chem., 2012, 51, 1210–1212. 
57 S. L. Binkley, C. J. Ziegler, R. S. Herrick and R. S. Rowlett, Chem. Commun., 2010, 46, 

1203–1205. 
58 A. M. Blanco-Rodríguez, M. Busby, K. Ronayne, M. Towrie, C. Grǎdinaru, J. Sudhamsu, 

J. Sýkora, M. Hof, S. Záliš, A. J. Di Bilio, B. R. Crane, H. B. Gray and A. Vlček, Jr., J. 
Am. Chem. Soc., 2009, 131, 11788–11800. 

59 C. Shih, A. K. Museth, M. Abrahamsson, A. M. Blanco-Rodriguez, A. J. Di Bilio, J. 
Sudhamsu, B. R. Crane, K. L. Ronayne, M. Towrie, A. Vlček, Jr., J. H. Richards, J. R. 
Winkler and H. B. Gray, Science, 2008, 320, 1760–1762. 

60 A. M. Blanco-Rodríguez, M. Busby, C. Grădinaru, B. R. Crane, A. J. Di Bilio, P. 
Matousek, M. Towrie, B. S. Leigh, J. H. Richards, A. Vlček, Jr. and H. B. Gray, J. Am. 

Chem. Soc., 2006, 128, 4365–4370. 
61 A. J. Di Bilio, B. R. Crane, W. A. Wehbi, C. N. Kiser, M. M. Abu-Omar, R. M. Carlos, J. 

H. Richards, J. R. Winkler and H. B. Gray, J. Am. Chem. Soc., 2001, 123, 3181–3182. 
62 A. Brink and J. R. Helliwell, IUCrJ, 2017, 4, 283–290. 
63 A. Núñez-Montenegro, R. Carballo and E. M. Vázquez-López, J. Inorg. Biochem., 2014, 

140, 53–63. 
64 S. Farzaneh and A. Zarghi, Sci. Pharm., 2016, 84, 409–427. 
65 B. S. Katzenellenbogen, M. M. Montano, K. Ekena, M. E. Herman and E. M. McInerney, 

Breast Cancer Res. Treat., 1997, 44, 23–38. 
66 A. Suto, H. L. Bradlow, G. Y. Wong, M. P. Osborne and N. T. Telang, Steroids, 1992, 57, 

262–268. 
67 J. A. Shaw, K. Udokang, J.-M. Mosquera, H. Chauhan, J. L. Jones and R. A. Walker, J. 

Pathol., 2002, 198, 450–457. 
68 Q. Zhao, C. Huang and F. Li, Chem. Soc. Rev., 2011, 40, 2508–2524. 
69 A. François, C. Auzanneau, V. Le Morvan, C. Galaup, H. S. Godfrey, L. Marty, A. 

Boulay, M. Artigau, B. Mestre-Voegtlé, N. Leygue, C. Picard, Y. Coulais, J. Robert and 
E. Benoist, Dalton Trans., 2014, 43, 439–450. 

70 K. K.-W. Lo, A. W.-T. Choi and W. H.-T. Law, Dalton Trans., 2012, 41, 6021–6047. 
71 V. Fernández-Moreira, I. Marzo and M. C. Gimeno, Chem. Sci., 2014, 5, 4434–4446. 
72 K. K.-W. Lo, Acc. Chem. Res., 2015, 48, 2985–2995. 
73 S. Imstepf, V. Pierroz, P. Raposinho, M. Felber, T. Fox, C. Fernandes, G. Gasser, I. R. 

Santos and R. Alberto, Dalton Trans., 2016, 45, 13025–13033. 
74 E. E. Langdon-Jones, A. B. Jones, C. F. Williams, A. J. Hayes, D. Lloyd, H. J. Mottram 

and S. J. A. Pope, Eur. J. Inorg. Chem., 2017, 2017, 759–766. 
75 A. Luengo, V. Fernández-Moreira, I. Marzo and M. C. Gimeno, Inorg. Chem., 2017, 56, 

15159–15170. 

Page 59 of 73 Dalton Transactions



 60

76 I. Maisuls, E. Wolcan, O. E. Piro, E. E. Castellano, G. Petroselli, R. Erra-Balsells, F. M. 
Cabrerizo and G. T. Ruiz, ChemistrySelect, 2017, 2, 8666–8672. 

77 S. S. Kelkar and T. M. Reineke, Bioconjugate Chem., 2011, 22, 1879–1903. 
78 S. Clède, F. Lambert, R. Saint-Fort, M. A. Plamont, H. Bertrand, A. Vessières and C. 

Policar, Chem. Eur. J., 2014, 20, 8714–8722. 
79 N. J. Yang and M. J. Hinner, in Site-Specific Protein Labeling, eds. A. Gautier and M. J. 

Hinner, Humana Press, New York, 1st edn., 2015, pp. 29–53. 
80 E. Cocucci, J. Y. Kim, Y. Bai and N. Pabla, Clin. Pharmacol. Ther., 2017, 101, 121–129. 
81 G. Santoro, T. Zlateva, A. Ruggi, L. Quaroni and F. Zobi, Dalton Trans., 2015, 44, 6999–

7008. 
82 G. van Meer, D. R. Voelker and G. W. Feigenson, Nat. Rev. Mol. Cell Biol., 2008, 9, 112–

124. 
83 M. L. Macheda, S. Rogers and J. D. Best, J. Cell. Physiol., 2005, 202, 654–662. 
84 K. Adekola, S. T. Rosen and M. Shanmugam, Curr. Opin. Oncol., 2012, 24, 650–654. 
85 C. M. Labak, P. Y. Wang, R. Arora, M. R. Guda, S. Asuthkar, A. J. Tsung and K. K. 

Velpula, Am. J. Cancer Res., 2016, 6, 1599–1608. 
86 M.-W. Louie, H.-W. Liu, M. H.-C. Lam, Y.-W. Lam and K. K.-W. Lo, Chem. Eur. J., 

2011, 17, 8304–8308. 
87 K. Y. Zhang, K. K.-S. Tso, M. W. Louie, H. W. Liu and K. K.-W. Lo, Organometallics, 

2013, 32, 5098–5102. 
88 W. Hu, K. Splith, I. Neundorf, K. Merz and U. Schatzschneider, J. Biol. Inorg. Chem., 

2012, 17, 175–185. 
89 A. Leonidova, V. Pierroz, L. A. Adams, N. Barlow, S. Ferrari, B. Graham and G. Gasser, 

ACS Med. Chem. Lett., 2014, 5, 809–814. 
90 A. Mishra, G. H. Lai, N. W. Schmidt, V. Z. Sun, A. R. Rodriguez, R. Tong, L. Tang, J. 

Cheng, T. J. Deming, D. T. Kamei and G. C. L. Wong, Proc. Natl. Acad. Sci. U.S.A., 
2011, 108, 16883–16888. 

91 N. Sakurai and T. Utsumi, J. Biol. Chem., 2006, 281, 14288–14295. 
92 A. R. Nelson, L. Borland, N. L. Allbritton and C. E. Sims, Biochemistry, 2007, 46, 14771–

14781. 
93 A. Sturzu, U. Klose, H. Echner, A. Beck, A. Gharabaghi, H. Kalbacher and S. Heckl, 

Amino Acids, 2009, 37, 249–255. 
94 M. Sagnou, D. Benaki, C. Triantis, T. Tsotakos, V. Psycharis, C. P. Raptopoulou, I. 

Pirmettis, M. Papadopoulos and M. Pelecanou, Inorg. Chem., 2011, 50, 1295–1303. 
95 M. Schutte, G. Kemp, H. G. Visser and A. Roodt, Inorg. Chem., 2011, 50, 12486–12498. 
96 D. Papagiannopoulou, G. Makris, C. Tsoukalas, C. P. Raptopoulou, A. Terzis, M. 

Pelecanou, I. Pirmettis and M. S. Papadopoulos, Polyhedron, 2010, 29, 876–880. 
97 P. V. Simpson, I. Casari, S. Paternoster, B. W. Skelton, M. Falasca and M. Massi, Chem. 

Eur. J., 2017, 23, 6518–6521. 
98 L. Hiľovská, R. Jendželovský and P. Fedoročko, Mol. Clin. Oncol., 2015, 3, 3–12. 
99 R. Ettarh, A. Cullen and A. Calamai, Pharmaceuticals, 2010, 3, 2007–2021. 
100 E. R. Rayburn, S. J. Ezell and R. Zhang, Mol. Cell. Pharmacol., 2009, 1, 29–43. 
101 M. Yan, C. Wang, B. He, M. Yang, M. Tong, Z. Long, B. Liu, F. Peng, L. Xu, Y. Zhang, 

D. Liang, H. Lei, S. Subrata, K. W. Kelley, E. W.-F. Lam, B. Jin and Q. Liu, Med. Res. 

Rev., 2016, 36, 1036–1079. 
102 C. V. Garcia, G. L. Parrilha, B. L. Rodrigues, S. F. Teixeira, R. A. de Azevedo, A. K. 

Page 60 of 73Dalton Transactions



 61

Ferreira and H. Beraldo, New J. Chem., 2016, 40, 7379–7387. 
103 J. Skiba, T. Bernás, D. Trzybínski, K. Wózniak, G. Ferraro, D. Marasco, A. Merlino, M. 

Z. Shafikov, R. Czerwieniec and K. Kowalski, Molecules, 2017, 22, 1–17. 
104 R.-R. Ye, C.-P. Tan, Y.-N. Lin, L.-N. Ji and Z.-W. Mao, Chem. Commun., 2015, 51, 

8353–8356. 
105 T. Eckschlager, J. Plch, M. Stiborova and J. Hrabeta, Int. J. Mol. Sci., 2017, 18, 1–25. 
106 D. Lee, I. Y. Kim, S. Saha and K. S. Choi, Pharmacol. Ther., 2016, 162, 120–133. 
107 J. Ho, W. Y. Lee, K. J. T. Koh, P. P. F. Lee and Y.-K. Yan, J. Inorg. Biochem., 2013, 119, 

10–20. 
108 C. A. Kumar, S. Karthikeyan, B. Varghese, V. Veena, N. Sakthivel and B. Manimaran, J. 

Organomet. Chem., 2014, 766, 86–94. 
109 N. Margiotta, N. Denora, S. Piccinonna, V. Laquintana, F. M. Lasorsa, M. Franco and G. 

Natile, Dalton Trans., 2014, 43, 16252–16264. 
110 B. Ramakrishna, R. Nagarajaprakash, V. Veena, N. Sakthivel and B. Manimaran, Dalton 

Trans., 2015, 44, 17629–17638. 
111 H. N. Banerjee, A. Boston, A. Barfield, M. Stevenson, F. H. Sarkar, D. Giri, A. Winstead, 

J. A. Krause and S. K. Mandal, Int. J. Sci. Res., 2016, 5, 481–483. 
112 R. Govindarajan, R. Nagarajaprakash, V. V. Kumar, N. Sakthivel and B. Manimaran, 

Polyhedron, 2018, 139, 229–236. 
113 J. Yang, J.-X. Zhao, Q. Cao, L. Hao, D. Zhou, Z. Gan, L.-N. Ji and Z.-W. Mao, ACS Appl. 

Mater. Interfaces, 2017, 9, 13900–13912. 
114 R.-R. Ye, C.-P. Tan, M.-H. Chen, L. Hao, L.-N. Ji and Z.-W. Mao, Chem. Eur. J., 2016, 

22, 7800–7809. 
115 I. Kitanovic, S. Can, H. Alborzinia, A. Kitanovic, V. Pierroz, A. Leonidova, A. Pinto, B. 

Spingler, S. Ferrari, R. Molteni, A. Steffen, N. Metzler-Nolte, S. Wölfl and G. Gasser, 
Chem. Eur. J., 2014, 20, 2496–2507. 

116 M. König, D. Siegmund, L. J. Raszeja, A. Prokop and N. Metzler-Nolte, Med. Chem. 

Commun., 2018, 9, 173–180. 
117 S. Zinkel, A. Gross and E. Yang, Cell Death Differ., 2006, 13, 1351–1359. 
118 S. Imstepf, V. Pierroz, R. Rubbiani, M. Felber, T. Fox, G. Gasser and R. Alberto, Angew. 

Chem. Int. Ed., 2016, 55, 2792–2795. 
119 D. Gewirtz, Biochem. Pharmacol., 1999, 57, 727–741. 
120 J. R. Woodgett, EMBO J., 1990, 9, 2431–2438. 
121 M. Muñoz-Osses, F. Godoy, A. Fierro, A. Gómez and N. Metzler-Nolte, Dalton Trans., 

2018, 1233–1242. 
122 M. K. Pandey and T. R. DeGrado, Theranostics, 2016, 6, 571–593. 
123 K. M. Knopf, B. L. Murphy, S. N. MacMillan, J. M. Baskin, M. P. Barr, E. Boros and J. J. 

Wilson, J. Am. Chem. Soc., 2017, 139, 14302–14314. 
124 P. Nunes, G. R. Morais, E. Palma, F. Silva, M. C. Oliveira, V. F. C. Ferreira, F. Mendes, 

L. Gano, H. V. Miranda, T. F. Outeiro, I. Santos and A. Paulo, Org. Biomol. Chem., 2015, 
13, 5182–5194. 

125 O. A. El-Kawy and H. M. Talaat, J. Label. Compd. Radiopharm., 2016, 59, 72–77. 
126 T. E. Kydonaki, E. Tsoukas, F. Mendes, A. G. Hatzidimitriou, A. Paulo, L. C. 

Papadopoulou, D. Papagiannopoulou and G. Psomas, J. Inorg. Biochem., 2016, 160, 94–
105. 

127 S. Q. Shah, Gul-e-Raana and G. Uddin, J. Label. Compd. Radiopharm., 2018, 1–7. 

Page 61 of 73 Dalton Transactions



 62

128 A. J. North, D. J. Hayne, C. Schieber, K. Price, A. R. White, P. J. Crouch, A. Rigopoulos, 
G. J. O’Keefe, H. Tochon-Danguy, A. M. Scott, J. M. White, U. Ackermann and P. S. 
Donnelly, Inorg. Chem., 2015, 54, 9594–9610. 

129 S. Kizaka-Kondoh and H. Konse-Nagasawa, Cancer Sci., 2009, 100, 1366–1373. 
130 P. Collery, A. Mohsen, A. Kermagoret, J. D’Angelo, G. Morgant, D. Desmaele, A. 

Tomas, T. Collery, M. Wei and A. Badawi, Anticancer Res., 2012, 32, 2769–2782. 
131 P. Collery, G. Bastian, F. Santoni, A. Mohsen, M. Wei, T. Collery, A. Tomas, D. 

Desmaele and J. D’Angelo, Anticancer Res., 2014, 34, 1679–1690. 
132 M. Zhang, S. Shi, R. Guo, Y. Miao and B. Li, Oncol. Rep., 2016, 36, 2289–2297. 
133 P. Collery, A. Mohsen, A. Kermagoret, S. Corre, G. Bastian, A. Tomas, M. Wei, F. 

Santoni, N. Guerra, D. Desmaële and J. D’Angelo, Invest. New Drugs, 2015, 33, 848–860. 
134 P. Collery, J. Ciccolini, T. N. N. Tran, A. Mohsen and D. Desmaele, Anticancer Res., 

2016, 36, 6051–6058. 
135 C. Sanmartín, D. Plano, A. K. Sharma and J. A. Palop, Int. J. Mol. Sci., 2012, 13, 9649–

9672. 
136 A. W.-T. Choi, M.-W. Louie, S. P.-Y. Li, H.-W. Liu, B. T.-N. Chan, T. C.-Y. Lam, A. C.-

C. Lin, S.-H. Cheng and K. K.-W. Lo, Inorg. Chem., 2012, 51, 13289–13302. 
137 R. T. H. Chan, H. Marçal, R. A. Russell, P. J. Holden and L. J. R. Foster, Int. J. Polym. 

Sci., 2011, 2011, 1–9. 
138 L. L. Zheng, V. Vanchinathan, R. Dalal, J. Noolandi, D. J. Waters, L. Hartmann, J. R. 

Cochran, C. W. Frank, C. Q. Yu and C. N. Ta, J. Biomed. Mater. Res., 2015, 103, 3157–
3165. 

139 A. M.-H. Yip and K. K.-W. Lo, Coord. Chem. Rev., 2018, 361, 138–163. 
140 M. B. Ismail, I. N. Booysen and M. P. Akerman, Transit. Met. Chem., 2017, 42, 405–412. 
141 H. T. Chifotides and K. R. Dunbar, Acc. Chem. Res., 2005, 38, 146–156. 
142 G. W. J. Eastland, G. Yang and T. Thompson, Methods Find. Exp. Clin. Pharmacol., 

1983, 5, 435–438. 
143 S. Mallick, M. K. Ghosh, S. Mandal, V. Rane, R. Kadam, A. Chatterjee, A. Bhattacharyya 

and S. Chattopadhyay, Dalton Trans., 2017, 46, 5670–5679. 
144 K. Suntharalingam, S. G. Awuah, P. M. Bruno, T. C. Johnstone, F. Wang, W. Lin, Y.-R. 

Zheng, J. E. Page, M. T. Hemann and S. J. Lippard, J. Am. Chem. Soc., 2015, 137, 2967–
2974. 

145 P. Vandenabeele, L. Galluzzi, T. Vanden Berghe and G. Kroemer, Nat. Rev. Mol. Cell 

Biol., 2010, 11, 700–714. 
146 D. E. Christofferson and J. Yuan, Curr. Opin. Cell Biol., 2010, 22, 263–268. 
147 H. Cui, Y. Zhu, Q. Yang, W. Zhao, S. Zhang, A. Zhou and D. Jiang, Sci. Rep., 2016, 6, 1–

13. 
148 N. I. Shtemenko, H. T. Chifotides, K. V Domasevitch, A. A. Golichenko, S. A. Babiy, Z. 

Li, K. V Paramonova, A. V Shtemenko and K. R. Dunbar, J. Inorg. Biochem., 2013, 129, 
127–134. 

149 Z. Li, N. I. Shtemenko, D. Y. Yegorova, S. O. Babiy, A. J. Brown, T. Yang, A. V. 
Shtemenko and K. R. Dunbar, J. Liposome Res., 2015, 25, 78–87. 

150 B. S. Pattni, V. V Chupin and V. P. Torchilin, Chem. Rev., 2015, 115, 10938–10966. 
151 G. P. Stathopoulos, Anticancer Drugs, 2010, 21, 732–736. 
152 L. Švorc, P. Tomčík, J. Durdiak, M. Rievaj and D. Bustin, Pol. J. Environ. Stud., 2012, 

21, 7–13. 

Page 62 of 73Dalton Transactions



 63

153 E. Alessio, G. Mestroni, A. Bergamo and G. Sava, Curr. Top. Med. Chem., 2004, 4, 1525–
1535. 

154 J. M. Rademaker-Lakhai, D. van den Bongard, D. Pluim, J. H. Beijnen and J. H. M. 
Schellens, Clin. Cancer Res., 2004, 10, 3717–3727. 

155 C. G. Hartinger, S. Zorbas-Seifried, M. A. Jakupec, B. Kynast, H. Zorbas and B. K. 
Keppler, J. Inorg. Biochem., 2006, 100, 891–904. 

156 M. Galanski, V. B. Arion, M. A. Jakupec and B. K. Keppler, Curr. Pharm. Des., 2003, 9, 
2078–2089. 

157 M. Hanif, M. V. Babak and C. G. Hartinger, Drug Discovery Today, 2014, 19, 1640–
1648. 

158 S. M. Meier-Menches, C. Gerner, W. Berger, C. G. Hartinger and B. K. Keppler, Chem. 

Soc. Rev., 2018, 47, 909–928. 
159 A. F. A. Peacock and P. J. Sadler, Chem. -Asian J., 2008, 3, 1890–1899. 
160 P. C. A. Bruijnincx and P. J. Sadler, in Advances in Inorganic Chemistry, eds. R. van 

Eldik and C. Hubbard, Academic Press, Cambridge, 2009, vol. 61, pp. 1–62. 
161 S. H. Rijt, A. F. A. Peacock and P. J. Sadler, in Platinum and Other Heavy Metal 

Compounds in Cancer Chemotherapy, eds. A. Bonetti, R. Leone, F. Muggia and S. B. 
Howell, Humana Press, Totowa, NJ, 1st edn., 2009, pp. 73–79. 

162 A. M. Pizarro and P. J. Sadler, Biochimie, 2009, 91, 1198–1211. 
163 F. Barragán, D. Carrion-Salip, I. Gómez-Pinto, A. González-Cantó, P. J. Sadler, R. de 

Llorens, V. Moreno, C. González, A. Massaguer and V. Marchán, Bioconjugate Chem., 
2012, 23, 1838–1855. 

164 J. C. Reubi, E. Krenning, S. W. J. Lamberts and L. Kvols, Metab., Clin. Exp., 1992, 41, 
104–110. 

165 C. A. Wootton, C. Sanchez-Cano, H.-K. Liu, M. P. Barrow, P. J. Sadler and P. B. 
O’Connor, Dalton Trans., 2015, 44, 3624–3632. 

166 Y. Fu, M. J. Romero, L. Salassa, X. Cheng, A. Habtemariam, G. J. Clarkson, I. Prokes, A. 
Rodger, G. Costantini and P. J. Sadler, Angew. Chem. Int. Ed., 2016, 55, 8909–8912. 

167 A. M. Pyle, J. P. Rehmann, R. Meshoyrer, C. V. Kumar, N. J. Turro and J. K. Barton, J. 
Am. Chem. Soc., 1989, 111, 3051–3058. 

168 A. Oleksi, A. G. Blanco, R. Boer, I. Usón, J. Aymamí, A. Rodger, M. J. Hannon and M. 
Coll, Angew. Chem. Int. Ed., 2006, 45, 1227–1231. 

169 H. Wang, X. Zeng, R. Zhou and C. Zhao, J. Mol. Model., 2013, 19, 4849–4856. 
170 A. F. A. Peacock, S. Parsons and P. J. Sadler, J. Am. Chem. Soc., 2007, 129, 3348–3357. 
171 Y. Fu, R. Soni, M. J. Romero, A. M. Pizarro, L. Salassa, G. J. Clarkson, J. M. Hearn, A. 

Habtemariam, M. Wills and P. J. Sadler, Chem. Eur. J., 2013, 19, 15199–15209. 
172 R. T. Burke, J. M. Marcus and J. D. Orth, Oncotarget, 2017, 8, 39460–39475. 
173 S. L. Holbeck, J. M. Collins and J. H. Doroshow, Mol. Cancer Ther., 2010, 9, 1451–1460. 
174 D. W. Zaharevitz, S. L. Holbeck, C. Bowerman and P. A. Svetlik, J. Mol. Graph. Model., 

2002, 20, 297–303. 
175 C. Janke, J. Cell Biol., 2014, 206, 461–472. 
176 A. Casini and J. Reedijk, Chem. Sci., 2012, 3, 3135–3144. 
177 B. C. E. Makhubela, M. Meyer and G. S. Smith, J. Organomet. Chem., 2014, 772–773, 

229–241. 
178 F. Gao, H. Chao and L.-N. Ji, Chem. Biodivers., 2008, 5, 1962–1979. 
179 Y. Pommier, Nat. Rev. Cancer, 2006, 6, 789–802. 

Page 63 of 73 Dalton Transactions



 64

180 G. Palermo, A. Magistrato, T. Riedel, T. von Erlach, C. A. Davey, P. J. Dyson and U. 
Rothlisberger, ChemMedChem, 2016, 11, 1199–1210. 

181 W. F. Cabral, A. H. L. Machado and G. M. Santos, Drug Discovery Today, 2016, 21, 707–
711. 

182 S. M. Meier, M. Hanif, Z. Adhireksan, V. Pichler, M. Novak, E. Jirkovsky, M. A. 
Jakupec, V. B. Arion, C. A. Davey, B. K. Keppler and C. G. Hartinger, Chem. Sci., 2013, 
4, 1837–1846. 

183 A. Kurzwernhart, S. Mokesch, E. Klapproth, M. S. Adib-Ravazi, M. A. Jakupec, C. G. 
Hartinger, W. Kandioller and B. K. Keppler, Eur. J. Inorg. Chem., 2016, 240–246. 

184 U. Wenzel, Curr. Opin. Pharmacol., 2013, 13, 864–868. 
185 A. Kurzwernhart, W. Kandioller, C. Bartel, S. Bächler, R. Trondl, G. Mühlgassner, M. A. 

Jakupec, V. B. Arion, D. Marko, B. K. Keppler and C. G. Hartinger, Chem. Commun., 
2012, 48, 4839–4841. 

186 A. Kurzwernhart, W. Kandioller, S. Bächler, C. Bartel, S. Martic, M. Buczkowska, G. 
Mühlgassner, M. A. Jakupec, H.-B. Kraatz, P. J. Bednarski, V. B. Arion, D. Marko, B. K. 
Keppler and C. G. Hartinger, J. Med. Chem., 2012, 55, 10512–10522. 

187 K. J. Kilpin, S. Crot, T. Riedel, J. A. Kitchen and P. J. Dyson, Dalton Trans., 2014, 43, 
1443–1448. 

188 S. Moon, M. Hanif, M. Kubanik, H. Holtkamp, T. Söhnel, S. M. F. Jamieson and C. G. 
Hartinger, ChemPlusChem, 2015, 80, 231–236. 

189 M. Hanif, S. Moon, M. P. Sullivan, S. Movassaghi, M. Kubanik, D. C. Goldstone, T. 
Söhnel, S. M. F. Jamieson and C. G. Hartinger, J. Inorg. Biochem., 2016, 165, 100–107. 

190 Y. Fu, M. J. Romero, A. Habtemariam, M. E. Snowden, L. Song, G. J. Clarkson, B. 
Qamar, A. M. Pizarro, P. R. Unwin and P. J. Sadler, Chem. Sci., 2012, 3, 2485–2494. 

191 S. J. Dougan, A. Habtemariam, S. E. McHale, S. Parsons and P. J. Sadler, Proc. Natl. 

Acad. Sci. U.S.A., 2008, 105, 11628–11633. 
192 I. Romero-Canelón, L. Salassa and P. J. Sadler, J. Med. Chem., 2013, 56, 1291–1300. 
193 O. W. Griffith, J. Biol. Chem., 1982, 257, 13704–13712. 
194 S. H. van Rijt, I. Romero-Canelón, Y. Fu, S. D. Shnyder and P. J. Sadler, Metallomics, 

2014, 6, 1014–1022. 
195 I. Romero-Canelón, M. Mos and P. J. Sadler, J. Med. Chem., 2015, 58, 7874–7880. 
196 J. M. Hearn, I. Romero-Canelón, A. F. Munro, Y. Fu, A. M. Pizarro, M. J. Garnett, U. 

McDermott, N. O. Carragher and P. J. Sadler, Proc. Natl. Acad. Sci. U.S.A., 2015, 112, 
E3800–E3805. 

197 R. J. Needham, C. Sanchez-Cano, X. Zhang, I. Romero-Canelón, A. Habtemariam, M. S. 
Cooper, L. Meszaros, G. J. Clarkson, P. J. Blower and P. J. Sadler, Angew. Chem. Int. Ed., 
2017, 56, 1017–1020. 

198 C. Sanchez-Cano, I. Romero-Canelón, Y. Yang, I. J. Hands-Portman, S. Bohic, P. 
Cloetens and P. J. Sadler, Chem. Eur. J., 2017, 23, 2512–2516. 

199 A. A. Hummer and A. Rompel, Metallomics, 2013, 5, 597–614. 
200 C. Dubois, F. V. Abeele and N. Prevarskaya, FEBS J., 2013, 280, 5500–5510. 
201 J. M. Hearn, G. M. Hughes, I. Romero-Canelón, A. F. Munro, B. Rubio-Ruiz, Z. Liu, N. 

O. Carragher and P. J. Sadler, Metallomics, 2018, 10, 93–107. 
202 C. A. Riedl, L. S. Flocke, M. Hejl, A. Roller, M. H. M. Klose, M. A. Jakupec, W. 

Kandioller and B. K. Keppler, Inorg. Chem., 2017, 56, 528–541. 
203 E. R. de Almeida, Open Nat. Prod. J., 2009, 2, 42–47. 

Page 64 of 73Dalton Transactions



 65

204 W. Kandioller, E. Balsano, S. M. Meier, U. Jungwirth, S. Göschl, A. Roller, M. A. 
Jakupec, W. Berger, B. K. Keppler and C. G. Hartinger, Chem. Commun., 2013, 49, 
3348–3350. 

205 S. K. Grant, Cell. Mol. Life Sci., 2009, 66, 1163–1177. 
206 M. E. M. Noble, J. A. Endicott and L. N. Johnson, Science, 2004, 303, 1800–1805. 
207 W. Ginzinger, G. Mühlgassner, V. B. Arion, M. A. Jakupec, A. Roller, M. Galanski, M. 

Reithofer, W. Berger and B. K. Keppler, J. Med. Chem., 2012, 55, 3398–3413. 
208 D. W. Zaharevitz, R. Gussio, M. Leost, A. M. Senderowicz, T. Lahusen, C. Kunick, L. 

Meijer and E. A. Sausville, Cancer Res., 1999, 59, 2566–2569. 
209 G. Mühlgassner, C. Bartel, W. F. Schmid, M. A. Jakupec, V. B. Arion and B. K. Keppler, 

J. Inorg. Biochem., 2012, 116, 180–187. 
210 C.-T. Chiu, Z. Wang, J. G. Hunsberger and D.-M. Chuang, Pharmacol. Rev., 2013, 65, 

105–142. 
211 P. Štarha, Z. Trávníček, R. Herchel, P. Jewula and Z. Dvořák, Dalton Trans., 2018, 47, 

5714–5724. 
212 L. Činčárová, Z. Zdráhal and J. Fajkus, Expert Opin. Investig. Drugs, 2013, 22, 1535–

1547. 
213 D. M. Townsend, V. L. Findlay and K. D. Tew, in Methods in Enzymology, eds. H. Sies 

and L. Packer, Elsevier, New York, 2005, pp. 287–307. 
214 N. Allocati, M. Masulli, C. Di Ilio and L. Federici, Oncogenesis, 2018, 7, 1–15. 
215 E. Păunescu, M. Soudani, P. Martin, R. Scopelliti, M. Lo Bello and P. J. Dyson, 

Organometallics, 2017, 36, 3313–3321. 
216 G. Agonigi, T. Riedel, M. P. Gay, L. Biancalana, E. Oñate, P. J. Dyson, G. Pampaloni, E. 

Păunescu, M. A. Esteruelas and F. Marchetti, Organometallics, 2016, 35, 1046–1056. 
217 P. Štarha, Z. Trávníček, J. Vančo and Z. Dvořák, Molecules, 2018, 23, 1–16. 
218 B. M. Madhok, S. Yeluri, S. L. Perry, T. A. Hughes and D. G. Jayne, Br. J. Cancer, 2010, 

102, 1746–1752. 
219 S. Bonnet, S. L. Archer, J. Allalunis-Turner, A. Haromy, C. Beaulieu, R. Thompson, C. T. 

Lee, G. D. Lopaschuk, L. Puttagunta, S. Bonnet, G. Harry, K. Hashimoto, C. J. Porter, M. 
A. Andrade, B. Thebaud and E. D. Michelakis, Cancer Cell, 2007, 11, 37–51. 

220 E. D. Michelakis, L. Webster and J. R. Mackey, Br. J. Cancer, 2008, 99, 989–994. 
221 J. P. C. Coverdale, I. Romero-Canelón, C. Sanchez-Cano, G. J. Clarkson, A. 

Habtemariam, M. Wills and P. J. Sadler, Nat. Chem., 2018, 10, 347–354. 
222 S. Zhang, A. M. Appel and R. M. Bullock, J. Am. Chem. Soc., 2017, 139, 7376–7387. 
223 J. J. Soldevila-Barreda, I. Romero-Canelón, A. Habtemariam and P. J. Sadler, Nat. 

Commun., 2015, 6, 1–9. 
224 Z. Liu, I. Romero-Canelón, B. Qamar, J. M. Hearn, A. Habtemariam, N. P. E. Barry, A. 

M. Pizarro, G. J. Clarkson and P. J. Sadler, Angew. Chem. Int. Ed., 2014, 53, 3941–3946. 
225 M. H. M. Klose, M. Hejl, P. Heffeter, M. A. Jakupec, S. M. Meier-Menches, W. Berger 

and B. K. Keppler, Analyst, 2017, 142, 2327–2332. 
226 E. Păunescu, P. Nowak-Sliwinska, C. M. Clavel, R. Scopelliti, A. W. Griffioen and P. J. 

Dyson, ChemMedChem, 2015, 10, 1539–1547. 
227 L. K. Filak, S. Göschl, P. Heffeter, K. G. Samper, A. E. Egger, M. A. Jakupec, B. K. 

Keppler, W. Berger and V. B. Arion, Organometallics, 2013, 32, 903–914. 
228 S. D. Shnyder, Y. Fu, A. Habtemariam, S. H. van Rijt, P. A. Cooper, P. M. Loadman and 

P. J. Sadler, Med. Chem. Commun., 2011, 2, 666–668. 

Page 65 of 73 Dalton Transactions



 66

229 A. Bergamo, A. Masi, A. F. A. Peacock, A. Habtemariam, P. J. Sadler and G. Sava, J. 
Inorg. Biochem., 2010, 104, 79–86. 

230 P. Nowak-Sliwinska, T. Segura and M. L. Iruela-Arispe, Angiogenesis, 2014, 17, 779–
804. 

231 J. A. L. Figueroa, C. A. Stiner, T. L. Radzyukevich and J. A. Heiny, Sci. Rep., 2016, 6, 1–
7. 

232 M. H. M. Klose, S. Theiner, C. Kornauth, S. M. Meier-Menches, P. Heffeter, W. Berger, 
G. Koellensperger and B. K. Keppler, Metallomics, 2018, 10, 388–396. 

233 J. S. Becker, J. Mass Spectrom., 2013, 48, 255–268. 
234 T. Van Acker, S. J. M. Van Malderen, M. Van Heerden, J. E. McDuffie, F. Cuyckens and 

F. Vanhaecke, Anal. Chim. Acta, 2016, 945, 23–30. 
235 M. J. Clarke, Coord. Chem. Rev., 2003, 236, 209–233. 
236 G. E. Büchel, I. N. Stepanenko, M. Hejl, M. A. Jakupec, B. K. Keppler and V. B. Arion, 

Inorg. Chem., 2011, 50, 7690–7697. 
237 P.-S. Kuhn, G. E. Büchel, K. K. Jovanović, L. Filipović, S. Radulović, P. Rapta and V. B. 

Arion, Inorg. Chem., 2014, 53, 11130–11139. 
238 G. E. Büchel, S. Kossatz, A. Sadique, P. Rapta, M. Zalibera, L. Bucinsky, S. 

Komorovsky, J. Telser, J. Eppinger, T. Reiner and V. B. Arion, Dalton Trans., 2017, 46, 
11925–11941. 

239 G. E. Büchel, I. N. Stepanenko, M. Hejl, M. A. Jakupec, B. K. Keppler, P. Heffeter, W. 
Berger and V. B. Arion, J. Inorg. Biochem., 2012, 113, 47–54. 

240 M. R. McCarthy, T. J. Crevier, B. Bennett, A. Dehestani and J. M. Mayer, J. Am. Chem. 

Soc., 2000, 122, 12391–12392. 
241 K. D. Demadis, M. Bakir, B. G. Klesczewski, D. S. Williams, P. S. White and T. J. 

Meyer, Inorg. Chim. Acta, 1998, 270, 511–526. 
242 W.-X. Ni, W.-L. Man, S.-M. Yiu, M. Ho, M. T.-W. Cheung, C.-C. Ko, C.-M. Che, Y.-W. 

Lam and T.-C. Lau, Chem. Sci., 2012, 3, 1582–1588. 
243 Q. Tang, W.-X. Ni, C.-F. Leung, W.-L. Man, K. K.-K. Lau, Y. Liang, Y.-W. Lam, W.-Y. 

Wong, S.-M. Peng, G.-J. Liu and T.-C. Lau, Chem. Commun., 2013, 49, 9980–9982. 
244 C. E. Redon, A. J. Nakamura, Y. W. Zhang, J. Ji, W. M. Bonner, R. J. Kinders, R. 

Parchment, J. H. Doroshow and Y. Pommier, Clin. Cancer Res., 2010, 16, 4532–4542. 
245 W. M. Bonner, C. E. Redon, J. S. Dickey, A. J. Nakamura, O. A. Sedelnikova, S. Solier 

and Y. Pommier, Nat. Rev. Cancer, 2008, 8, 957–967. 
246 K. Suntharalingam, T. C. Johnstone, P. M. Bruno, W. Lin, M. T. Hemann and S. J. 

Lippard, J. Am. Chem. Soc., 2013, 135, 14060–14063. 
247 K. Suntharalingam, W. Lin, T. C. Johnstone, P. M. Bruno, Y.-R. Zheng, M. T. Hemann 

and S. J. Lippard, J. Am. Chem. Soc., 2014, 136, 14413–14416. 
248 T. Reya, S. J. Morrison, M. F. Clarke and I. L. Weissman, Nature, 2001, 414, 105–111. 
249 M. V Blagosklonny, Cancer Biol. Ther., 2007, 6, 1684–1690. 
250 L. Milas and W. N. Hittelman, Semin. Radiat. Oncol., 2009, 19, 96–105. 
251 L. Vermeulen, F. de Sousa e Melo, D. J. Richel and J. P. Medema, Lancet Oncol., 2012, 

13, e83–e89. 
252 G. Berger, K. Grauwet, H. Zhang, A. M. Hussey, M. O. Nowicki, D. I. Wang, E. A. 

Chiocca, S. E. Lawler and S. J. Lippard, Cancer Lett., 2018, 416, 138–148. 
253 V. C. Jordan, Nat. Rev. Drug Discov., 2003, 2, 205–213. 
254 G. Jaouen and S. Top, in Advances in Organometallic Chemistry and Catalysis, ed. A. J. 

Page 66 of 73Dalton Transactions



 67

L. Pombeiro, John Wiley & Sons, Inc., Hoboken, NJ, 1st edn., 2013, pp. 563–580. 
255 S. S. Braga and A. M. S. Silva, Organometallics, 2013, 32, 5626–5639. 
256 S. Top, J. Tang, A. Vessières, D. Carrez, C. Provot and G. Jaouen, Chem. Commun., 1996, 

955–956. 
257 H. Z. S. Lee, O. Buriez, F. Chau, E. Labbé, R. Ganguly, C. Amatore, G. Jaouen, A. 

Vessières, W. K. Leong and S. Top, Eur. J. Inorg. Chem., 2015, 4217–4226. 
258 V. Scalcon, S. Top, H. Z. S. Lee, A. Citta, A. Folda, A. Bindoli, W. K. Leong, M. 

Salmain, A. Vessières, G. Jaouen and M. P. Rigobello, J. Inorg. Biochem., 2016, 160, 
296–304. 

259 F. Lumachi, A. Brunello, M. Maruzzo, U. Basso and S. M. M. Basso, Curr. Med. Chem., 
2013, 20, 596–604. 

260 A. Vessières, C. Corbet, J. M. Heldt, N. Lories, N. Jouy, I. Laïos, G. Leclercq, G. Jaouen 
and R.-A. Toillon, J. Inorg. Biochem., 2010, 104, 503–511. 

261 C. Bruyère, V. Mathieu, A. Vessières, P. Pigeon, S. Top, G. Jaouen and R. Kiss, J. Inorg. 

Biochem., 2014, 141, 144–151. 
262 A. Bindoli and M. P. Rigobello, Antioxid. Redox Signal., 2013, 18, 1557–1593. 
263 F. P. Dwyer, E. C. Gyarfas, W. P. Rogers and J. H. Koch, Nature, 1952, 170, 190–191. 
264 L.-J. Liu, W. Wang, T.-S. Kang, J.-X. Liang, C. Liu, D. W. J. Kwong, V. K. W. Wong, 

D.-L. Ma and C.-H. Leung, Sci. Rep., 2016, 6, 1–9. 
265 W. Vainchenker and S. N. Constantinescu, Oncogene, 2013, 32, 2601–2613. 
266 C. W. Schindler, J. Clin. Invest., 2002, 109, 1133–1137. 
267 J. Schwaller, E. Parganas, D. Wang, D. Cain, J. C. Aster, I. R. Williams, C.-K. Lee, R. 

Gerthner, T. Kitamura, J. Frantsve, E. Anastasiadou, M. L. Loh, D. E. Levy, J. N. Ihle and 
D. G. Gilliland, Mol. Cell, 2000, 6, 693–704. 

268 C. Yang, W. Wang, G.-D. Li, H.-J. Zhong, Z.-Z. Dong, C.-Y. Wong, D. W. J. Kwong, D.-
L. Ma and C.-H. Leung, Sci. Rep., 2017, 7, 1–9. 

269 R. J. Gillies and R. A. Gatenby, Cancer Metastasis Rev., 2007, 26, 311–317. 
270 B. B. Lao, I. Grishagin, H. Mesallati, T. F. Brewer, B. Z. Olenyuk and P. S. Arora, Proc. 

Natl. Acad. Sci. U.S.A., 2014, 111, 7531–7536. 
271 S. A. Dames, M. Martinez-Yamout, R. N. De Guzman, H. J. Dyson and P. E. Wright, 

Proc. Natl. Acad. Sci. U.S.A., 2002, 99, 5271–5276. 
272 S. J. Freedman, Z.-Y. J. Sun, F. Poy, A. L. Kung, D. M. Livingston, G. Wagner and M. J. 

Eck, Proc. Natl. Acad. Sci. U.S.A., 2002, 99, 5367–5372. 
273 W. Lam, S. Bussom and Y.-C. Cheng, Mol. Cancer Ther., 2009, 8, 415–423. 
274 A. Byrne, C. Dolan, R. D. Moriarty, A. Martin, U. Neugebauer, R. J. Forster, A. Davies, 

Y. Volkov and T. E. Keyes, Dalton Trans., 2015, 44, 14323–14332. 
275 F. Gullotta, A. di Masi and P. Ascenzi, IUBMB Life, 2012, 64, 378–386. 
276 H. P. Kim, S. W. Ryter and A. M. K. Choi, Annu. Rev. Pharmacol. Toxicol., 2006, 46, 

411–449. 
277 L. J. Ignarro, Angew. Chem. Int. Ed., 1999, 38, 1882–1892. 
278 R. F. Furchgott, Biosci. Rep., 1999, 19, 235–251. 
279 F. Murad, Angew. Chem. Int. Ed., 1999, 38, 1856–1868. 
280 K. Ling, F. Men, W.-C. Wang, Y.-Q. Zhou, H.-W. Zhang and D.-W. Ye, J. Med. Chem., 

2018, 61, 2611–2635. 
281 S. K. Choudhari, M. Chaudhary, S. Bagde, A. R. Gadbail and V. Joshi, World J. Surg. 

Oncol., 2013, 11, 1–11. 

Page 67 of 73 Dalton Transactions



 68

282 S. C. Marker, S. N. MacMillan, W. R. Zipfel, Z. Li, P. C. Ford and J. J. Wilson, Inorg. 

Chem., 2018, 57, 1311–1331. 
283 A. E. Pierri, D. A. Muizzi, A. D. Ostrowski and P. C. Ford, in Luminescent and 

Photoactive Transition Metal Complexes as Biomolecular Probes and Cellular Reagents, 
Springer, 2014, pp. 1–45. 

284 C. C. Romão and H. L. A. Vieira, in Bioorganometallic Chemistry: Applications in Drug 

Discovery, Biocatalysis, and Imaging, eds. G. Jaouen and M. Salmain, Wiley, Weinheim, 
2014, pp. 165–202. 

285 R. Alberto and R. Motterlini, Dalton Trans., 2007, 1651–1660. 
286 G. E. Büchel, A. Gavriluta, M. Novak, S. M. Meier, M. A. Jakupec, O. Cuzan, C. Turta, 

J.-B. Tommasino, E. Jeanneau, G. Novitchi, D. Luneau and V. B. Arion, Inorg. Chem., 
2013, 52, 6273–6285. 

287 O. Dömötör, A. Rathgeb, P.-S. Kuhn, A. Popović-Bijelić, G. Bačić, E. A. Enyedy and V. 
B. Arion, J. Inorg. Biochem., 2016, 159, 37–44. 

288 M. S. Novak, G. E. Büchel, B. K. Keppler and M. A. Jakupec, J. Biol. Inorg. Chem., 2016, 
21, 347–356. 

289 S. H. Francis, J. L. Busch and J. D. Corbin, Pharmacol. Rev., 2010, 62, 525–563. 
290 P.-S. Kuhn, L. Cremer, A. Gavriluta, K. K. Jovanović, L. Filipović, A. A. Hummer, G. E. 

Büchel, B. P. Dojčinović, S. M. Meier, A. Rompel, S. Radulović, J. B. Tommasino, D. 
Luneau and V. B. Arion, Chem. Eur. J., 2015, 21, 13703–13713. 

291 H. Z. S. Lee, W. K. Leong, S. Top and A. Vessières, ChemMedChem, 2014, 9, 1453–
1457. 

292 A. Maillet, S. Yadav, Y. L. Loo, K. Sachaphibulkij and S. Pervaiz, Cell Death Dis., 2013, 
4, 1–10. 

293 E. Menéndez-Pedregal, J. Díez, Á. Manteca, J. Sánchez, A. C. Bento, R. García-Navas, F. 
Mollinedo, M. P. Gamasa and E. Lastra, Dalton Trans., 2013, 42, 13955–13967. 

294 E. Menéndez-Pedregal, Á. Manteca, J. Sánchez, J. Díez, M. P. Gamasa and E. Lastra, Eur. 

J. Inorg. Chem., 2015, 1424–1432. 
295 K. K.-W. Lo and K. Y. Zhang, RSC Adv., 2012, 2, 12069–12083. 
296 J. M. Hearn, I. Romero-Canelón, B. Qamar, Z. Liu, I. Hands-Portman and P. J. Sadler, 

ACS Chem. Biol., 2013, 8, 1335–1343. 
297 C.-H. Leung, H.-J. Zhong, D. S.-H. Chan and D.-L. Ma, Coord. Chem. Rev., 2013, 257, 

1764–1776. 
298 Z. Liu and P. J. Sadler, Acc. Chem. Res., 2014, 47, 1174–1185. 
299 Y. Geldmacher, M. Oleszak and W. S. Sheldrick, Inorg. Chim. Acta, 2012, 393, 84–102. 
300 C. K. Prier, D. A. Rankic and D. W. C. MacMillan, Chem. Rev., 2013, 113, 5322–5363. 
301 J. Ruiz, C. Vicente, C. de Haro and D. Bautista, Inorg. Chem., 2013, 52, 974–982. 
302 S. P.-Y. Li, C. T.-S. Lau, M.-W. Louie, Y.-W. Lam, S. H. Cheng and K. K.-W. Lo, 

Biomaterials, 2013, 34, 7519–7532. 
303 C.-H. Leung, H.-J. Zhong, H. Yang, Z. Cheng, D. S.-H. Chan, V. P.-Y. Ma, R. Abagyan, 

C.-Y. Wong and D.-L. Ma, Angew. Chem. Int. Ed., 2012, 51, 9010–9014. 
304 S. Moromizato, Y. Hisamatsu, T. Suzuki, Y. Matsuo, R. Abe and S. Aoki, Inorg. Chem., 

2012, 51, 12697–12706. 
305 F. Shao, B. Elias, W. Lu and J. K. Barton, Inorg. Chem., 2007, 46, 10187–10199. 
306 R. Gao, D. G. Ho, B. Hernandez, M. Selke, D. Murphy, P. I. Djurovich and M. E. 

Thompson, J. Am. Chem. Soc., 2002, 124, 14828–14829. 

Page 68 of 73Dalton Transactions



 69

307 J. Pracharova, G. Vigueras, V. Novohradsky, N. Cutillas, C. Janiak, H. Kostrhunova, J. 
Kasparkova, J. Ruiz and V. Brabec, Chem. Eur. J., 2018, 24, 4607–4619. 

308 L.-J. Liu, L. Lu, H.-J. Zhong, B. He, D. W. J. Kwong, D.-L. Ma and C.-H. Leung, J. Med. 

Chem., 2015, 58, 6697–6703. 
309 F. Chandra, P. Kumar, S. K. Tripathi, S. Patra and A. L. Koner, ChemMedChem, 2016, 

11, 1410–1414. 
310 S. K. Tripathy, U. De, N. Dehury, P. Laha, M. K. Panda, H. S. Kim and S. Patra, Dalton 

Trans., 2016, 45, 15122–15136. 
311 S. S. Bhat, N. Shivalingegowda, V. K. Revankar, N. K. Lokanath, M. S. Kugaji, V. 

Kumbar and K. Bhat, J. Inorg. Biochem., 2017, 177, 127–137. 
312 K. Shyu, M. Velusamy, C. Hsia, C. Yang, C. Hsia, D. Chou, T. Jayakumar, J. Sheu and J. 

Li, Int. J. Mol. Med., 2018, 1–12. 
313 X. Wang, M. Zhu, F. Gao, W. Wei, Y. Qian, H.-K. Liu and J. Zhao, J. Inorg. Biochem., 

2018, 180, 179–185. 
314 S. Mukhopadhyay, R. S. Singh, R. P. Paitandi, G. Sharma, B. Koch and D. S. Pandey, 

Dalton Trans., 2017, 46, 8572–8585. 
315 R. P. Paitandi, S. Mukhopadhyay, R. S. Singh, V. Sharma, S. M. Mobin and D. S. Pandey, 

Inorg. Chem., 2017, 56, 12232–12247. 
316 R. Cao, W. Peng, Z. Wang and A. Xu, Curr. Med. Chem., 2007, 14, 479–500. 
317 L. He, S.-Y. Liao, C.-P. Tan, Y.-Y. Lu, C.-X. Xu, L.-N. Ji and Z.-W. Mao, Chem 

Commun, 2014, 50, 5611–5614. 
318 M. Paquette, L. El-Houjeiri and A. Pause, Cancers, 2018, 10, 18–32. 
319 M.-H. Chen, F.-X. Wang, J.-J. Cao, C.-P. Tan, L.-N. Ji and Z.-W. Mao, ACS Appl. Mater. 

Interfaces, 2017, 9, 13304–13314. 
320 R. J. Youle and D. P. Narendra, Nat. Rev. Mol. Cell Biol., 2011, 12, 9–14. 
321 S. Kawajiri, S. Saiki, S. Sato and N. Hattori, Trends Pharmacol. Sci., 2011, 32, 573–580. 
322 J. Wang, X. Hou, Z. Zhao, H. Bo and Q. Chen, Inorg. Chem. Commun., 2016, 67, 40–43. 
323 C. Zhang, S.-H. Lai, C.-C. Zeng, B. Tang, D. Wan, D.-G. Xing and Y.-J. Liu, J. Biol. 

Inorg. Chem., 2016, 21, 1047–1060. 
324 A. L. Contento, Y. Xiong and D. C. Bassham, Plant J., 2005, 42, 598–608. 
325 R.-R. Ye, J.-J. Cao, C.-P. Tan, L.-N. Ji and Z.-W. Mao, Chem. Eur. J., 2017, 23, 15166–

15176. 
326 J.-J. Cao, C.-P. Tan, M.-H. Chen, N. Wu, D.-Y. Yao, X.-G. Liu, L.-N. Ji and Z.-W. Mao, 

Chem. Sci., 2017, 8, 631–640. 
327 X.-D. Song, X. Kong, S.-F. He, J.-X. Chen, J. Sun, B.-B. Chen, J.-W. Zhao and Z.-W. 

Mao, Eur. J. Med. Chem., 2017, 138, 246–254. 
328 R.-R. Ye, C.-P. Tan, L.-N. Ji and Z.-W. Mao, Dalton Trans., 2016, 45, 13042–13051. 
329 Q.-Y. Yi, D. Wan, B. Tang, Y.-J. Wang, W.-Y. Zhang, F. Du, M. He and Y.-J. Liu, Eur. J. 

Med. Chem., 2018, 145, 338–349. 
330 F.-X. Wang, M.-H. Chen, X.-Y. Hu, R.-R. Ye, C.-P. Tan, L.-N. Ji and Z.-W. Mao, Sci. 

Rep., 2016, 6, 1–15. 
331 X.-L. Hong, Y.-H. Zhou, C.-C. Zeng, X.-C. Wu and Y.-J. Liu, J. Organomet. Chem., 

2017, 846, 312–320. 
332 T.-S. Kang, W. Wang, H.-J. Zhong, Z.-Z. Dong, Q. Huang, S. W. F. Mok, C.-H. Leung, 

V. K. W. Wong and D.-L. Ma, Cancer Lett., 2017, 396, 76–84. 
333 C. Salomé, V. Narbonne, N. Ribeiro, F. Thuaud, M. Serova, A. de Gramont, S. Faivre, E. 

Page 69 of 73 Dalton Transactions



 70

Raymond and L. Désaubry, Eur. J. Med. Chem., 2014, 74, 41–49. 
334 M. G. Bursavich, N. Brooijmans, L. Feldberg, I. Hollander, S. Kim, S. Lombardi, K. Park, 

R. Mallon and A. M. Gilbert, Bioorg. Med. Chem. Lett., 2010, 20, 2586–2590. 
335 H. Yu, H. Lee, A. Herrmann, R. Buettner and R. Jove, Nat. Rev. Cancer, 2014, 14, 736–

746. 
336 S. C. Gupta, C. Sundaram, S. Reuter and B. B. Aggarwal, Biochim. Biophys. Acta, 2010, 

1799, 775–787. 
337 L. He, K.-N. Wang, Y. Zheng, J.-J. Cao, M.-F. Zhang, C.-P. Tan, L.-N. Ji and Z.-W. Mao, 

Dalton Trans., 2018, 47, 6942–6953. 
338 A. V. Shubin, I. V. Demidyuk, A. A. Komissarov, L. M. Rafieva and S. V. Kostrov, 

Oncotarget, 2016, 7, 55863–55889. 
339 Y. Yang, L. Hu, H. Zheng, C. Mao, W. Hu, K. Xiong, F. Wang and C. Liu, Acta 

Pharmacol. Sin., 2013, 34, 625–635. 
340 B. Pasquier, Cell. Mol. Life Sci., 2016, 73, 985–1001. 
341 S. Sperandio, I. de Belle and D. E. Bredesen, Proc. Natl. Acad. Sci. U.S.A., 2000, 97, 

14376–14381. 
342 J. B. Mangrum and N. P. Farrell, Chem. Commun., 2010, 46, 6640–6650. 
343 M. Pandrala, M. K. Sundaraneedi, A. J. Ammit, C. E. Woodward, L. Wallace, F. R. Keene 

and J. G. Collins, Eur. J. Inorg. Chem., 2015, 5694–5701. 
344 G. Gupta, J. M. Kumar, A. Garci, N. Nagesh and B. Therrien, Molecules, 2014, 19, 6031–

6046. 
345 Z. Nikolovska-Coleska, L. Xu, Z. Hu, Y. Tomita, P. Li, P. P. Roller, R. Wang, X. Fang, R. 

Guo, M. Zhang, M. E. Lippman, D. Yang and S. Wang, J. Med. Chem., 2004, 47, 2430–
2440. 

346 A. M. Rieger, K. L. Nelson, J. D. Konowalchuk and D. R. Barreda, J. Vis. Exp., 2011, 50, 
1–4. 

347 L. Tabrizi and H. Chiniforoshan, Dalton Trans., 2017, 46, 2339–2349. 
348 C. Ornelas, New J. Chem., 2011, 35, 1973–1985. 
349 S. K. Tripathy, U. De, N. Dehury, S. Pal, H. S. Kim and S. Patra, Dalton Trans., 2014, 43, 

14546–14549. 
350 Y.-Q. Wang, P.-Y. Wang, Y.-T. Wang, G.-F. Yang, A. Zhang and Z.-H. Miao, J. Med. 

Chem., 2016, 59, 9575–9598. 
351 J. Kaur and J. Debnath, Nat. Rev. Mol. Cell Biol., 2015, 16, 461–472. 
352 Á. González-Rodríguez, R. Mayoral, N. Agra, M. P. Valdecantos, V. Pardo, M. E. 

Miquilena-Colina, J. Vargas-Castrillón, O. Lo Iacono, M. Corazzari, G. M. Fimia, M. 
Piacentini, J. Muntané, L. Boscá, C. García-Monzón, P. Martín-Sanz and Á. M. Valverde, 
Cell Death Dis., 2014, 5, 1–13. 

353 W. Liu and R. Gust, Coord. Chem. Rev., 2016, 329, 191–213. 
354 K. M. Hindi, M. J. Panzner, C. A. Tessier, C. L. Cannon and W. J. Youngs, Chem. Rev., 

2009, 109, 3859–3884. 
355 Y. Li, B. Liu, X.-R. Lu, M.-F. Li, L.-N. Ji and Z.-W. Mao, Dalton Trans., 2017, 46, 

11363–11371. 
356 Y. Gothe, T. Marzo, L. Messori and N. Metzler-Nolte, Chem. Commun., 2015, 51, 3151–

3153. 
357 K. Yocom, J. Shelton, R. Shelton, W. A. Schroeder, G. Worosila, S. S. Isied, E. 

Bordignon and H. B. Gray, Proc. Natl. Acad. Sci. USA, 1982, 79, 7052–7055. 

Page 70 of 73Dalton Transactions



 71

358 Y. Gilad, M. Firer and G. Gellerman, Biomedicines, 2016, 4, 11–34. 
359 V. Le Joncour and P. Laakkonen, Bioorg. Med. Chem., 2018, 26, 2797–2806. 
360 Y. Hisamatsu, A. Shibuya, N. Suzuki, T. Suzuki, R. Abe and S. Aoki, Bioconjugate 

Chem., 2015, 26, 857–879. 
361 A. Blencowe and W. Hayes, Soft Matter, 2005, 1, 178–205. 
362 L. Dubinsky, B. P. Krom and M. M. Meijler, Bioorg. Med. Chem., 2012, 20, 554–570. 
363 T. R. Soderling, Trends Biochem. Sci., 1999, 24, 232–236. 
364 Y. Saimi and C. Kung, Annu. Rev. Physiol., 2002, 64, 289–311. 
365 K. L. Marcelo, A. R. Means and B. York, Trends Endocrinol. Metab., 2016, 27, 706–718. 
366 X. Ma, J. Jia, R. Cao, X. Wang and H. Fei, J. Am. Chem. Soc., 2014, 136, 17734–17737. 
367 J. Ruiz, V. Rodríguez, N. Cutillas, K. G. Samper, M. Capdevila, Ò. Palacios and A. 

Espinosa, Dalton Trans., 2012, 41, 12847–12856. 
368 S. Mukhopadhyay, R. K. Gupta, R. P. Paitandi, N. K. Rana, G. Sharma, B. Koch, L. K. 

Rana, M. S. Hundal and D. S. Pandey, Organometallics, 2015, 34, 4491–4506. 
369 N. Raja, N. Devika, G. Gupta, V. L. Nayak, A. Kamal, N. Nagesh and B. Therrien, J. 

Organomet. Chem., 2015, 794, 104–114. 
370 C. M. Hackl, M. S. Legina, V. Pichler, M. Schmidlehner, A. Roller, O. Dömötör, E. A. 

Enyedy, M. A. Jakupec, W. Kandioller and B. K. Keppler, Chem. Eur. J., 2016, 22, 
17269–17281. 

371 S. B. Gajera, J. V. Mehta, P. Thakor, V. R. Thakkar, P. C. Chudasama, J. S. Patel and M. 
N. Patel, New J. Chem., 2016, 40, 9968–9980. 

372 S. Thangavel, M. Paulpandi, H. B. Friedrich, K. Murugan, S. Kalva and A. A. Skelton, J. 
Inorg. Biochem., 2016, 159, 50–61. 

373 A. R. Burgoyne, C. H. Kaschula, M. I. Parker and G. S. Smith, Eur. J. Inorg. Chem., 
2017, 5379–5386. 

374 A. Kumar, A. Kumar, R. K. Gupta, R. P. Paitandi, K. B. Singh, S. K. Trigun, M. S. 
Hundal and D. S. Pandey, J. Organomet. Chem., 2016, 801, 68–79. 

375 L. Yang, S. Bose, A. H. Ngo and L. H. Do, ChemMedChem, 2017, 12, 292–299. 
376 Z. Liu, A. Habtemariam, A. M. Pizarro, S. A. Fletcher, A. Kisova, O. Vrana, L. Salassa, P. 

C. A. Bruijnincx, G. J. Clarkson, V. Brabec and P. J. Sadler, J. Med. Chem., 2011, 54, 
3011–3026. 

377 H. Zhang, L. Guo, Z. Tian, M. Tian, S. Zhagn, Z. Xu, P. Gong, X. Zheng, J. Zhao and Z. 
Liu, Chem. Commun., 2018, 54, 4421–4424. 

378 V. Novohradsky, L. Zerzankova, J. Stepankova, A. Kisova, H. Kostrhunova, Z. Liu, P. J. 
Sadler, J. Kasparkova and V. Brabec, Metallomics, 2014, 6, 1491–1501. 

379 P. Salgame, A. S. Varadhachary, L. L. Primiano, J. E. Fincke, S. Muller and M. 
Monestier, Nucleic Acids Res., 1997, 25, 680–681. 

380 G. Ludwig, M. Mojić, M. Bulatović, S. Mijatović, D. Maksimović-Ivanić, D. Steinborn 
and G. Kaluđerović, Anticancer. Agents Med. Chem., 2016, 16, 1455–1460. 

381 J. Yellol, S. A. Pérez, A. Buceta, G. Yellol, A. Donaire, P. Szumlas, P. J. Bednarski, G. 
Makhloufi, C. Janiak, A. Espinosa and J. Ruiz, J. Med. Chem., 2015, 58, 7310–7327. 

382 Z. Mou, N. Deng, F. Zhang, J. Zhang, J. Cen and X. Zhang, Eur. J. Med. Chem., 2017, 
138, 72–82. 

383 W. Yang, J. Soares, P. Greninger, E. J. Edelman, H. Lightfoot, S. Forbes, N. Bindal, D. 
Beare, J. A. Smith, I. R. Thompson, S. Ramaswamy, P. A. Futreal, D. A. Haber, M. R. 
Stratton, C. Benes, U. McDermott and M. J. Garnett, Nucleic Acids Res., 2013, 41, D955–

Page 71 of 73 Dalton Transactions



 72

D961. 
384 M. A. Babaei, B. Kamalidehghan, M. Saleem, H. Z. Huri and F. Ahmadipour, Drug Des. 

Devel. Ther., 2016, 10, 2443–2459. 
385 Z. Liu, I. Romero-Canelón, A. Habtemariam, G. J. Clarkson and P. J. Sadler, 

Organometallics, 2014, 33, 5324–5333. 
386 A. J. Millett, A. Habtemariam, I. Romero-Canelón, G. J. Clarkson and P. J. Sadler, 

Organometallics, 2015, 34, 2683–2694. 
387 S. Betanzos-Lara, Z. Liu, A. Habtemariam, A. M. Pizarro, B. Qamar and P. J. Sadler, 

Angew. Chem. Int. Ed., 2012, 51, 3897–3900. 
388 X.-M. Lu, M. Tian, Z.-Z. Tian, L.-J. Tian, M.-Q. Li, J. Huang and Z. Liu, Chinese J. 

Inorg. Chem., 2017, 33, 1119–1131. 
  
 
 

Page 72 of 73Dalton Transactions



 

A summary of recent developments on the anticancer activity of complexes of rhenium, 

osmium, and iridium is described. 
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